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Abstract

Forest fires constilute one of the most serious environmental problems in several forested regions of India. In the Indian sub-continent.
relatively few studies have focused on the assessment of biophysical and anthropogenic controls of forest fires at a landscape scale and
the spatial aspects of these relationships. In this study, we used fire count data sets from satellite remote sensing data covering 78 districts
over [our different states of the Deccan Platcau, India, for assessing the underlying causes of fires, Spatial data for explanatory variables
of fires pertaining Lo topography. vegetation. climate, anthropogenic and accessibility factors have been gathered corresponding with fire
prescnce/absence, A logistic regression model was used to estimate the probability of the presence of fires as a [unction of the explanatory
variables. Results for fire area estimates suggested that, of the total fires covering 47.043km” that occurred during the year 2000 for the
entire Indian region. 29.0% occurred in the Deccan Plateau. with Andhra Pradesh having 13.53%, Karnataka [4.7%, Kerala 0.1%, and
Tamilnadu 1.15%. Results from the logistic regression suggest that the strongest influences on the lire occurrences were the amount of
forest area, biomass densities, rural population density (PD), average precipitation of the warmest quarter. elevation (ELE) and mean
annual temperature (MAT). Among these variables, biomass density (BD) and average precipitation of the warmest quarter had the
highest significance. followed by others. These results on the best predictors ol forest fires can be used both as a strategic planning tool to
address broad scale fire risk concerns. and also as a tactical guide to help forest managers to design fire mitigation measures at the district

level.
(0 2007 Elsevier Ltd. All rights reserved.

Kevwaores: Fires: Logistic regression; Biophysical and anthropogenic variables; Deccan Plateau; India

1. Introduction

Fire plays a key role in ecosystem dynamics in many
biomes throughout the world (Whelan. 1995; Bond and
van Wilgen, 1996). Fire has been frequently documented as
a forest clearing tool during slash and burn agriculture
(Ramakrishnan, 1992; Tomich-and Lewis, 2002; Stolle et
al., 2003 and references therein; Fearnside, 2005), tropical
forest conversion to pasture (Fujisaka and White. 1998),
clearing of savannas (Allen, 1986), clearing of plantations
(Ataga et al., 1986), etc. Of the several ecological impacts.
forest fires are considered to be a major threat for the loss
of biodiversity, including disruption of nutrient cycles

*Cnrrc:;punding author. Tel: +1 330234 0387 fux: + 1 330263 3686.

L=mail adidress: krisvkpiayahoo.com (V.K. Prasad).
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(Neary et al.. 1996). Small and large fires of varying
intensity strongly affect species composition and age
distribution of several forest species (Hough and Forbes,
1943). Fire creates a mosaic of burned and unburned forest
patches, leaving complex heterogeneous patterns across the
landscape. The resulting landscape heterogeneity can
further influence successional processes. which in turn
may affect the spatial spread of subsequent fires (Turner
and Romme, 1994). Fire frequency, cycle, size distribution,
intensity, severity. season. and type are all-important in
characterizing fire disturbance patterns and thercby land-
scape heterogeneity (Siegert et al.. 2001: Dennis et al.,
2003). In addition to alteration of landscapes. vegelation
fires are also one ol the major causes of grecnhouse gas
emissions, aerosols and smoke pollution which have an
important impact on atmospheric chemistry, visibility and
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health (Geoldammer, 1990: Levine, 1991; Crulzen and
Andreae. 1990: Tomich and Lewis. 2002: Murdiyarso
et al.. 2004).

At fine spatial and temporal scales (individual trees and
forest stands. seconds to hours). the physics of fire spread
are well known (Albini, 1976; Rothermel, 1991). The
climatic and vegetation constraints on fire occurrence at a
variety ol scales have also been documented (Gruell, 1985:
Swetnam and Betancourt, 1990). For example, during
1997 /08 large-scale wildfires were prevalent throughout the
tropical forests. particularly in Amazonia and Southeast
Asia. The wildfires were triggered partly by the occurrence
of extensive droughts. associated with the 1997/98 El Nifio
events (Siegert et al.. 2001: Dennis et al.. 2005). Nepstad
ct al. (1999) assessed the potential for large-scale, drought-
induced Amazonian [orest burning as a result of ENSO
episodes using a regional water balance model and
estimated that nearly 270.000km> of forest became
vilnerable to fire in the 1998 dry season. Cochrane et al,
(1999) inferred that fire incidence rates in the Amazon
basin increased during El NinA episodes and such fires
have the potential for transforming large areas ol tropical
forests into fragmented scrub forests or savannas. Studies
also suggest that in the tropical forest environments of
Amazonia and Indonesia. selective logging may lead to an
increased susceptibility of forests to fire suggesting the
relationship between logging and fire occurrence (Siegert
et al., 2001; Dennis et al.. 2005 and references therein).
vanderWerf el al. (2004) found that fire emissions of
areenhouse gases increased across multiple continents in
1997-98 duc to El Nifo-induced drought including an
increase of 60% in Southeast Asia, 30% in Central and
South America, and 10% in the boreal lorests of North
America and Eurasia. In addition to these climatic factors.
the assessment of fires as man-made and/or natural hazards
involves consideration of a wide range of lactors that affect
both the occurrence ol a single fire event. and the potential
effects that the fire may have on human lives and
properties, including the ecosystem values (Chuvieco
el al.. 2003). Also, fire has been used as a tool in farming
or land clearing, as a weapon in social conflict. or as a
result of accidental or unintended actions in several regions
of the world (Goldammer. 1990: Stolle and Tomich, 1999:;
Tomich and Lewis. 2002: Murdivarso et al. 2004)
including India (Ramakrishnan, 1992; Prasad et al., 2001:
Narendran. 2001: Saha, 2002).

The importance of anthropogenic factors in regulating
firc events in addition to climate. vegetation and topo-
graphic lactors, makes fire risk prediction highly challen-
ging (Perry, 1998). A relevant question in this context is
then to what extent can regional fire occurrence be related
to e¢ach of these components, In particular, m the tropical
countries, as a resull of growing changes in land use,
conversion and fragmentation of tropical lorests are
occurring at a rapid rate and the extent and use of
anthropogenic fire are becoming more widespread (Gold-
ammer, 1990; Roberts, 2000). Building predictive models
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that aid in quantilving fire occurrences 18 ong¢ ol the
challenging tasks in landscape ecology. In particular,
understanding of the interactions between the natural
and human environments leading to fire occurrence and
subsequent fire regime characteristics is one of the primary
concerns in the tropics. which are highly threatened due to
rapid population growth and anthropogenic interference
(Viegas, 1998).

Also. over the last decades, spatial information technol-
ogies have been widely used in_forest fire studies. In
particular, remote sensing with its multitemporal, multi-
spectral, synoptic and repetitive coverage can provide
valuable information on the fire counts, the amount of arca
burned and the type of ecosystem burned (Morisette et al..
2003). The two primary ways of assessing burned area with
remole sensing are (a) active lire detection and (b) post-fire
burn detection (Fraser et al., 2000; Eva and Steffen. 2003;
vanderWerf et al., 2004). Fires, because of their high
temperature. emit thermal radiation with a peak in the
middle infrared region. in accordance with Planck’s theory
of blackbody radiation. Therelore, active fire sensing is
often done using middle infrared and also thermal infrared
(usually around 3.7-11 mm) information [rom satellites
(Dozier. 1981). For example, Pozo et al. (1997) mapped fire
growth by using multitemproal and multispectral images
from NOAA-AVHRR data. The technigue is mainly based
on comparison of brightness temperature differences and
AVHRR channels 3 and 4 for successive images, for
mapping fires. In contrast. post-fire burn detection is
mostly done through measuring changes
reflectance before and after the fire mainly [rom red
(0.65-0.70 pm) and near infrared (NIR) (0.7-3.0 um)
information (Eva and Steffen. 2003; vanderWerf, 2004:
Smith and Wooster. 2005). Burnt areas have a lower
reflectance in the red and near infrared channels than
healthy vegetation. Thus, vegetation indices such as the
normalized difference vegetation index, computed as
NIR—Red/NIR + Red reflectances that exhibil decreased
values after vegetation burning. were widely used for post-
fire burnt area assessment (Flannigan and Vonder Haar,
1986; Kaufman et al.. 1990: Setzer and Pereira. 1991;
Justice et al., 1996). Several of the post-fire burn detection
studies measure the degree of NDVI change by subtracting
pre- and post-fire NDVI (Kasischke et al., 1993). Also, Lo
detect the burnt surfaces, information on surface tempera-
ture derived from thermal bands has been used (Eva and
Lambin. 2000), After the occurrence of fires, land surface
brightness temperature (75) rises along with the decrease in
the latent heat flux from the surfaces. Landmann (2003)
and Smith et al. (2005) showed that. in the case of Savanna
fires, surface spectral reflectance mncreases with inereasing
fire severity due to the formation of increasing quantities of
white mineral ash. Also, their studies showed linear
relationships between fire duration and post-fire surface
spectral reflectance, with the optimal relationship being a
ratio of the 450 and 2034 nm spectral reflectance observa-
tions. In addition. Stroppiana et al. (2002), through

in surlace
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exploring different spectral methods and band combina-

tions for burnt area mapping, found that minimum near

infrared composites contain the most recently burnt pixels
and are least affected by artifacts. Their analysis of burnt
area spectral signatures showed that the NIR band and the
global environmental monitoring index (GEMI) (Pinty and
Verstraete (1991) are the most appropriate variables for
designing a burnt area algorithm due to their sensitivity to
changes induced by the fire on the vegetation cover. Fraser
et al. (2000) used a hybrid approach involving both thermal
and NDVI data for detecting active fires.

Most ol the studies conductled so far in the tropical
countries using satellite data for forest fires mcluding risk

mapping and modeling have proved the usefulness ol

remote sensing both by medium resolution satellites
(Tanaka et al. 1983: Milne, 1986; Ribed and Lopez.
1995) and the coarse resolution satellite NOAA-AVHRR
(Muirhead and Cracknell. 1985; Matson and Holben, 1987:
Chuvieco and Martin, 1994). In contrast to several such
studies on fire detection and modeling attempted in
different parts of the world (Ehrlich et al., 1997; Cochrane
and Schulze, 1998; Nepstad et al.. 1999: Vazquez and
Moreno, 2001; Eva and Lambin, 2000: Stolle and Lambin,
2003; Setiawan et al., 2004), there are relatively few studies
in the Indian region that actually analyzed the post-fire
data and assessed the underlying causative factors. Con-
sidering the huge impact and potential losses caused due to
forest fires in the Indian region (IFFN, 2002), studies that
characterize fire occurrence/events, their spatial density
and temporal evolution. in addition to assessing the
causative lactors of forest fires, are significant.

The main objective of this study is to understand the
major spatial determinants of fires in the Deccan Plateau.
India. We used fire count data sets from SPOT satellite
data o (a) document the spatial extent of the area burned
at the state level in the Deccan Plateau, (b) analyze forest
fire events and underlying causes using tepographic,
vegetation, climatic, and socioeconomic [actors and (c)
develop a statistical predictive model that best explains the
fire occurrence patterns (presence and absence) across
diverse geographical and climatic gradients at the district
level in the Deccan Plateau. We addressed these objectives
using remote sensing and Geographic Information Systems
(GIS) as they represent the best available tools to deal with
the spatial nature of fires (Morgan-etal.. 2001). The results
from this study will be “useful to forest managers and
scientifie researchers to address some lorest fire mitigation
strategies and to those seeking 1o manage fire-prone
vegetation types in the study area.

2. Study area
2.1 Decean Plateau
The Deccan Plateaun 1s a vast plateau in India. encom-

passing most ol Central and Southern India. The term
“Deccan™ comes (rom the Sanskrit word dakshina, meaning

“the south”. It comprises the whole of peninsular India
south of the Vindhva range and mainly encompasses the
four states ol Andhra Pradesh, Karnataka. Kerala and
Tamil Nadu. covering nearly 78 districts (Figs. | and 2),
The Deccan Plateau is bounded by the Western Ghats Lo
the west. the Eastern Ghats to the east, the Nilgiris to the
south and the Satpura and Vindhya ranges to the north.
The terrain is undulating with elevation (ELE) ranging
from 1500 to 2500 ft (450-750m). At the plateau’s margins
in the Western Ghats, a steep escarpment drops sharply to
the narrow Malabar Coast on the Arabian Sea. To the east
the plateau descends more gradually to a broader alluvial
plain extending into Andhra Pradesh and Orissa states.
Several major rivers. including the Kaveri (Cauvery),
Goddvari. Krishna, and Penner. flow across the east-
ward-tilting plateau before reaching the Bay of Bengal. The
Deccan Plateau has a dry season that lasts 6-9 months.

2.2. Forests and people of the study area

Three different ecoregions dominate the Deccan Plateau.
They are the South Western hill ranges occupying dense
and rich montane rain forests, the Southwestern hill ranges
with moist deciduous [(orests, and the south Deccan
Platcau with dry deciduous forests. The tall Western
mountain range towards the western part of the Deccan
Plateau intercepts the moisture [rom the southwest
mensoon; therefore, the castern slopes of the Deccan
Plateau receive very little rainfall, resuling in totally
different vegetation formations. For example, the interior
districts of Andhra Pradesh contain tropical dry forests
intermingled with pockets of moist mixed deciduous
forests. The forest types of the Deccan Plateau mainly fall
into six major categories (Champion and Seth, 1968), the
tropical wet evergreen forests, south montane wet tempe-
rate forests, tropical semi-evergreen [orest. tropical moist
deciduous forest. (ropical dry deciduous forests and
tropical thorn forests. The arca estimates of the very
dense. moderately dense and open forests based on the
forest cover assessment from Indian Remote Sensing
Satellite (TRS)-1D LISS IIT data with 23 m resolution at
1:50.000 scale (SFR. 2003), for the study area are given in
Table 1. The very dense forest refers to [orest canopy
density above 70%, the moderately dense forests have
40-70% canopy densily and the open forests have 10-40%
crown density.

The main reasons [or forest degradation in the Deccan
Plateau include fire, cattle grazing and fuel wood extrac-
tion. Several indigenous people inhabit the states of the
Deccan Plateau. Those include the Konda reddis, Kovas,
Konda Kapus; Bodo Gadaba. Chenchus, Kammara,
Kondh Koya. Lambadas, Malis, Nayaks. Thoti. Yenadis.
Yerukulas, Valmiki. Kani's, Gond’s, ete. Large-scale
livestock grazing is the most common problem in several
forest areas ol India (Panwar et al., 1993) including the
Deccan Plateau (Silori and Mishra, 2001). Although
restrictions were imposed on cattle erazing by the local
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600 1200 Miles

Fig. 1. Indian region depicting the states of the Deccan Plaleau.

forest departments. they are not stringent. With the
increasing cattle numbers, over-grazing is one of the major
factors in forest degradation. For example. in the
Mudumalai Wildlife Sanctuary of the Deccan Plateau
(Western Ghats, Tamil Nadu) covering an area of
321 Km", on average, each village family owns 10-15
animals (cattle, water bulfalo. goalts, sheep. etc) (Silort and
Mishra. 2001). Livestock herds enter 5-6km into the
surrounding forest through different entry points and
spend about 8- 9h grazing. It is estimated that almost
[2.000—15.000 livestock graze in this forest sanctuary every
year. resulting in tremendous pressure on the vegelation.
Also. Silori and Misra (2001) noted that almost 98% of the
total livestock population grazes throughout the year
inside the forest corridors and adjoining reserve forests,
resulting in huge forest degradation. In addition, for
several indigenous people, slash and burn agriculture is
one ol the major occupations. Indigenous people’s rights to
the use of the lorests they occupy are closely linked to
traditions and customs, but are not based on land
ownership as legally defined. While the indigenous people’s
management and use of forest resources may be sound
from the ecological point ol view, their traditional rights
that go back many centuries are not recognized by the
forest department ol India in several slales covering
the Deccan Plateau. In many ways, the official policies of

the State lorest departments directly conflict with the
livelihood strategies of local indigenous people. Conflicts
arise over forest product collection. encroachment into
protected areas and non-compliance with recent environ-
mental laws enacted to protect forests. In colonial times,
there was no scarcity of forests for several indigenous
people to clear and cultivate (slash and burn agriculture).
Villages were small and were moved along to the next
cultivation patch. Within an area that the people con-
sidered as theirs, and where they had exclusive hunting
rights, there was enough land to cultivate and abandon for
a required fallow. However, in recent times, a combination
of many development forces has gradually made inroads
into the living space of the indigenous people, affecting
their lifestyle. Mainly due to population growth, spreading
urbanization and expanding commercial interests, the
available forest spaces as well as the traditional resource
use areas ol indigenous people are being reduced.

3. Spatial data sets
3.1. SPOT fire data set
In this study, we used the SPOT fire count data set over

the Indian region (Fig. 2) for assessing the greenhouse gas
emissions from biomass burning. Detailed descriptions of
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Fig. 2. Four dilferent states with the districis m the Decean Pluteau. Fire counts from SPOT satellite data were overlaid on district cover.
Table |

Forest ared estimiates (ki) for different states of Decean Plateau

Stales Dense Muoderutely dense Open forest Tolal Y of country’s forest cover
Andhra Pradesh 23 —— 23350 20040 44419 .55
Kuarmalaka 43F 224130 13988 36449 3.37
Kerala 334 9294 59449 15557 230
Familnadu 2440 Qs6T 10636 22043 3.34

Somree: SER (20013).

fhese SPOT fire count data sets were provided by Tansey
(2002), Stroppiana and Gregoire (2002). Gregoire et al.
(2003). Tansey et al. (2004). For developing the SPOT fire
data set, a set of 4 months of daily global imagery
acquired by the VEGETATION (VGT) instrument on-
bourd the SPOT-4 satelfite was assembled as a part of the

Millenium  Ecosystem  Assessment. The products were
calibrated. geo-referenced and corrected for atmospheric
effects on surface reflectance in four spectral wavelengths
(blue. red. near-infrared and short wave infrared). with a
pixel size of approximately |km, and @ multi-tcmporal
registration accuracy better than 0.5 km. The global burnt
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area maps for the year 2000 are based on a series of

regional algorithms that fit specific climatic zones and
ccosystem conditions, The final version of the global burnt
area maps was completed in December 2002 and made
accessible to the user community via the Internet at http://
www.gvm.jre.it/fire/gba2000/index.htm. Extensive details
on these fire products were discussed in Gregoire et al.
(2003) and Tansey et al. (2004). In this study. we used this
data set over the Indian region to characterize the forest
fires. For estimating the spatial density of fires at the state
and district level. we overlaid the corresponding political
and district boundaries of India in Geographic Informa-
tion Systems (GIS) using ARCGIS (9.x) (ESRI” )
software, We used the Spatial Analyst extension to create
individual maps of fire counts at a district level. The data
from these maps were then used for extracting the fire
statistics. The data has been coded into binary variables,
primarily. the districts in which fires were observed are
coded as 1 and the others as zero. Corresponding to the fire
count data, extensive biophysical and socioeconomic
information has been gathered from local sources and
spatial methods. The data included topographic. vegeta-
tion, climatic. and anthropogenic and accessibility compo-
nents.

3.1 Topographic parameters

For the past several years. fire behavior models have
incorporated the interaction of fire spread with fuels,
wedather and terrain (Albini, 1976). Fire spread was also
attributed to fire line intensity, ie., the rate of energy
released by the flaming (ront (Rothermel, 1991). Other
terrain cffects on fire intensity and spread were incorpo-
rated indirectly through fuel type and moisture (Anderson.
1952). The effect of Lerrain attributes on forest survival
following wildfire has been assessed by Kushla and
Ripple (1997) and others. We used five different topo-
graphic parameters as causative factors of fires. these
included ELE. slope. aspect and compound topographic
index. The explanations of these variables are provided in
Table 2a.

3.1.2. Vegetation parameters

Vegetation parameters play a vital role in the ignition.
spread and dispersal of fires. In this study. for predicting
the forest fire probability. we used both the vegetation type
parameters as well as biomass data. An area’s vegetation
must be considered because some vegetation types are
more flammable than others. thereby increasing the fire
hazard. Fuels represent the organic matter available for fire
ignition and combustion (Rothermel. 1991; Albini, 1976:
Chuvieco et al.. 2003). Thus a spatial distribution of fuels is
fundamental to assessing fire hazard across a landscape. In
this study, we used two different parameters representing
vegetation (1) biomass density (BD) and (2) percent forest
area. The explanations of these parameters are provided in
Table 2b.

3.1.3. Climatic parameters

Fire occurrence, frequency and intensity are primarily
dependent on climate, directly through weather conditions,
which allow fires to develop. and indirectly throuch the
supply of a sufficient vegetation fucl load to sustain fire,
Climate also plays an essential role in fire ignition and
propagation, either through its influence on [uel moisture
content (Rothermel, 1991). on the conditions for firc
propagation (Albini. 1976) or in providing natural (i.e..
lightning) ignition sources. Ine this study. we used
temperature as well asprecipitation (summed over different
time periods) as predictors of fires at the district level in the
study region. Six different subsets of temperature and
precipitation parameters have been used (Table 2¢).

3.1.4. Anthropogenic factors

The demand for fuel wood by rural people in the study
region is closely linked with slash and burn agriculture, in
which the biomass is clear felled and then burnt subse-
quently for land clearing purposes. The tribal dependence
on forests for fuel wood as a major source of energy is
causing serious deforestation in several parts of the study
area, Commercial fuel is beyond the reach of the tribal
communities due to their poor socioeconomic conditions.
Also. due to the ever-increasing population. fuel wood
consumption in some of the districts is increasing rapidly.
For example, the average fuel wood consumption is
significantly high at about 5.23kg 'day~'. Since the
majorily of the population lives in the rural areas where
fuel wood provides most of the energy requirements, we
used indices that combined population measures with
forest area parameters as causative factors of fire. These
included rural population density (PD), illiteracy rates and
rural population to forest area ratio (Table 2d). The
database lor these variables has been created from the
locally available census data at the village level [or the
entire Deccan Plateau from the local government records
as well from the Census of India database (Census of India,
2005).

3.1.5. Accessisibility factors

Accessibility of remote forested regions increases the
influx of people into the areas. spurring forest disturbance.
This may cause accidental fires mainly due to negligence. In
this study. we used two different indices, the alpha and
gamma indices, to assess Lthe connectivity of roads at the
district level. GIS-based analysis using ARCGIS network
analyst has been attempted at the individual district level
using road layers. In network analysis, a segment of a
linear feature is called a link or an edge. The two vertices or
nodes at either end of the edge in the network define an
edge. The number of edges and vertices in a network is
often used to derive statistics reflecting the structural
characteristics of a road network (Wong and Lee, 2005).
The definitions of the alpha and gamma indices were
provided in Table (2¢).
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Elevanon (ELE)

Slope (SLP)

Aspect (ASP)

Compound topographic
mdex (CTTh

Topographic position medex

(TPI

Vegelation parameters
Biomass density (BI))

" forest area

Climatic parameters
Mean annual temperature
(MAT)

Average lemperature of the
warmest guarter (ATWQ)
Mean unnual precipitation
(MAP)

Average precipitation of the
wurmesl guarter {APWQ)

Soviocconomic paramelers
Population density (P1D)

I 1s anamportant physiographic factor thar s related 1o wind behavior and hence
affects fire-proneness ( Rothermel 19911 Fire travels most rapidly up-slope and least
rupidly down-slope,

Elevation values for fire pixels have been extracted from GTOPOID dimtal clevation
model (DEM) with a horizontal grid spucing ol 30 arcsec (~1 km).

Tsan indicator ol rae ol change of elevanon and steepness of the terrain. Slope alfects
both the rate and direction of the lire spread. Fires usuwally move Gaster uphill than
downhill thuge steeper the slope. the Taster the Dive will move (Rothermel, 1991
Kushla and Ripple. 1997y Values were derived from GTOPO 3 DEM.

Describes the direction of the muaximum rile of change in the elevations between cach
cell and 1ts netghbors. Southern aspects receive more direal heat leom the sun, dryving
hoth the soil and the vegetation. Also. fuels are usually drier and less dense on

ng slopes will nonmully be

southern slopes than [uels on northern slapes. South-1;
with higher temperatures. stronger winds. lower humidity and lower fuel motstures
{Anderson, 1982}, Aspect values were derived from GTOPO 30 DEM.
Compound topographic index (CTI) also known as wetness index is o function of
upstream contributing area und the slope of the fandscape. The spatial distribution ol
wiatter on o leld is infuenced b lateral Now and thus controlled hy elevation
differences. The topographic wetness index is a compound terrain attribute caleulated
{rom specific calchments drea ol w point (A0 and the local slape gradient tan ff { Beven
and Kirby. 1979), Wetness index given as

IntA4)

Welness index = ——. (h
L ¥

where Inis the natural logarithm, (s the slope angle and “A7 is the upsfope aren per
uait width of contour. In general, the index essentally 54 measure of the tendency of
witter Jo accumulite b any pomt on o slope, The lopographic wetness index maps
indicate zones ol high potential soil maisture (high values) and zones that dey up lirst
(low values). Thus higher CTI values are not a good indicator of fires. C'T'1 values
have been caleulated for individual pixels using GTOPO 30 elevation data sets,

The TP is calculated Irom DEM as the difference between a cell elevation value and
the average elevittion of the neighborhood around thut cell. Positive vitlues mean the
cell is mgher than its surroundings while negative vidues mean il s lower, TP vilues
can eastly be classilied mto slope position classes based on how extreme thev are and
by the slope at cach point, Four categories based on TPI and slope have heen derived.
Canvon Bortony, TP —8; Genrle Sloper —8<TP1=8, Slope <061 Steep Slope:
—8<TPI = & Slope =67 Ridgeline: TP1 28 (Weiss, 2001, Jennessent. 2006).

Explunation

Higher the guantity of fuel. higher the lammability. As the amount ol Tammable
material in g given arca increases, the amount of heat produced by the fire also
irereases (Albini, 1976). Blonuiss density values Tor individual Torest tvpes al district
level have been aggregated rom local forest records and then calculated tar
individuatl pixels bised on forest tvpe.

The amount of area suseeptible for fire increases us (orest area increases. Fire spread
also depends on the continuous availability of biomass material.

Explasation

High temperature facilitates rapid drying of biomass. in particular dry grass. dead
leaves, trec needles and small trees, Fuels pre-heated by high average lemperate hurn
more rapidly than cold Tuels: hence a posiuve indicator of fires,

As above: Temperature data averaged from March Lo June,

Negative indicator of forest fires as high moisture levels suppress fives.

Higher values contribute to high moisture in luels. thus negatve indieator ol hire
spread, Precipitation data averaged from March o June.

Explanation

The higher the density. higher the dependence on surrounding lovest resouices. Mires
in several districts of the study area are caused mainly due to land clearimg for
agriculture purpase (slash und burn agriculture),
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Lithle 2 {comtinued )

Sl no. Tapographic vanables Explanation

2 lhteracy rates (LR} Literacy rates are an indicator of wwareness relating (o Lorest sustainabilily and
acardents that may cause forest Ares. Low illiteraey rates can have negative
implications on covironmental concerns. mcluding forest tives,

i Rutal popubition 1o lorest Anindicitor of demographic pressuree thal indicates the possible dependence of rural

area ratio (RPFR)

(b Accessibility crileria

SLENn Accessthility indicatars
1 Alpha index

(Y

Gamma index

peaple on forest resources. Rural populinon also includes indigenous tribes in the
districts of West Godavari. East Goduvari. Adilabad. Khammam. ele. This index has
heen cileulated from loenl district statistics aeprepated [or local mandals (suheategor:
af a districr) and ealesdared for ndividial pivels as densing vy,

Explanation

Anmdex of connectivity is based on the number of cirenits thal o network can
support. A cireuit s delined as o closed loop along o roud network. Ina cireuil, the
heainning node ol the loop is also the ending node. The existence ol a circuit in 4 road
network implhes thut there are multiple paths to conneet uny Bwo vertices in the road
network, Alpha index s computed as the ralio of the number of actual circuits to the
number of musimum possible circuits, Alpha index thus s an index of road
L'L'JI}J]L‘C]i\i!} (Waong and Lee. 2005). The higher the connectiv itv. the more
susceptibility of the forests to fire danger. mainly due Lo anthropogenic interlerence,
Gumma index is defimed us the ravne ol the aetnal number ol edpes to the masimum
possible number of edges in the network. The mdex is computed as. | = e/eyyy.
Gammit index 15 most usetul in comparme dilferent road networks 1o diflerentiate
their levels ol connectivity, 'The higher the index value, higher the level of connectivity
{Wong and Lee, 20051 The indes has been compiited at district fevel using road laver

m ARCGIS Network analwst,

4. Statistical analysis

For predicting the presence absence ol fire. site-specilic

fire data in conjunction with explanatory variables of

lopographic, vegetation. climatic, anthropogenic  and
accessibility factors were exported o spreadsheets for
statistical analysis. The range of values for the explanatory
variables is given in Table 3. We used logistic regression to

model the presence/absence of fires in dilferent districts of

the Deccan Plateau. Logistic regression is based on
transformation of a linear equalion that uses a binomial
logistic distribution where the probability of the response
can be mathematically expressed as a function of several
explanatory variables. In the logistic regression analysis.
presence/absence of fire was used as the dependent variable
and the others as independent explanatory variables. The
logistic regression model for more than one independent
variable can be expressed as the probabilitv of fire
ocecurrence
¢’/(1+¢7), where = is the linear combination of

=8B+ B/X | +B-Xo 4 BX5. . BpX .

B, By...Bp are the coefficients estimated from the data:
Nps ¥a...oobp are the independent variables and ‘¢ is the
base of the natural logarithm. In the logistic regression. the
parameters of the model were estimated using 1 maximum
likelihood method (McCullagh and Nelder. 1989), We
evaluated all possible combinations of the explanatory
vartables in  the logistic regression [ramework. We
performed a forward stepwise logistic regression with a
P-to-enter ol 0.1 and P-to-remove of (.15 on the predictor

variables 1o select the best subset of independent variables
[or the model selection (Hosmer and Lemeshow. 1989).
The variables Ieft out of the analysis at the last step all have
significance values larger than 0.05. so no more explani-
tory variables were added. The outcome variable was the
presence and absence of fires in individual districts of the
Deccan Plateau. coded as 1 and 0, respectively. These
variables were then included as dependent variables and
the rest of the topographic. vegetation, ¢limatic. anthro-
pogenic and accessibility variables. as independent expla-
natory variables in a logistic regression framework, So as
to select the best predictors among the independent
variables. we used Akaike’s information criteria (AIC): a
penalized version of the likelihood function in which the
best model fit is given by the lowest value (Akaike, 1973;
Burnham and Anderson, [998: Lancelot et al.. 2002: Breck
et al., 2003; Zuechini. 2000: Frappier and Eckert, 2003).
Significant variables at each step have to reduce the sealed
deviance significantly (McCullagh and Nelder. 1989: Buck-
land et al.. 1997). Although inttially all explanatory
variables were potential predictors. only those variables
selected using the above criteria were used in the [inal
predictive model for detecting the presencefabsence of fires.
Regarding model selection between successive models, the
models were ranked by AIC (lower values indicate a better
lit} and evaluated with respect to the difference in AIC
between o given model and the highest ranked model. We
selected the model that has a delta AIC value of zero
(Burnham and Anderson. 2002). Nagelkerke's R mulli-
plied by 100 closely approximates the percent variance in
the outcome variable thal was explained by the model
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Table 3

Parameters used in logistic regression analysis Tor modeling fires in the Deccan Plitean

5L o [Factors Range of vilues (minumum and maxumumi
1. Llevation (ELE) m meters. S Hal

2 Slape (SLP) (%) 4.85-8.635
3 Aspect (ASP) (deg) 31290

4 Compound topographic index (CTH 418 742
T Taopographic position indeéx (TPH 14

f Percent lorest cover (PIC) SOR-81.25
7 Biontiss density (BI) (per km”) 0.2-0.62

b Mean annual emperature (MAT) ( C) 232802
) Average temperature of the warmest quarter (ATWOQ) ( O 2.2 360
] Mean annuul precipitation (MAP) (mm) aus 14749
11 Average precipitation of the warmest quarter (APWQ) (mm) 35-459

12 Ruril population density (RPD) 1 58-1489
13 Mhteraey rate (ILR) (%) %34

14 Rural population to forest arca ratip (RPEFR) 26584301
15 Alpha index (041,00
16 Gamma mdex 103 ()43

because 1t is adjusted for sample size and transformed so
that a value between 0.0 and 1.0 can be achieved
(Tabachnik and Fidell, 2001). One ol the important criteria
lor assessing the model fit is the Walds statisue. The Wald
statistic is an alternative test that is commonly used to test
the significance of individual logistic regression coefficients
for each independent variable (that 1s. to test the null
hyvpothesis in logistic regression that a particular logi
(ellect) coefficient is zero). For dichotomous independents.
the Wald statistic 15 the squared ratio of the un-
standardized logit coelficient 1o its standard error. In
addition, the odds ratio is a way ol comparing whether the
probability of a certain event 1s the same for two groups.

i.e.. in our case fire presence and absence. An odds ratio of

|'implies that the event is equally likely in both groups. An
odds ratio greater than one implies that the event 18 more
likely in the first group. An odds ratio less than one implies
that the event is less likely in the first group. The results
relating to coelficients. standard errors. goodness-ol-fit
statistics, and odds ratio m addition to classification results
for the data sel have been reported.

5. Results

For assessing the presence ane-—-ubsence ol fires and
contributing [actors, 7% districts covering [our different
states in the Decean Plateau have been analyzed. OF the
total fires covering 47,043 km” that occurred during the
vear 2000. 29.0%, occurred n the Deccan Plateau. covering
Lhe states of Andhra Pradesh (13.3%). Karnataka (14.7%).
Kerala (0.1%). and Tamilnadu (1.15%) (Table 4). In the
forward model selection. the AIC wvalues continued to
decline as  stepwise model  selection  was  completed.
Although the charactenstic increase in AIC values asso-
ciated with model over fit did not occur i any of the
sclected models, the decline in AIC values approached an
asymplote after the ninth step in the model selection

Table 4

Burnt areas derived from SPOT fire duta sets o different states of India
Tor year 2000 and % contribution of 1he states of Decean Plateau to total
fires i Indian region

State Fire pixels (km') Yy Contribution
Andhira Pradesh (G369 13,53
Karnataka [ehRh 14.74

Kerul 45 (10
Tamilnadu 34D 1,15

Tolal 138497 243

Lotal fires in India 47,043

iteration. Thus. the model selected mn the ninth step ol the
forward stepwise procedure represented the model least
likely to over fit the traiming data while retaining the
optimal number ol factors important for discriminating
presence and absence ol fires. The final selected model
retained six variables out ol the 16 explanatory variables
used in the study. Thus, the best predictors ol fire presence
and absence in the Deccan Plateau were found to be torest
area. BD, PD. annual precipitation of the warmest quarter
(APWQ). ELE and mean annual temperature (MAT). The
beta coelficients for the model along with standard error.
Wald's statistic, significance values and odds ratio were
given in Table 5. The model differed significantly from the
constant only model and had a Nagelkerke's R of 0.611.
Among the six best predictors, the Wald statstic with
higher significance has been found for predictors of BD
and APWQ. Thus. for example, the odds ol the dependent
variable (fires) increases 20-Told when the forest arca
increases by three times. A classification probability cutoft
value ol 0.3 yielded the best classification of fires (Table 6).
The classification table (Table 6) is a 2 2 table, which
tallies correct and incorrect estimates for the full model
with the independents as well as the constant. The columns
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Tahle 3

Individual predictor variables that were relained in the final stepwise logistic regression model associated with fires in Decean Plateau

Predictors/indicators fi SE Wald dr Significance 0Odds ratie
Irorest arca 3.05 1.7 3218858 | 0.002 21.11534
Biomuass density (BD) ER. |z 10.02778 | <001 A4 TOIR
Population density (PD) 0.034 0.018 3567901 | (003 1034385
Annual precipitation ol the warmest quarier (APWQ) —0.42 0.15 7.84 ! <0001 0.637047
Elevation (ELE) (4 0.2 4 | 0.01 1401828
Mean annual temperature (MAT) 0.611 1.06 0.332254 | 0.006 1.842273
Constan| —22.91 9.2 6.201183 | 0000 0

Table 6
Number of fires as predicted from logistic regression in dilferent districts
of Deccan Platcau

Number ol fires present Fires absent Fires present % Correct

Fires absent 25 3 83.3
Fires present 3 42 94
Overall percentage - — 87.0

Classification table with accuracy assessment (the cutoff value is 0.500),

are the two predicted values of the dependent variable.
while the rows are the two observed values of the
dependent variable. The model correctly classified 89.0%
ol the fire presence and 83.0% of the fire absence in
different districts of the Deccan Plateau vielding an overall
correct classification rate of 87.0% (Table 6).

6. Discussion

This study represents the first multi-statewide effort in
the Deccan Plateau, India that estimated the causative
factors of fire using SPOT satellite data. The results from
the logistic regression framework clearly suggested that in
the different districts of the Deccan Plateau. the strongest
influences on the fire occurrences were (orest area. BD. PD.
average precipitation ol the warmest quarter, ELE and
MAT. Among these variables, BD and average precipita-
tion of the warmest quarter (March-June) had the highest
significance, followed by the others. Of the different
measures of human influence. only PD was significant.
As expected. population densities showed positive influence
on the fire risk. suggesting that human caused ignitions can
be prominent in the Deccan Plateau. Although accessibility
factors from roads were also reported by several research-
ers as one ol the major causes of fires (Plaff, 1999: Chomilz
and Gray. 1996), results for these metrics were not
significant. ELE as an important predictor of fires in the
study area clearly suggests that fires in the Deccan Plateau
are highly related to slash and burn agricultural practices
that are mostly practiced by the indigenous people in the
highly elevated areas. The importance of MAT as a
positive predictor in addition to average precipitation
during the warmest quarter as a negative predictor of fires
clearly suggests the importance of climatic parameters in
regulating the fire events. Most importantly, higher

temperature would favor drying of biomass material. thus
favoring ignition patterns, whereas higher precipitation
events suppress the ignitions.

The quantitative results from the above logistic regres-
sion framework clearly provide several benefits for risk
prioritization in several forested districts of the Dececan
Plateau. However. we also acknowledge some of the data
gaps and limitations of the modeling approach followed in
this study. The quality of the probabilistic fire risk model is
dependent on the quality of the data used (o create it. The
limitations of the current study are with respect to some
ground measurements such as moisture content of (uel
materials, fuel packing ratios, soil type data, cte. Although
SPOT vegetation data sets have considerable advantages in
detecting burnt areas mainly due to their geometric and
radiometric characteristics, the VGT sensor lacks thermal
channels as in NOAA-AVHRR and MODIS (Fraser et al..
2000: Stroppiana et al., 2002; Giglio. 2005). Use of MODIS
data sets with thermal channels would have helped in
detecting the real-time fire radiative energy as “fire counts’
in the study region, instead of burnt areas. MODIS data
thus can be effectively used for detecting the strong
infrared thermal emission signal associated with active
fires (Kaufman ct al.. 1998; Wooster et al., 2003: Giglio et
al., 2006). Also. MODIS data sets offer a larger dynamic
range of radiance values (12-bit quantization) than
AVHRR data (10-bit quantization), thereby avoiding or
lessening the saturation problem that is most often the
problem in fire detection using NOAA-AVHRR (Ichoku et
al., 2003). Further, in our analysis, no attempt was made to
account for spatial autocorrelation in the data sets and
therefore, there is a chance for inflation of the significance
values. Nevertheless. our approach combining the fire
count data sets with other biophysical and socieeconomic
variables in a logistic regression [ramework provided useful
insights into the best predictors of forest fire risk in the
study area.

Given the number of potential explanatory variables
tested and the limitations associated with them. the model
results still make sense. as these predictors were also
reported to be causative [actors of fire by previous
researchers clsewhere (Skole and Tucker, 1993; Pflaff,
1999: Eva and Steffen. 2003: Laake et al., 2004; Fearnside.
2005). The results obtained from this study have implica-
tions for forest fire management. In India. forest fires and
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their management have a long history. The traditional
methods of fire protection in the past used networks of fire
lines, block lines, and guidelines. For example. the forest
department in different parts of the country is using
‘controlled fires” of 3-10m in width in areas prone to fire
due to human negligence. All forms of vegetation are
pulled down along this fire line. Though these practices
were successful when the population pressure was low, they
no longer work elfectively (Ramnath. 1997). The existing
human resources in the forest department at present are
disproportionate with respect to forest degradation caused
by human interference, more so from forest fires. On an
average 500 ha of Torests have to be patrolled by one forest
guard, and it does not seem to be likely that this human
resource will be sufficient to detect and prevent all [orest
fires. Therefore intensive management to prevenl. detect
and suppress forest fires is required. To develop the
effective fire management strategies, forest managers and
environmental scientists need to utilize the full spectrum of
biophysical as well as socioeconomic parameters that can
aid in fire prediction and implement the necessary
mitigation strategies. Assessment of fire potential at any
particular scale requires basic information on the biophy-
sical and weather conditions that combine to produce the
potential fire environment. The results from this study
relating to these factors in addition Lo population densities
can also be used to assess the susceptibility of any
vegetation to fires and for determining future fire risks.
Further, remote-sensing data with its spatial information,
when combined with GIS and statistical models, allow fire
managers and personnel to predict “where and when’ forest
fires will mest likely occur. Local forest departments can
use such databases and models to assess the “potential fire
risk” by combining different types of information. Finally,
it may also be mentioned that the forest policies which have
been adopted (o prevent deforestation and shilting
cultivation in the study arca have had limited success
because of their narrow focus (Narendran, 2001). For the
most part. the policy measures have not addressed the
constraints ol the local rural poor, especially in enhancing
their livelihood security through meeting the energy as well
as food demands. Unless these demands are met, exploita-
tion ol [orest resources will continue (Saha, 2002). There is
a need for a paradigm shift in forest management and
conscrvation involving local indigenous people. Local
communities will actively participate in forest fire preven-
tion and control only when they have a stake in forest
management and benefits from the forests (Ramakrishnan.
1092). Such practices are urgentlv needed to protect the
dwindling forest resources in different states of the Decean
Plateau, India.

7. Conclusions
Analysis of fire data from SPOT satellite data sets for the

year 2000, covering lour dillerent states and 78 districts in
the Deecan Plateau, India, suggests that 28% of the fires in

India occurred in this region. A GIS framework in
conjunction with logistic regression analysis was quite
useful in characterizing the landscape level controls of fire.
The best predictors of fires in the Deccan Plateau were
found to be forest area, BD. PD, APWQ. ELE and MAT.
These results can be used both as a strategic planning ool
to address broad scale fire risk concerns and also as a
tactical guide to help managers to design fire mitigation
measures al the district level in the study area.
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Ahstract

The Lower Rio Grande Valley (LRGV) of south Texas is an agriculturally rich area supporting intensive production of vegetables.
fruits, grain sorghum, and cotton. Modern agricultural practices involve the combined use of irrigation with the application of large
amounts of agrochemicals to maximize crop vields. Intensive agricultural activities in past decades might have caused potential
contamination of soil, surface water. and groundwater due to leaching of pesticides in the vadose zone. In an effort to promote precision
farming in citrus production, this paper aims at developing an airborne multispectral technique for identifyving tree health problems in a
citrus grove that can be combined with variable rate technology (VRT) for required pesticide application and environmental modeling
for assessment of pollution prevention. An unsupervised linear unmixing method was applied to classily the image for the grove and
quantify the symptom severity [or appropriate infection control. The PRZM-3 model was used 10 estimate environmental impacts that
contribute to nonpoint source pollution with and without the use of multispectral remote sensing and VRT. Research findings using site-
specific environmental assessment clearly indicate that combination of remote sensing and VRT may result in benefit to the environment
by reducing the nonpoint source pollution by 92.15%. Overall. this study demonstrates the potential of precision farming for citrus
production in the nexus of industriul ecology and agricultural sustainability.

(€ 2006 Elsevier Ltd. All rights reserved.

Keywords: Citrus grove; Pesticide control: Precision [arming: Remote sensing; Environmental impact assessment: Industrial ecology: Sustainability

1. Introduction

Agricultural practices are considered the largest con-
tributor to surface water quality degradation in terms of
sediment, runofl of nutrients. and leaching ol chemicals
(Crutchfield et al., 1993). Among the list of environmental
damages, agrochemicals (such as pesticides and [ertilizers)
are suspected to be one of the major contributors to
nonpoint source pollution of surface water. The term
nonpoint source pollution refers to pollutants that cannot
be identified as coming from one discrete location or point.
In fact. nonpoint pollution 1s the primary cause of

*Corresponding author. Tel.: 407 7547521,
E-mail address: nchangiomail ucfedu (N -B. Chang).

0301-4797/5 -see front matter © 2006 Elsevier Ltd. All rights reserved.
dor 10,1016/ jenvman. 2006, 11,0019

impairment of fresh water bodies, affecting one-third of
the surveyed lake acres. streams, and rivers in the United
States (US EPA. 1996). It is also known that nonpoint
sources are some of the major sources causing pollution in
surface water in Texas (Texas Environmental Profiles.
2005). As the Safe Drinking Water Act and the Clean
Walter Act play a complementary role in the protection of
our water resources in the States, the protection of ground
water and the assessment of waters designated lor drinking
water use are crucial. Because pesticide-contaminated
ground water can pose health risks to humans and animals
that drink it, & number of government programs have been
introduced to directly limit its environmental impact. On
the other hand, farmers throughout the world are
constantly searching for ways to maximize their returns.
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olatility in the cost of agricultural inputs and the income
anerated from farm products leads to instability in the
trm economy. This scenario calls for the introduction of
wdern precision farming technologies to improve crop
ield. provide information Lo enable better in-field manage-
ient decisions, reduce chemical and fertilizer costs through
iore efficient application. permil more accurate farm
:cords, increase profit margin, and reduce environmental
ollution (Santhosh et al., 2003). Even though technology
as the potential to help alleviate the problem facing future
znerations, an integraled approach is needed to promole
§ use among farmers.

Precision agriculture 1s a production system that
romotes variable management practices within a feld
ccording to site conditions—such as soil characteristics
nd weather conditions—in order to adjust the inputs used
nd ultimately achieve optimal output. Precision agricul-
ire technology is hypothesized Lo lmit the amount of
utrient and chemical runoll to the environment for it
recisely matches fertilizer and pesticide applications to the
geds of the crop in terms of both guantity and timing.
recision furming incorporates several technologicul tools
1t include wvariable rate technology (VRT). remote
:nsing technelogies, global positioning systems (GPS)
nd geographical information systems (GIS). In general,
recision agriculture involves three application processes:
athering information inputs such as yield mapping,
rocessing the precision mformation, and prescribing
:commendations [or mput applications. To collect the
ata. farmers could choose a local sensing technique. which
ikes  place simultancously with recommended input
pplications. Alternatively. they could use a GPS to collect
tformation related to crop production. including grid soil
impling, yield monitoring, remote sensing. and crop
outing, all of which provide information inputs for
lanagement decisions (Hruboveak et al., 1999). With such
dvantages, precision farming technology is applied in a
ariety of agricultural management systems and agricultur-
| products such as crops, livestock. and forestry. which
Iso affect the success of environmental management in all
spects.

The aim of this study is to demonstrate an integrated
witidisciplinary approach using an airborne mullispectral
:mote sensing technique, VRT, and environmental impact
ssessment to evaluate precision agriculture for citrus
roduction. By using a_holistic approach, this study
articularly attempts (o investigale the comparative
avironmental impacts of precision agriculture technology
ssociated with variable rate (site specilic) and conven-
onal, single-rate pesticide application. To apply this
sehnology. site-specific data collected n real time using
)eal airborne remote sensing is utilized and the potental
nvironmental impact of this VRT technology is assessed
wwough simulating a Pesticide Root Zone Model 3
RZM-3) model for a period of 10 years. Hence, the
rimary objectives of this paper are to (1) identify
1© severily of tree health problems with unsupervised

classification of airborne remote sensing images: and (2)
assess the environmental impact of site-specific chemical
application. The study will contribute to the overall goal of
improving the environmental sustainability of the citrus
industry. both in Texas and elsewhere.

2. Background

2.1, Precision farming, variable rate application, and remote
sensing

Managing the land/crop within a field with different
levels of input depending upon the yield potential of the
crop results in two benefits: (1) the cost of producing the
crop in that area can be reduced, and (2) the risk of
environmental pollution from pesticides applied at levels
greater than those required by the crop can be reduced
(Earl et al.. 1997). One method of controlling variability
within the field is VRT, which allows variable rates of
fertiliser application. seeding. chemical application, and
tillage throughout a single field. The rate 15 changed
according to a preset map or through information gathered
“on the go” by sensors. VRT is most commonly used in
conjunction with mapping information such as vield maps
or satellite maps. but benefits can still be gained from VRT
without such practices. The greatest benefits of VRT can be
seen in areas with high varability in soil fertility, weed
growth or soil compaction where varying amounts of an
input are required throughout a pasture. Instead of
applying a single rate of input throughout an entire field.
lesser amounts of input can be applied where (hey are nol
needed and saved for areas within the field that need
greater amounts of input. Savings of over 80% have been
reported for some sensor-based seleclive spray systems
(Rob and Troy, 2004). Although VRT can control inputs
applied to crops, it cannot control factors such as soil type,
weather climate, and topography.

While VRT has become increasingly popular for
fertilizer applications in recent years, several complicated
issues continue to limit the success of VRT herbicide
applications. For example. researchers have not vyet
developed an appropriate strategy [lor delining rate
scenarios for VRT weed management (Thorp and Tian,
2004). VRT for pesticide application rates depends on
variability and complexity of pests such as size, density.
and composition. In the case of herbicide application, a
rate scenario consists of several parameters, including the
number of rate options, the percent by which each rate is
reduced from the full rate, the herbicide doses agsociated
with each rate. and the criteria for rate selection. Other
criteria. which influence herbicide rate requirements to a
lesser degree, include the age ol the pest. the level of plant
activity at the time ol spraying, the pest history. and the
desired level of pest control. If defined properly using VRT,
however, the ideal rate scenario will provide adequate weed
control while maintaining efficient use of herbicide when
compared with conventional methods.
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The adoption of precision agriculture technologies varies
considerably from country to country, and region to
region, The adoption rate of variable-rate fertilizer
applications and yield monitors is greater than 3% in
USA and Canada. and ranges rom 1% to 5% in Australia.
Brazil, Denmark, United Kingdom, and Germany (Swin-
ton and Lowenberg-Deboer, 2001). In the United King-
dom, however, 15% of the farmers claimed 1o have used
some technologies for precision agriculture (Fountas.
2001). In the United States. the highest rate of adoption
wus found in corn and soybeans in the Midwest region.
while the lowest rate was found along the Southern
Seaboard (Daberkow and Mcbride, 2000). By crop type
13.7% of the grains and oil sceds sector used precision
technologies. while only 1.6% of the livestock sector had
adopted them (Daberkow and Mchride, 2000). The
Northern Great Plains region was ranked second in the
US for precision agriculture technology adoption with a
rate of 5.8% (Daberkow and Mcbride, 2000). Overall. grid
soil sampling is the most commonly used method for
variable-rate fertilizer application. Although farms adopt-
ing precision agriculture tend to increase remote sensing
implementation. remote sensing as well as seed and
pesticide variable-rate applications represent less than 1%
of the precision agriculture technologies used by all farms
{Daberkow and Mcbride. 2000).

Previous implementation of remote sensing for precision
agriculture focused on surface temperature measurement
and evapotranspiration estimation. The difference between
remotely sensed surface temperature and ground-based
measurement ol air lemperature has been established as a
method to detect water stress in plants (Jackson et al..
1981). Remote sensing for assessing crop condition is based
on the relationship between solar spectral reflectance.
temperature ol the crop canopy. photosynthesis. and
evapotranspiration. To model crop growth and vield one
has to combine spectral data with meteorological data, soil
data. and other crop parameters (Bauer. 1985). The four
main requirements for remote sensing svstems for farm
management are: [requent coverage, rapid data delivery,
line spatial resolution. and integration with meteorological
and agronomic data into expert systems (Jackson. 1984).
Remote sensing has shown potential for use in agricultural
management for a number of years. For example, powdery
mildew has been shown to be detectable with reflectance
measurements in the visible portion of the spectrum
(Lorenzen and Jensen, [989). However, the availability of
line spatial resolution, near real-time data has limited its
application in the past (Jackson. 1984). New companies
that provide aircralt-based imagery to meel the resolution
and temporal requirements for agricultural management
are now available to provide fine spatial resolution. near
real-time data. Sprayer mounted sensors have been found
to be useful for the control of herbicide applications
(Shearer and Jones, 1991). Remote sensing of crop stress
brought on by weeds, diseases. insects, water, [rost. and
soil temperature was described by Hatfield and Pinter

(1993). A vegetation index derived based on vegetation
spectral response was proved usclul in mapping soil salinity
over a sugar cane feld (Wiegand et al.. 1004). More
recently, methods to integrate spectral vegetation indices
with temperature have been used to improve remotely-
sensed estimates ol evapotranspiration (Carlson et al.
1995: Moran et al., 1994). The nitrogen status of crops has
also been estimated using remotely sensed data (Blackmer
et al., 1995; Filella et al., 1995). Brown and Steckler (1995)
developed a method to use digitized color-infrared photo-
graphs to classify weeds in a no-till cornfield. The classified
data were placed in a GIS, and a decision support system
was then used to determine the appropriate herbicide and
amount to apply. Penuelas et al. (1995) used reflectance
measurements Lo assess mite effeets on apple trees.
Previous applications of multispectral remote sensing lor
farm management can be found in the literature with
implications for site-specific colton management (Barnes el
al., 1996) and for the determination of within-ficld
management zones of vegetated fields for application to
site-specific farming (Yang and Anderson, 1996). The
promise of commercially available, high-resolution satellite
imagery will also provide additional sources of remotely
sensed data (Fritz, 1996). Retrieval of leal area index in
different vegetation tvpes using a high resolution satellite
was established by the inclusion of IKONQOS satellite
mmages (Colombo et al., 2003),

2.2, Envivonmental impact assessment and pesticide root
zone model

The pesticides which reach the soil or plant material in
the larget area begin to disappear by degradation or
dispersion. Pesticides may volatilize into the air, runoff or
leach into surface water and groundwater, be taken up by
plants or soil organisms or stay in the soil. The total
seasonal losses in runoff for soil-surface applied pesticides
average about 2% of the application and rarely exceed
5-10% of the total applied (Leonard. 1990: Schiavon et al.,
1995); the fraction removed by leaching is generally less
(Taylor and Spencer. 1990: Schiavon et al., 1993). In
contrast. volatilization losses of 80-90% have sometimes
been measured within a few days after application
(Glotfelty et al., 1984; Tayvlor and Spencer, 1990). Concern
about the presence of pesticides in surface water may date
back to the 1960s, when residues ol chlorinated hydro-
carbon insecticides getting into bodies of water were shown
to be directly toxic to aquatic organisms (Carson. 1962;
Cope. 1965). During the 19705 and 1980s. increasing
numbers of pesticides were found in groundwater (US
EPA. 1977: Cohen et al., 1984; Leistra and Boesten, 1989:
Schiavon et al., 1995), causing great concern, as ground-
water is a major source for drinking water in many
countries. Worries about the movement of pesticides in the
atmosphere arose during the 1970s and 1980s. Transport
and redeposition of pesticides may occur over very long
distances, as evidenced by the presence of pesticides in
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ocean fog (Schomburg and Glotfelty, 1991) and arctic
snow (Gregor and Gummer, 1989).

[n practice, it is extremely difficult and time-consuming
to estimate environmental impacts because the impact of
pesticides might appear in different environmental media.
At a higher level of sophistication, a wide variety of
computer models are available thalt can quantitatively
simulate pesticide concentrations in different media. It is
important to use a model that has been validated in more
than one study. has good user support, requires an amount
of data input appropriate [or the application, and has a
history of producing results acceptable to scientists and
regulatory authorities. Considering these various criteria
for acceptability, US EPA’s Pesticide Root Zone Model
(PRZM-3) is an appropriate tool to estimate pesticide
concentration in both soil and groundwater (Chang et al.,
2006).

In the past, economic and environmental evaluation of
alternative pollution-reducing nitrogen management prac-
tices has linked farm management with environmental
impact (Roderick and Hornbaker, 1999). The ability to
detect and map insect damage with remotely sensed
imagery implies that methods can be developed to focus
pesticide applications in the areas that are most infected,
thus decreasing the damage or loss (Barnes et al., 1996).
Potentials and hmitations of remote sensing data for
precision crop management were reviewed by Barnes et al.
{1996) and Moran et al. (1997). Although the potential of
remote sensing for agriculture has been clearly established.
its adoption by farmers remains low. There is still
considerable work to be done before the full benefits of
remotely sensed data linked with VRT and PRZM-3 can be
realized at the present time.

3. Methodology

The Texas citrus industry, an important part of the
Lower Rio Grande Vallev (LRGV) economy, is heavily
dependent on chemical control of pests and diseases. Pest
management 1s ‘essential to fruit yield and econemic value,
but chemical controls have a high cost, both economically
(50% of total production costs) and environmentally.
Citrus pest identification depends on human scouting,
which is time-consuming and prone-to missing of infected
trees. Uncertainty regarding tree health results in insurance
applications where no problems exist. Multispectral remote
sensing can detect trees under stress; there has been no
reliable success in dctcrmining the source of thal stress
without human observation. This study, focusing on a
citrus farm of LRGY, Texas, emphasizes the synergy
between remote sensing, VRT, and environmental impact
assessment. Airborne multispectral remote sensing was
applied to identify tree health problems. and finally. the
PRZM-3 model was simulated to assess the environmental
impact of site-specific chemical application for controlling
the identified problems.

3.1 Study area

The study location was the South Research Farm of
Texas A&M Universily-Kingsville Citrus Center in Wesla-
co, Texas. The experimental block is in the form of a
square of about 9.2 acres (3.72ha) and it is part of a large
citrus operation of about 250 acres (101.17 ha). Agricultur-
al chemicals are used year-round in this region. Flood
irrigation is the most common irrigation method followed
in the citrus orchard where simazine is the most intenstvely
used pesticide. Fig. 1 represents the study area showing the
citrus groves. The Texas citrus industry is almost totally
located in the LRGV. with about 80% ol the acreage in
Hidalgo County, 15% in Cameron County and 5% in
Willacy County. Rio Red grapefruit trees. some of which
are heavily infected with Greasy Spol. a common citrus
foliar disease in the LRGV caused by the fungus Myco-
sphaerella citei Whiteside. have received wide attention.
Greasy Spot reduces tree vigor and thereby [ruit size.
Infected trees have leaves decaying with vellow and dark
spots. and eventually are defoliated. This block may also
suffer from some nutrition stresses. Fig. 2 shows the
ground pictures of various trees in the citrus grove in the
study area.

3.2. Hdentification of tree health problems with unsupervised
classification of airborne imayes

Multispectral remote sensing data can meet many of the
information requirements of site-specific precision farming.
Recent advances in precision farming technology (GIS,
GPS. and VRT) provide the tools needed to apply
information [rom multispectral images to agricultural
management problems. Digital imagery is obtained in
distinct areas of the electromagnelic spectrum. Sensors
used in vegetation monitoring arc typically in the green,
red, and near infrared portions of the spectrum (Barnes et
al.. 1996). As the canopy develops. there is a definile
increase in reflectance in the near-infrared (~725-900 nm),
as the internal leaf structure of the plant reflects more of
the energy in this portion ol the spectrum compared 1o a
bare soil. There is also development of a green peak
(~330nm) and decrease in red reflectance (~650-690nm)
due to chlorophyll reflectance and absorption respectively.
Thermal imagery (8000-12,000 nm) has also been proven
useful in monitoring vegetation, as this nmagery can be
used to determine surface temperature. Any stress which
lessens a crop’s transpiration ability will result in a relative
increase in the surlace temperature of the leaves (Barncs
et al., 1996).

Because of the in-field spectral variation due to atmo-
spheric, sensor. and background [lactors, unsupervised
analysis is often used in practical applications where
object/malterial signatures are not required to be known
priori. For unsupervised classification, the most famous
techniques include K-means clustering and ISODATA
(Schowengerdt, 1997). But the resultant classification maps
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Fig. 1. Map showing the citrus farms in the study area.

Fig. 2, Ground pictures showing the various trees in ¢itrus farms: (a) vigorous trees, (b) vellowish trees. (¢) defoliated trees and (d) healthy leave vs. greasy
spot damaged leave.
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are binary images. In other words, they employ the “hard”
classification, iec., 0-1 membership assignment. In our
research, the classification should quantify the stress
severity, which is “soft” classification. Hence. a linear
unmixing technique is adopted for this purpose.

Linear unmixing has been widely used for remote sensing
image analysis. It models an image pixel vector in a 3D
image cube as a linear mixture of a set of finite and distinet
ohjects/materials (i.c., end members) present in an image
scene, whose spectral signatures are assumed to be linearly
independent. Then classification can be achieved by
unmixing each pixel by finding or estimating the respective
abundance fractions of the end members resident in the
area covered by this pixel (Du et al., 2004). The detailed
algorithm can be seen in the Appendix 1.

The multispectral imaging system used in this experiment
was assembled by the USDA-ARS Kika de la Garza
Subtropical Agricultural Research Center at Weslaco.
Texas (Yang et al.. 2002). The system was composed of
three Kodak MegaPlus 1.41 digital charge-coupled device
(CCD) cameras with a NIR (845-857nm) filter, a red
(625-635nm) Ililter, and a yellow-green (555—565nm)
filter, respectively, and a computer equipped with three
image digitizing boards that had the -capability of
obtaining images with 1024 x 1024 pixels. The cameras
had a built-in analog-to-digital (A/D) converter that
produced a digital output signal with 256 gray levels. A
Cessna 206 aircraft was used to acquire the imagery at an
altitude of 760m. The ground pixel size achieved was
approximately 0.7 m.

The NIR. ted, and green band images in the color-
infrared composile image were registered to correct the
misalisnments among them. The co-registered composite
image was georcferenced to the Universal Transverse
Mereator (UTM), World Geodetic Survey 1984 (WGS-
84). Zone 14. coordinate system based on a set of ground
control points around the field. For radiometric calibration
of the image, four 8m by 8m tarpaulins with nominal
reflectance values of 4%. 16%, 32% and 48%, respectively.
were placed near the field during image acquisition. The
georeferenced image was converted to reflectance based on
three calibration equations (one for each band) relating
reflectance values to the digital count values on the four
panels. Image registration and georeferencing were per-
formed using ERDAS IMAGINEAERDAS. Inc., Atlanta.
Georgia, 2004). The longitude-latitude and UTM coordi-
nates of the lour corners of the grove are as follows:

e upperleft: (97° 37" 14.25" W, 267 08’ 15.68" N), (604566,
2R801353),

@ upper right: (97
(604773, 2891360),

8 lower left: (97 57" 14.10" W, 267 08" (09.88" N), (604572,
2891174),

e lower right: (97" 57" 06.61" W,
(604780, 2891 1R1).

37" 06.80" W. 26" 08 [5.88” N).

26° 08" 10.05" N).

Figs. 3a—c show the three bands of the grapelruit block
image. As we can see from the image, trees are arranged in
a 24 % 37 matrix (24 rows and 37 columns). The tree at
Row 12 (from the top) and Column 18 (from the left) is
missing, and this location has a concrete panel (bare soil)
for water pump installation. The tree at Row 12 and
Column 30 is also missing, and this location is covered by
grass. The trees at Row 5 and Column 2, Row 3 and
Column 12, Row 10 and Column 5, Row 11 and Column
27 are small and young, so these locations may have more
shadow and more exposed grass. This block is surrounded
by grassy paths at the northern, southern and western
sides. In the southern side. there is a bare soil strip between
the trees and the path.

3.3. Envirenmental impact assessment and modeling
analysis

The pesticides applied in citrus cultivation have strong
potential to transport via different environmental media.
Pesticides have been detected in the LRGV water bodies,
creating a need to reduce environmental impact. Drift
deposits associated with different spraving devices have
caused public concern regarding contamination of surlace
and groundwater systems in local communities. To
supplement the uneven and insufficient ramfall. conven-
tional flood irrigation is the primary system used in Texas
citrus production while pressurized irrigation systems
utilizing pumps to deliver water under low pressure have
long been applied. Microsprayer/microsprinkler irrigation
systems may result in even higher environmental impact.
However. site-specific applications. compared to constant
rate application, result in lower levels of residual drift
deposits.

The PRZM-3 model was used to assess the effect of the
precision-agriculture practices described above on some
designated environmental parameters. The model can
simulate transformation of pesticides over a long period
of time in a wide range of soil. climate. and crop
conditions. It is alse capable ol simulating enviro-
nmental-related parameters under various management
scenarios (Chang et al., 2006). The PRZM-3 model has
two major components-hydrology and chemical transport.
The hydrologic component for calculating runoff and
erosion is based on the Natural Resources Conservation
Service curve number technique and the Universal Soil
Loss Equation. Evapotranspiration is estimated {rom pan
evaporation data and is classified inte evaperalion
from crop mterception, ecvaporation from soil, and
transpiration by the crop (Carlsel et al. 2003). Water
movement 18 simulated by the use ol generalized soil
parameters, including field capacity, wilting point, and
saturation water content. Dissolved. adsorbed. and
vapor-phase concentrations in the soil are estimated by
simultancously considering the processes of pesticide
uptake by plants, surface runoff. erosion. decay, volatiliza-
tion, [ohar washoll, advection, dispersion, and retardation
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Fig. 3. (a-c) The 3-band multispectral image and (d-f) multispectral image classification using UFCLSLU: (a) Band 1 (vellow—green). (b) Band 2 (red). (¢)
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where D, is the diffusion-dispersion coefficient for the
dissolved phase, assumed constant (L>T~'). 7 the time (T).
D, the molecular diffusivity of the pesticide in the air-filled
pore space (L°T"), & the volumetric air content of the soil

) C, the gaseous concentration of the pesticide
(M L%, Ky the distribution coefficient between the liquid
and vapor phases (Henry's constant), z the vertical space
dimension (L). Az the space inerement (L), C,, the
dissolved concentration of the pesticide(M L %), 6 the
volumetric soil-water content (L* L), v the velocity of the
soil water (LT™'), K, the lumped. first-order decay
constant for the solid and dissolved phases (T "), Ky the
partition coefficient between the dissolved and solid phases
(T'). py the soil bulk density (M L), Japp the mass gain
due to pesticide application at or near the surface (M T™").
X the erosion sediment loss (M T '), p a units conversion
factor (MM '), 4 the cross-sectional area of the soil
column. 4, the watershed area (M?). O the daily runoff
volume (L*T~"), P, the daily rainfall depth (LT "), ¢ an
uptake efficiency factor or reflectance coefficient {(dimen-
sionless), f'the fraction of total water in the zone used for
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transpiration (T'), Krp~ the transformation rate constant
(T™Y) and r,y the enrichment ratio for organic matter
(M M ). The above equation can be solved easily in the

PRZM-3 model for surface layers with an assumption of

=0

To estimate environmental impacts. we compared the
agricultural practice consisting of a single pesticide
application rate and the site-specific rate based on VRT
applied on citrus crops where the stress is more as
prescribed by remote sensing multispectral images. The
single application rate refers to an unvaried pesticide

application rate on crops, regardless ol the variability ol

soil characteristics within the field. Information about
single-rate pesticide application m this study was obtained
from the citrus farm operations al the citrus center, where
this process has been applied for years. For a sound
modeling process, simazine pesticide runoff, erosion, and
volatilization losses are the primary environmental para-
meters of interest because these are the primary factors
contributing to nonpoint source pollution.

4. Results and discussion
4.1. Remote sensing analysis

The unsupervised fully constrained linear unmixing
results (gray-scale images of a citrus field) are shown in
Figs. 3d-I where three classes were classified: bare soil
(including the concrete panel), shadow. and vigorous trees.

The last class is particularly important in the assessment of

pest stress. The brightness of a pixel in this gray scale
classification map reveals the healthy status of a tree. A
bright pixel meang a very healthy tree, a gray shaded pixel
indicates the tree may have a certain level of stress, and a
dark pixel indicates the tree is defoliated and the stress is
very severe. Therefore, the pixel gray levels in this class
allow the guantification of stress severity. In the unmixing
model, three materials (soil. shadow, and (rees) were used.
The brightness of a pixel for the tree material represents the
fractional abundance of the tree material in the pixel
(Adams et al., 1995). The abundance value for each pixel
ranges from 0 (darkest) to 1 (brightest). Therefore. a bright
pixel medans a very healthy tree (Adams ct al.. 1995). This
observation can be verified through a ground truthing
Process.

The Canny edge detection method was applied to Class 3
in Fig. 3 for the detection of tree size. The tree centroids
were estimated by finding the local maxima within the
crown boundaries. As shown in Fig. 4, the bright spots
represent the tree centroids. Those trees whose centroids
are not surrounded by boundaries are severely defoliated.
Multispectral images used in the analysis can then be
translated directly to maps of pesticide application rates.
This may provide a basis for environmental modeling
analysig.

Fig. 4. Detected tree centroid and crown boundary.

4.2. PRZM modeling analysis

4.2.1. Input parameters for the model

Meteorological data (1981-1990) required for the model
simulation, such as temperatures. precipitation, evapotran-
spiration, ete. were obtained from the US EPA’s Browns-
ville weather station located in the Rio Grande Valley. The
reason behind using this data set is that these data files are
compatible with the PRZM software model and the current
version of this data set is not available. The rainfall events
as shown in Fig. 5 measured in the LRGV area can be
generally classified into three different types. fine rain (i.c..
total accumulated rainfall is less than 30mm and the
maximum rainfall intensity is less than 10mm/h), heavy
rain (i.e.. total accumulated rainfall is between 30 and
100 mm. and the maximum rainfall intensity i higher than
10mm/h), and torrential rain (i.e., total accumulated
rainfall is higher than 100mm). The rainfall intensity
during 1981-1990 in the LRGV is shown i Fig. 5.
According to the meteorological data during the time
period between 1981 and 1990, there were 716 rainfall
events recorded and all the events were fine rain events.
However, variations in annual rainfall create different
environmental impaets.

STATSGO is the State Seil Geographic Data Base
developed by the United States Department of Agricul-
ture-Natural Resource Conservation Service (USDA-
NRCS). USGS STATSGO soil data and GIS were
used to map the soil type in the ctrus orchard. Fig. 6
shows the map of the orchards and soil type in the
LRGYV. Approximately 9% of the total land area in the
LRGYV is covered by sandy clay loam (SCL). Most of the
soil in the citrus orchards is SCL. Based on Lhe soil
type, different input parameters for the model, including
soil permeability (i.e.. hydraulic conductivity). were
obtained from the STATSGO soil database (USDA
NRCS. 2004), and the partitioning
coefficient was obtained from the PRZM-3 user manual
(Carlsel et al., 2003).

organic carbon
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4.2.2. Scenario analysis

In the present study. two scenarios are considered with
respect Lo the exclusion and inclusion of remote sensing
and VRT technology. In the former case. the PRZM model
is applied to the entire farm area to determine the amount
of simazine loading lost in runoff, soil erosion, and in

volatilization. In the latter case. the PRZM-3 model is

applied to the defoliated trees where the stress is very severe
in the farm area to determine the amount of simazine lost
in runofl, soil erosion and in volatilization. In both cases,
however, the simazine runoff. erosion and volatilization
loadings were calculated and compared using the PRZM-3
model. The outcomes are described below. In general. loss

from volatilization is insignificant (Extension Toxicology
Network. 1996).

4.2.2.1. Seenario |: model simulation withour remote sen-
sing and variable rate application.  Simazine runoff values
obtained from the PRZM-3 model during the simulation
period were averaged and a graph was drawn to show the
variation of the simazine loss in the study region (see Fig.
7a). It can be inferred (rom the graph that only a fraction
of a percent of the annual pesticide application was lost in
the runoff. The maximum amount of simazine was lost in
runoff in the vear 1984 because of the high rainfall intensity
in that year. Fig. 7b shows the annual simazine erosion
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Flg, 8. Mullispectral image showing the defolinted trees (severe stress in
The Farm).

loadimg values obtained from the PRZM-3 model during
the stmulation period. [t can be observed from the graph
that only a fraction of a percent of the annual pesticide
application was lost due to erosion. The maximum amount
of simazine loss due to erosion occurred during the year
1084 and this is because of the high rainfall intensity which
caunsed the soil containing simazing to erode.

simulation  with  remote
Fig. & shows the

_______ Seenario 20 model

sensinng and sariable rate appficarion.

multispectral image ol defoliated trees where the stress is
very severe in the farm and these are highlighted with white
line boundaries. Tn this case. the area under stress is
calculated by dividing the whole block into small cells and
thereafter counting the number of cells in the alfected
region. The total block was divided into 888 cells (which is
equal 1o number of trees in the block), cach measuring an
area o 0.004193 ha (tree area plus area between two Lrees).
There are a total of 70 cells in the stressed area and the
total arca ol the affected region 15 approximately
(.293488 ha. The obtained stressed area is given as inpul
to the model to calculate the simazine lost in runoff,
erosion. and volatilization.

Simazine runeff loading values obtained from the
PRZM-3 model during the simulation period were
averaged and a graph was drawn to show the variation
of the simazine runoff [oss in the study region. The
maximum loss occurred during 1984 because of high
rainfall during that period (see Fig. 9a). The loss 15 very
small when compared to simazine runoll loss before remote
sensing and VRT were used. Fig. 9b shows the annual
simazine pesticide erosion values obtained [rom the
PRZM-3 model during the simulation period. It can be
observed from the graph thal a [raction of a percent of the
annual pesticide application was lost due to erosion. The
lass 1s very small when compared to simazine crosion loss
in the case without the inclusion of remote sensing and
VRT.
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4.2.3. Comparative study

Environmental impacts associated with two types of
agricultural practices (scenarios) deserve further discus-
sion. While the one with a single pesticide application rate
on citrus crops is a traditional approach. the site-specific
application with precision farming skill where the stress is
more as prescribed by remote sensing multispectral images
shows a cost-effective and risk-informed advantage. Fig. 10
shows the comparison of simazine surface runoll loss
between scenarios 1 and 2 (i.e.. before and alter the site-
specific application). Site-specific application ol pesticide
resulted in a 92.15% decrease in the runoff value during the
simulation period. Fig. 11 shows the comparison of
simazine erosion loss between scenarios 1 and 2. and site-
specific application of pesticide resulted in a 92.15%
decrease in the erosion loss value during the simulation
period as well,

5. Conclusion

This analysis demonstrates that precision agriculture is a
promising, cost-effective, and environmentally benign
practice based on the case study with a citrus grove. The
case study in south Texas provides an example of how
remotely sensed data and environmental models can be

utilized in site-specific agricultural management for pest
control and impact assessment. It quantitatively shows the
advantage of using an integrated approach combining
remote sensing, VRT. and environmental modeling for the
characterization of environmental benefit o precision
farming. In general. multispectral images were used for
anomaly detection: however., anomaly detection does not
provide quantitative recommendations that can be directly
applied to precision Farming. The spectral linear unmixing
based approach in the application.of remote sensing and
site-specific agriculture_management was proved uscful for
quantilying stress severity and detecting early infection.
When effectively applied. site-specific pesticide applications
can provide environmental benefits by reducing the
environmental impacts ol surface runoff, erosion. and
volatilization, Multispectral images can be translated
directly to maps of pesticide application rates. The
PRZM-3 modeling outputs indicated a positive decreage
in environmental impacts. From an environmental point of
view, applying site-specific applications resulted in the
maximum benefit to the environment. reducing surface
runofl loss and crosion loss by 92.15%. It may become a
standard practice in the citrus industry in the future.
Future work may also focus on the recognition of the
degree of stress/damage by using hyperspectral remote
sensing techniques.
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Appendix 1. The algorithm of the linear unmixing
classification technique

Let L be the number of spectral bands and » an L x |
column pixel vector in a multispectral or hyperspectral
image. Assume that there are p objects (materials) present
in an image scene, which construct an L xp signature
matrix M = [mym; --- my]. where m; represents the jth
object. Assume that o = (o0 -~ %) isap = | abundance
vector associated with », where z; denotes the abundance
fraction of the m; in v, which is unknown. In the lincar
mixture model. ris considered as the hinear mixture of m.
Ma.....my a8 1 = Met+n. where n is included to account for
either & measurement or model error. A general approach
to solving or estimating the unknown mixing coefficients,
oy, %3, ..., 18 linear spectral mixture analysis (LSMA),
where a [ractional abundance image is generated by the
LSMA for each ol the mixing coefficients. In other words,
a fractional abundance image is a gray scale nmage with
gray scales representing abundance fractions of a mixing
substance that is specified by a particular object present in
each image pixel vector. The mixed pixel »is then classified
according to the set of p fractional abundance images
generated by the LSMA that correspond to o, 2z, ...
addition. if the estimated abundance vector, o, can

2. In
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[aithlully represent image pixel vector r, the loss ol

information will be immuaterial and have little impacetl on
image analysis. In order to accomplish this goal, two
constraints are imposed on 2 (a) abundance sum-to-one
constraint, referred to as the ASC. Y7 2 = 1: and (b)
abundance nonnegalivity constraint, referred to as the
ANC. 2,20 for all 1 <j<p. Because there are generally no
closed-form solutions to linear mixing problems imposing
both constraints, we must rely on numerical algorithms Lo
senerate optimal solutions. A fully constrained  least
squares lincar unmixing (FCLSLU) method can be used
to find the estimate &, which minimizes the least square
estimation error LSE = (r— M8)! (r — M&) and satisfies
ASC and ANC simultancously. It should be noted that
there is a data dimensionality limitation for LSMA, i.e,. the
number of objects/materials to be unmixed cannot be
larger than the number of spectral bands. In addition. the
FCLSLLU requires a complete knowledge of the signature
matrix M. In order for it to be applied Lo a situation where
mformation about M s available. an
unsupervised process, referred o as UFCLSLUL is applicd
to generate the M from the data (Du et al.. 2004).
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bstract

Contamination of groundwater by agrochemicals is now widely recognized as an extremely important environmental problem.
Todern agricultural practices involve the combined use of irrigation with the application of large amounts ol agrochemicals to maximize
‘op vield. Due to flood irrigation and natural runoff. agricultural activitics might generate soil. surface water and groundwater
sntamination problems and leaching of pesticides. Modeling of the transport and fate of pesticides. such as simazine, may help
nderstand the long-term potential risk to the subsurface environment. This paper illustrates a comparative study via the use of three
iferent pesticide transport simulation models and the applicability of those models in determining the groundwater vulnerability to
esticides contamination in a citrus orchard Jocated at the Lower Rio Grande Valley (LRGV). The three models used in the study are the
esticide root zone model-3 (PRZM-3), the pesticide analytical model (PESTAN) and integrated pesticide transport modeling (IPTM).
he concentration values obtained from all three models are in agreement, and they show a decreasing trend from the surface through
1e vadose zone. The problem is how to use this information and. specifically. how to combine the testimony of a number of experts into
single useful judgment. With the aid of the fuzzy multiattribute decision making method, PRZM-3 is deemed as the most promising one
o such preecision farming applications.

12007 Elsevier Lid, All rights reserved.

epwords; Pesticides; Groundwater medeling; Model selection: Fuzzy multieriteria decision making: Environmental impact assessment: Citrus grove

. Introduction irrigation is common in citrus orchards in the LRGV.
which has certain disadvantages. Such a method may result
Contamination of groundwater by agrochemicals (pes-  in excessive loss of waler due to evaporation and

cides and fertilizers) is now widely recognized as an percolation into the ground. and leaching of fertilizers

xtremely important environmental problem. Pesticides
pplied at or near the soil surface can leach to considerable
epths (Loague ct al., 1998). The assessment and remedia-
on of non-point source groundwater contaminalion can
asily pose problems that have-—significantly greater
conomic impact than thosc that have long been recog-
ized for point sources. The commercial Texas citrus
roduction is almost totally located in the Lower Rio
jrande Valley (LRGV) along the US-Mexico Border, with
bout R0% of the acreage in Hidalgo County, 15% in
“ameron County and 3% in Willacy County. Flood
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Ll adidress: nehangemail.uefedu (N-B. Chang).

301-4797/% - see (ront matter © 2007 Elsevier Lid. All rights reserved.
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and pesticides.

Pesticides are used year-round in the LRGV. More than
100 different pesticides were used on crops throughout the
region (US FWS. 1986). The pesticides applied in citrus
orchards have strong potential to move via different
environmental media (Vredeveld et al.. 1983). The most
widely used pesticides in citrus orchards are atrazine,
aldicarb, carbofuran, dicrotophos. dicambz. glyphosate.
simazine and methomyl (Bryant et al., 1993; NCFAP,
1997). Continuous use of pesticides results in damage to the
environment and can cause human health problems. which
could have a negative impact on agricultural production
and reduce agricultural sustainability (Pimentel et al.
1992). Environmental impact is dependent upon a variety
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Nomenclature

D,. D dilfusion—dispersion ceelficient [or the dissolved
phase (L*T )

[ Lime (1)

D, molecular diffusivity of the pesuaide i the wr-
) filled pore space (LT ')
i volumetric air content of the soil (L*L™)
€ gaseous coneentration of the pesticide
' (ML)
Ky Henry's constant
= W vertical space dimension (L)
W dissolved concentration of the pesticide (ML )
] volumetric soil-water content (L* L 7)
I veloeity of the soil water(L T ")

K. fop and 2 first-order decay constant for the solid and
dissolved phases (T™')

K, partition coeflicient between the dissolved and
solid phases (T ")

% soil bulk density (ML %)

mass gain due Lo pesticide application at or near

the surlace (M T Y

Japp

X. erosion sediment loss (MT 1)

Ay waltershed arca (M)

0 daily runoff volume (1.'T ')

P, daily rainfall depth (LT ')

& uptake efhciency lactor

Kypn  transformation rate constant (T ') and

T ot enrichment ratio for organic matter (M .\’1_1)

¢ water flux (LT Y

By pesticide erosion rate(T ")

Fi pesticide root uptake rate (T~ ry

M pesticide loadifg (ML “ T ")

D, diffusion coetficient of the vapor phase pesticide

(L2T Y

W pressure head (L)

K saturated hydraulic conductivity (LT

B reluative permeahility

1] effective waste storage capacity (L 1)

z, fiand ' empirical parameters

Wy air entry pressure head value ’

S residual water phase saturation |'

Sy water suturation ’

R retardation coeflicient |
|

ol parameters such as pesticide dose. application technigue.
und environmental conditions (e.g.. weather. soil type, land
use, presence ol surface water or sensitive biological
species, cle.) (Cohen et al. 1995 Reus et al. 2002).
Estimating concentrations of pesticide that are transported
through soil (root und vadose zones) to groundwater is the

main purpose hehind this study. At a higher level of

sophistication, a wide wvarietv of computer models are
available that can quantitatively simulate pesticide leaching
and runoll in the agueous phase. There is a need to pick a
model that has been validated in more than one study and
has good user support. However. this would require a
credible selection of a suite of similar models appropriute
for the application. which shows a history of producing
sound results acceptable to scientists and regulatory
authorities,

Considering these various criteria for acceptability.
EPA’s pesticide root zone model-3 (PRZM-3) is an
appropriate tool to estimate pesticide concentration in
both soil and groundwater (Carsel et al., 2003). PRZM-3
has already been used in Fresno County in Culifornia to
simulate  [.2-dibromo-3-chloropropane (DBCP) pesticide
contamination in groundwater (Loague et al., 1998). This
model has also been used to estimate the transport and late
ol pesticides in potato cultures in the Nicolet River Basin.

Cuanada (Pierre et al., 1996) and the [ate and transport ol

ethoprophos and bentazone m a sandy humic soil
{Trevisan et al., 2000). Moreover. PRZM-3 has the
capability to simulate pesticide concentration in multiple
comes. This allows the model to combine dilferent root
zone and vadose zone (1.c.. unsaturated zone) character-
istics into a single simulation. and the model has the ability

Lo simulate as many as three chemicals simullaneously so
that it gives the user the option (o observe the concentra-
tions ol multiple chemicals without making additional
rung, The pesticide analvtical model (PESTAN) is also
used lor estimating the transport of organic solutes
through soil to groundwater and has been used by the
US Environmental Protection Agency Office of Pesticide
Program (Carsel et al., 2003) for initial screening assess-
ments to evaluate the potential for groundwater contam-
imation ol currently registered pesticides (Donigian and
Rao. 1986). integrated pesticide transport modeling
(IPTM) has been used to study aldicarb transport in the
subsurfuce environment (Chu et al.. 2000: Chu. 2004) and
also was used in Qrestimba Creek Basin. California lor
evaluating the vulnerability of the hydrosystem Lo diazinon
contamination (Chu and Marino, 2004). The risk of
unsaturated saturated transport and transportalion ol
chemical concentrations (RUSTIC) (Dean et al.,, 1989),
groundwater loading eflects of agricultural management
systems (GLEAMS) (Leonard et al., 1987), leaching
estimation and chemistry model (LEACHM) (Wagenet
and Huston., 1989), and calculation low (CALE) (Walker,
19871 models are also scientitically acceptable. but have not
been as widely used because in CALFE there is no allowance
for volatilization and crop growth and the GLEAMS
madel is appropriate for quantifying runof! potential in
simple. lield-scale dramnage patterns (Cohen et al.. 1993).
The applicability of the three models. PRZM-3. PE-
STAN. and IPTM. lor dilferent pesticides is interesting in
the management of chemical leaching m citrus orchards.
The main objectives of this paper are o compare the
application polential of the PRZM-3 model against the
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STAN and IPTM models and (o select one of them for
ure advanced precision larming stuwdy. Multiple eriteria
asion making (MCDM) was introduced as a promising
ol Tor analysis in early 1970s. The key
ilosophical structure for MCDM lies in the representa-
noof several conllicting criteria (Stewart, 1992). Since
m. the number of contributions to the theory has
winued to grow at a steady rate. Zeleny (1982) shows
it multiple eriteria include both multiple attributes and
tiple objectives resulting in two theoretical variations.
ich can be divided into multiple attribute decision
King (MADM) and multple objecuive decision making
ODM) in decision science. The multiattribute decision-
king (MADM) method has been used to deal with the
wblem ol ranking and selecting plant locations under
dtiple eriteria (Hwang and Yoon. 1981: Tompkins and
ute, 1984 Spohrer and Kmak. [984; Pavic and Babic.
Mz Rietveld and Ouwersloot, 1992: Prato, 1999 Kuo
al., 2002). However, such a model bused screening
weedure is designed based on a structured process lor
lecting and distilling knowledge from a group ol experts
means ol a series of questionnaires 0 an uncertain
dronment. Fuzzy hinguistic models permit the transla-
n ol verbal expressions inlo numerical ones. thereby

decision

thing quantitatively with imprecision in the expression of

mportance ol cach criterion (Zadeh. [963). Tlas
tlysis counts on the integration of fuzzy sets with
dittonal MADM. The [uzzy MADM (FMADM)
thods have been widely used in environmental planning
I dectsion-making processes in order to clarify the
nning process. to avoid various distortions, and to
nage all the mformation. uncertaintics, and importance
the criteria (Teng and Tzeng, 1996: Tran et al., 2002;
iou and Tzeng, 2002). It provides a philosophical base
ranking the models under uncertainty (Chen and
ang. 1993: Carlsson and Fuller. 1996).

Methodologies

dodel comparison is not trivial as the size of the model
e grows over time. The need for model selection can bhe
noin different disciplinary arcas such as air quality
nagement, water quality management. and groundwater
ity management. For example. assessing pesticide
racts on waler quality can be conducted by a variety
nodels. Gualtieri (2002) compared an individual water
Uity model against the TOXIS model which is part of
WASPS modeling framework developed by USEPA.
h models were applied to an idealized case in order
predict steady-state and time-variable concentrations
‘he water-column and in the active sediment layer lor
I pesticides. On the other hand. sround-level ozone 1s
ned by o chemical reaction between VOCs and oxides
mtrogen (NO,) in the presence of sunlight in many
an regions, Liang ¢l al, (2004) compared the predictions
models. including
My and CMAQ. 1o simulate the ozone episodes and

two well-known  photochemical

examined the sensitivity of both models 10 pollutant
cmissions,

Since water quality in groundwater and surface water
bodies depends on activities in the suwrrounding soils and
ccosystems. model comparison should show an intrinsic
lImkage between soil and water quality when considering
technical. cconomic. and risk [actors. Fig. | shows the
schematic representation of the overall work flow 1o
determine the transport and fate ol simazine in the
subsurface environment of citrus orchards, The overall
work 15 divided into three parts (1) simulation and
comparison ol three models (PRZM-3. PESTAN und
IPTM) and (2) data collection and analysis. and (3) model
selection analysis using [uzzy multicriteria decision making
(FMCDM). The symbols are summarized in the Nomen-
clature,

2.1, Pesticide root zone model-3

The PRZM-3 links two modules. including PRZM and
VADOFT, to predict pesticide transport and translorma-
tion down through the crop root and vadose (unsaturated)
zane Lo the waler table. The PRZM-3 incorporales soil
temperature simulation. volatlization and vapor phase
transport in soils. irrigation simulation. and microbial
trunsformation. The PRZM sub-model is a one-dimen-
sional. linite-dillerence model that uses a method of
charactenstics (MOC) algorithm to eliminate numerical
dispersion and the VADOFT sub-model 15 a one-dimen-
sional [lnite-clement code that solves Richards™ equation
for flow i the unsaturated zone.

The PRZM sub-model has two major components
hydrology and chemical transport. The hvdrologic compo-
nent for calculating runoll and erosion is based on the Soil
Conservation Service curve number lechnique and the
Universal Soil Loss Equation (Carsel ¢t al, 2003).
Evapotranspiration is estimated from pan evaporation
data and 1s divided among evaporation [rom crop
interception. evaporation from soil. and transpiration by
the crop. Water movement is simulated by the use of
generalized soil parameters. including lield capacity.
wilting point, and saturation water content. The PRZM
sub-model adopts an empirical water balance procedure
desceribing soil water movement in unsaturated subsurlace.
Soil-wauter velocities in vertical unsaturated profiles are
estimated in PRMZ-3 simulations based on the following
simple relationship;

SWH = SW' + (£ — 1;_ )AL, ()

where SW s the soil-water content, r and ¢+ | denote the
beginning and end of the tme step. v the velocity. 7 the soil
layer index. and Ar the time step. Dissolved. adsorbed. and
vapor-phase concentrations in the soil are estimated by
processes of pesticide
uptake by plants. surface runolT. erosion, decay. volatiliza-
tion, fohar washoll. advection. dispersion. and retardation.
The combined surlace zone expression for dissolved,

simultancously  considering  the
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Transport and Fate in
Subsurface Environment
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Fig. 1. Schematic representation of the workflow.

adsorbed. and vapor phases is given by

o F(Cyl) ONaCeKy)  Cylr)
LA = DL TR TR ™

— Cw[K(0 + Kapy) + kgaKyg + /02
in Q_ %, P_,\"L.,I'mnﬁ'd_ JAp]l J[‘.Pr M
AgAz AyAz AAz Az

— KTrnCytl + Z KipnCyl)
=

g o[Cw(0 + Kypy, + aKn)l @)

- Ot : &
where D, is the diffusion-dispersion coefficient for the
dissolved phase, assumed constant (L°T "), 7 the time (T),
D, the molecular diffusivity of the pesticide in the air-filled
pore space (L”T '), @ the volumetric air content of the soil
5 ey C, the gascous concentration of the pesticide
(M L), Ky the distribution coefficient between the liquid
and vapor phases (Henry's constant), = the vertical space
dimension (L), Az the space increment (L). Cy the
dissolved concentration of the pesticide(M L™), @ the
volumetric soil-water content (L* L), v the velocity of the
soil water(L T, K, the lumped. first-order decay constant
for the solid and dissolved phases(T™'), K, the partition
coellicient between the dissolved and solid phuscﬁ(T_l). e
the soil bulk density (M L), Japp the mass gain due to
pesticide application at or near the surface (M T~'). X, the
crosion sediment loss (MT y'S p a units conversion factor
(MM '), 4 the cross-sectional area of the soil column., A,
is the watershed area (M7)., Q the daily runoff volume
(L*T7Y). P, the daily rainfall depth (LT™'). ¢ an uptake

efficiency factor or reflectance coefficient (dimensionless) f

the fraction of total water in the zone used for transpira-
tion (T~ "), Kypyn the transformation rate constant (T
and ., the enrichment ratio for organic matter
(M M ). The above equation can be solved in PRZM for
a surface layer with /8 = 0.

The VADOFT sub-model is a finite-element code [or
simulating one-dimensional. single-phase moisture move-
ment in unconfined. variably saturated porous media and
considers solute transport in the vadose zone which is
defined as single-porosity media. The second part of the
coupled PRZM-VADOFT model can predict the move-
ment of pesticides within and below the plant root zone and
assess consequent groundwater contamination. Transport
of dissolved contaminants may also be simulated within the
same domain. Transport processes accounted for include:
hydrodynamic dispersion, advection. linear equilibrium
sorption. and first-order decay. The VADOFT sub-model
also simulates solute transformations in order o account
for parent/daughter relationships. Overall, the VADOFT
sub-model consists of flow and solute transport models.

2.1.1. Flow eguation

VADOFT considers the problem of variably saturated
How in a soil column in the vadose zone of an unconfined
aquifer. Infiltration of water in the vadose zone is given by

the Richards’ equation.

O[ Kk (Cyfr /O2)] O

el Lt
oz T

(3)

where i is the pressure head (L), K the saturated hydraulic
conductivity (LT, k,y the relative permeability. z the
vertical coordinate pointing in the downward direction (L).
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he time (T) and n the effective waste storage capacitly
~1). The above equation can be solved by specifying the
ationship between water saturation and pressure head
ren by

W Swr _ 1 ' "
—Swr {[1 +(al¥ — '{‘HUﬁ]-ju} for ¥ <y,

1 for 7= YV,,

(4)

lere o and f are empirical parameters, ¥, the air entry
sssure head value, Sy, the residual water phase satura-
n, S, the water saturation and y the empirical parameter.

"2, Transport equation

The governing equation for one-dimensional transport
a non-conservative solute species in a variably saturated
il is given by

o aC §
(DEE)__L%E:ZOR(EEHLAC). ()

gz at

were D is the apparent dispersion coefficient (L*T™Y). €
> solute concentration (M L), # the volumetric water
ntent, R the retardation coellicient, and / the first-order
cay constant (T ™).

Y. Pesticide analytical model

The PESTAN is used for evaluating the transport of
panic solutes through the vadose zone to ground water.
e PESTAN uses an analytical solution to calculate
zanic movement based on a linear isotherm. first-order
gradation and hydrodynamic dispersion. The model is
sed on a closed form analytical solution of the
vective-dispersive-reactive transport equation and has
an tested under field and laboratory conditions. Input
ta mecludes water solubility, infiltration rate, bulk
nsity. sorption constant. degradation rates, saturated
ler content, characteristic curve coefficient. saturated
draulic conductivity, and dispersion coefficient. The
rtical transport of a pollutant dissolved in water through
> so1l is deseribed by the following equation:

; 5 6 oC pCoS k .
= ———————K,C, 6
an dx 0 ot ! ©)

iere C is the liquid phase pollutant concentration
[L™7), ¢ the time (T), x the-diStance along the flow path
), D the dispersion coefficient (L= T "), v the interstitial
der velocity (LT 1). ¢ the bulk density (M L™, 0 the
lumetrie water content (L'L™7). S the solid phase
ncentration (MM '), and k, the first-order decay
efficient in liquid phase (T~ by;

The above partial differential equation can be solved for C
¢) along with following initial and boundary conditions:

0, X< —Xo
v.i=MW=1{¢ Ch —Xo<x<0, (7
0, O<x

~
3

lim =0 when|x| — oc. (8)
ax

where xy is the slug thickness and Cj, the initial concenlra-
tion.

2.3. Integrated pesticide transport model

The IPTM is suitable for simulating one-dimensional.
three-phase (dissolved. adsorbed, and wvapor phases)
pesticide transport and transformation in the vadose zone.
which consists of the surface zone, plant rool zone, and
deep vadose zone. The model takes into account hetero-
geneous media. unsteady flow fields., and space-lime-
dependent physical and biochemical processes related to
pesticide environmental fate. The primary pesticide pro-
cesses simulated in the model include advection. diffusion/
dispersion. linear equilibrium sorption. linear equilibrium
partitioning between vapor and dissolved phases, first-
order decay. plant root uptake, volatilization from the soil
surface to the overlying atmosphere. as well as pesticide
runoff and erosion in the surface zone.

Assuming linear equilibrium sorption. linear equilibrium
liquid vapor partitioning and first-order decay. the second-
order partial differential equation governing one-dimen-
sional three-phase pesticide transport in the vadose zone
can be expressed as

0 ac

2. B s
= |iffD§_r.§{RHCw}} +5: |t0Dw P }

oy

= E[ff(b\\} == “'r + e I ru}CI\\-
— (0 4+ pKy + aKp)K,Cyy + M(z, 1), “)

where C, 1s the dissolved phase pollutant concentration
(ML), D, the diffusion coefficient of the vapor phase
pesticide (L2T™Y), D the dispersion coefficient of the
dissolved phase pesticide (L*T™"), k the first order decay
coefficient in liquid phase (T™'). ¢ the water flux (LT 1),
re the pesticide runoff (T™'), r. the pesticide erosion
rate(T'). r, the pesticide rootl uptake rate (T_I') and M
pesticide loading term (ML ST°Y). The above partial
differential equation can be solved using the following
initial and boundary conditions:
Initial condition:

C(z, 1) = Cylz).

where 7y denotes the initial time and Cy(z) 15 the
corresponding initial concentration at location z. Boundary
conditions are:

(1) For r>0 and z = 0 (assuming C; = 0):

B(KuCs 26, -
al i—{ w) =& C,. Vo (C“‘.)gKI-i 1 HDW)L—'\
Oz az az
H

DK - .
+ (q+ 7 )Cw = gC,In. (10)




ks
i}

(2) Fori>0and - = L:

a('“

=
€=

—(aD Ky +0Dy) +¢Cy = ¢Cout. (L)

Fig. 2 represents the schematic diagram of the root and
vadose zones in the soil subsurtace. The above mentioned
pesticide simulation models were applied to a simplified
system that spreads over a vadose zone with 4m depth to
compare the performance of the models (Carsel et al..
2003), Table | summarizes characteristics and capabilities
ol the models evaluated for this study. All three models can

Pesticide

Vadose zone
A00em

| ¢

Water Table
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caleulate contuminant concentrations in lcachate that ha
infiltrated down to the water table from the vadose zone.

3. Case study
3.0 Study locarion

The study location was the South Research Farm of
Texas A&M  University — Kingsville Citrus  Center i
Weslaco. Texas. The experimental block was about 9.2
acres. and it is part of-a large citrus operation of about 25¢
acres. Agricultural chemicals are used regularly in these

Soil Surface

Decay, evaporation
Eﬁ - Runoft, erosion
: ’_‘ l.eaching
i~

Decay, root uptake

|_—AI/T transpiration

‘ l l.eaching
ES

!ﬁ Decay, dispersion,
sorplion

Fig. 2. Schematic representation of root and vadose zones in the subsurlace soil.

Table |
Characteristics and capabilities of the three models

PRZM 3 PESTAN IPT™

Type Analytical

Hybrd tanalyrical and numerical)

Numericul

Finite source
Volatlizalion

I'ransport and fate process considered

Hydrodynamic dispersion

Sorptien

Non-equilibrium partitioning

First-order decay
Biodegradition
Lavered soils
Root zone uptake
Runoll

Erosion

Saturaled rone included

Other Monte Curlo analvsis
Witter balance caleulations
Large ovutpul data set wransfer compaltibility
Simulation of transport of nitrogen
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‘hards. Flooding 1s the most common irrigation method
ng used, especially during the 1980s. Simazine and
phosate are intensively used pesticides in the citrus
hards. Fig. 3 shows the map ol groundwater wells with
ter level [rom the surface. It can be observed from Fig. 3
it ground water is shallow (43.2 ft) near the citrus farm.
1.4 shows the flow gradient of groundwaler in the study
don. Flood irrigation in the farm can cause leaching of
sticides into the shallow Gulf coast aquifer. Hence, there
a need to conduct proper studies lor assessing the
tential of ground water contamination in this region.
e fate of pesticides in soils is determined by a variety of

gend
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Fig. 4. Map showing the flow gradient of groundwater.

1
LIS

physico-chemical soil processes and crop processes (Brown
et al., 1995).

3.2. Input parameters for the models

3.2.1. Pesticide application rate

The historical record of simazine pesticide application
rates was obtained from the citrus farm operations at the
citrus center and is shown in Table 2. The pesticide
application was implemented during the 1980s in the study
area and may have caused contamination of soil. surlace
waler, and groundwater (Fig. 3).

3.2.2. Meteorological data

Meteorological data (1981-1990) required for the model
simulation, such as temperature, precipitation, evapotran-
spiration. were obtammed from the EPA’s Brownsville
weather station located in the LRGV. The reason behind
using this data set is that these data files are compatible
with the PRZM-3 software model and the current version
of this data set is not available. The rainfall events
measured in the LRGV area can be generally classified
into three different types. fine rain (i.e.. total accumulated
rainfall is less than 30 mm and the maximum of rainfall
intensity is less than l0mm/h), heavy rain (i.e.. total
accumulated rainfall is between 30 and 100 mm, and the
maximum of rainfall intensity is higher than 10mm/h). and
torrential rain (i.e.. total accumulated rainfall is higher
than 100 mm). The rainfall intensity during 1981-1990 in
the LRGV is shown i Fig. 6. According to the
meteorological data during the time period between 1981
and 1990, there were 716 rainfall events recorded and all
the events were fine rain events. However, variations in
annual rainfall create dilferent environmental impacts.
Storms come in normally in late spring and ecarly fall in
every year.

3.2.3. Sail properties

USGS STASTGO soil data and GIS were used to map
the soil type in the citrus orchard. Fig. 7. shows the map of
the orchards and soil type in the LRGV. Approximately

Table 2
Application history of simazine in citrus farm

Total application (kg/ha) Application year

& 1981
15 1982
15 1983
16 1984
14 1985
I3 1986
14 1987
15 1988
I8 1980
23 1990

Note: Application rates are rounded to nearest whole numberg
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Rainfall Intensity (emiday)

Time (years)

Fig. 3. Rainfall intensity during 1981-1990 m Lower Rio Grande Valley.
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Fig. 6. Map showing the farms and soil texture in the LRGV.

9% ol the total land area in the LRGV is covered by sandy
clay loam (SCL). Most of the seil texture in the citrus
orchards i1s SCL. Based on the soil type. different input
paramelers for the models PRZM and VADOFT. such
as hydraulic conductivity and organic carbon partitioning
coefficient, were obtained from the STASTGO soil
database (USDA NRCS, 1996) and PRZM 3 user
manual (Carsel et al., 2003). Table 3 summarizes the list
of all parameters that were used in the models. Some
of them were determined based on the values in the
literature.

4. Results and discussion
4 1. Model simidation results

The PRZM-3 simulations conducted for the study region
provided the concentration profiles for the 10-year simula-
tion period. The results for the vear 1990 simulation are
represented in the graphs. Fig. 8 reveals the distribution of
concentration with head value im the root zone. The
simazine residues were mostly distributed within  the
shallow depth (from 0 to 40 cm below the ground surface)
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Fig. 8. PRZM 3 simulation results: dissolved concentration of simazine in the root zone in 1990,
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Fig. 9. PRZM-3 simulation results: dissolved concentration ol simazine in the vadose vone in 1990,

with a maximum concentration of 0.2673 mg/L located
1 em below the ground surface, and reached 2.01E—07 mg/L
at the interface of the root and vadose zones (100 cm below
the ground level). Fig. 9 shows the concentration profile of
simazine in the vadose zone, 100-400cm (100cm root
zone + 300 cm vadose zone) below the ground level. The
variation ol concentration of simazine residues in the
vadose zone exhibited the same pattern as in the root zone.
Obviously, the simazine concentration decreases with
depth in the vadose zone and the peak concentrations
(6.6E—07mg/L) were located at the interface of the root
and vadose zones. Fig. 10 shows the overall distribution of
simazine in both the root and vadose zones. It can be
inferred from the concentration profiles that there is no
considerable simazine impact in both root and vadose
zones, and the concentration values are well below the
regulatory MCL standard provided by US FPA.

Fig. 11 shows the simulated concentration profiles of
simazine in the root zone using the PESTAN model. The
simazine residues were mostly distributed within the
root zone with a maximum concentration of 0.24 mg/L

located lem below the ground surface, and reached
241E—07mg/L at the interface of the root and vadose
zones. Fig. 12 shows the distribution of simazine concen-
tration in the root and vadose zones obtained from the
PESTAN model. The concentration profile exhibits the
same pattern as in the root zone, that is. the concentra-
tion deereases with increase in depth of the vadose
zone.

Fig. 13 shows the concentration profile of simazine in the
root zone using the IPTM model. Very small amounts of
simazine residues were distributed in the root zone (Irom ()
to 100em below the ground surface) with a maximum
concentration of 0.02636 mg/L located just below the
ground surface and reached 4.231E—05mg/L at the inter-
face of the root and vadose zones. Fig. 14 shows the
simazine concentration in the root and vadose zones. The
concentration of simazine decreases with an increase in the
depth of the vadose zone, reaching a value close to zero.
Simazine concentrations (rom the IPTM model are very
low when compared to PRZM. This is due to the fact that
the pesticide loss due to decay, runoff volatlization. and
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Fig. 10. PRZM 3 simulation resulls: concentration profile of simazine in the root and vadese zone in 1990,
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Fig. 12, PESTAN simufation results: dissolved concentration of simazine in the root and vadose zones in 1990,

oston caleulated by the IPTM model during the year 1990 PESTAN and IPTM models are well below the MCL
18 comparatively higher than the PRZM values. Con- values (4ug/L). The trends of the simazine concentration
niration values in the vadosc zone obtained [rom the profiles in the root and vadose zones in all the three models
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Fig. 14, IPTM simulation results: dissolved concentration of simazine in the root and vadose zones in 1990,

are similar. which implies that the concentration decreases
as the depth increases. The model also predicted that most
of the pesticide applied 15 degraded in the soil belore
reaching the water table, while some is lost in runoff.
erosion and volatilization.

4.2, Muodel selection criteria

Computer simulation models are valuable tools for
assessment of the behavior ol chemicals in the environ-
ment. Yet models never completely reflect reality: they
always simplily various physical. chemical and biologicul
processes in the environment or in environmental compart-
ments. Therefore. the results obtained by computer models
should be interpreted considering the simplifications of the
model (Cohen et al.. 1995). Selection of models depends on
some criteria like model validation and model usage. the
availability of input data for the model. user [riendliness.
number of studies in which the model is evaluated (Cohen
et al., 1995) and track record of successful applications
(Stephen et al.. 1999),

Following the method developed by Chang and Chen
(1994) and Chen (2001) the criteria that were selected for
evaluating the merits of the three models in this study are:
(1) validation and calibration (VC), (2) model avalability
and user support (MA). (3) availability ol input data (ID).
(4) user [riendliness (UF), (5) model usage (MU). (6)
predictive results (PR). and (7) independent replication
(IR).

The decision objective was to select the most appropriate
one from three different alternative models. The alter-
natives were the models (PRZM-3, PESTAN. IPTM 1. The
decision eriteria were defined as [VC, MA. 1D. UF., ML
PR, IR}. A weighting set {very low, low. medium low.
medium. medium high. high, and very high] was assumed
to evaluate the importance of each criteria and a rating
sel jvery poor, poor, medium poor, fair. niedium good,
good. and very good! was assumed to evaluate the three
alternatives (models) based on the criteria, The ratings
ol each alternative (models) and the weight of each criteria
are described by linguistic variables which can be expressed
in triangular fuzzy numbers (Chen, 2001). as shown in
Tables 4 and 3.
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ble 4
nohis to evaluate importance ol cach ertenia

ry low (o 000y

w (0, 0.1, 0.3)
adium low (0.1, 0.3.0.5)
sdium (0305 0.7
sedivm high (0.5, 0.7.0.9)
sh (07,091
ry |1ig|'1 (09 1. 1)
ble §

tings o evaluate the three alternatives
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sdiom good (5.7.9)
od (7, 9. 10)
v gond (9. 10, 1)
hle i

portance weights of eriteria

Tuble 7
Ratings of three alternatives by decision makers under all eriteria
Criteria Candidate Decision makers
D n2 D3
V¢ PRZM-3 (9, 10, 1) (9, 1L 1 (7.9, 1
PESTAN (3: 527 (3. 5. 7) (3.5.7)
IPTM (0. 1. 3) (357 (1. 3. 5)
MA PRZM-3 (7.9 1) (7,91 (9, 1L 1)
PESTAN (7. 9. 10) (7.9.10) (9, 10, 16)
IPTM (3::5.7) (3 5.7) (1. 3. 5)
1D PRZM-3 (9. 10 10y (7, 9. 10) (5.7.9)
PESTAN 0.0, 1) (7. 9.1) D9
IPTM 10,01} (5. 7. 9) (3.3.7)
UF PRZM-3 (5. 7.9) (5, 7.9) (5.7.9)
PESTAN (3. 7.4) (5, 7.9) (7.90 10)
IPTM (5.7.9) (5: 7.9) (7.9 HY
MU PRAZM-3 (9. HE 1) (9. 10, 10) (7.9 1
PLSTAN (3.5.7) (3.5.7) (5. 7.9)
LPTM (0. 1. 3) (0, 0. 1) (1. 3. 3)
PR PRAM-3 (3.3.7) (5.7, 9) 0.0, 1)
PESTAN (3.5.7) (5% 7.9 (0. 0. 1)
IPTM (1, 3. 5) (3.5.7) (.01
IR PRZM-3 (8,759 (7. 9. 10) (0. 0.1
PESTAN (3.5 7) (5. 7.:9) (0. 0.1y
IPTM (0,1, 3) (0, 1..3) (0. 1)

DI D2 D3
0.9, 1 1) (0.9, 1, 1) (0.7, (L9, 1)
A 09 1.0 (0,709, 1) (0.7, 0.9, 1)
A 0u. 1.1 (0,5, 0.7, 0.9) (0.5, 0.7. 0.9)
: (0.3, 0,5, 0,7) (0,7, 0.9, 1) (0.9, 1. 1)
B (0.7, 09, 1) (0.7, 0.9, 1) (0.7, 0.9, 1)
(070,09, 1) (709 1) (0.5, 0.7, 0.9)
(0,3, 0,5, 0.7) (0.5, 0,7, 0.9) (0,7, 0.9, 1)

den (L validation and calibration (V)L (2) mode! availability and user
sport (MAL (3 availabilite of fnput data (1D). (4) user friendliness
). (3) medel vsage (MUY, (6) predictive results (PR) and (7)
lependent replication (1R).

ble 6b
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{083, 0097, 1.00)
A (0.77.0.93. 1.00)
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3 (063, i']':q-(—_]_ (1,901
J ) (L0090, 1.00)
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ez (1) validation and calibration (VO (21 maodel availability and user
spoart (MAL (2 availability of mpnt data (1D). (4) user riendliness
Ep ¢5p model usage (MU), (60) predicuve results (PR) and (7}
lependent rephcation (HR).

Using values in Table 5 the importance of cach criteria
sen by decision makers D1, D2, D3 is shown in Tables 6a
d b which show thc [uzzy weights of the criteria

Nuager (1) validation and calibration (V). (2) model availability and user
support {(MA ), (3) availability of input data (1D). (4) user (riendliness
(UF)L (5) model usage (MU (6) predictive results (PR) and (7))
independent replication (1R).

calculated as

X == | XLAIKE(H) o ()XE], (12)

%
where \’J‘ is the rating of the Kth decision maker.

The decision makers (D1, D2, and D3) use the linguistic
rating variables (Table 3) to evaluate the rating of
alternatives with respect Lo each criterion as shown in
Table 7. With the aid of Table 7. a fuzzy decision matrix
can be constructed as shown in Table §.

With the aid of a luzzy decision matrix. a luzzy
normalized decision matrix was constructed as shown in
Table 9. The normalized [luzzy decision matrix  was
constructed using the following equation:

iy h,‘j &

Py = | =gy (13)
& 4 ;

¢ = Max ¢j.

where w. b, and ¢ represent the triangular [uzzy numbers ol
the decision matrix. 7 = 1.2, ....¢ (alternatives with respect
to criterion) and j= 1.2, ....m (weighls ol criterion).

The normalized method mentioned above preseryes the
property that the ranges of normalized fuzzy numbers
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Ve MA DA Ul MU PR IR
PRZM-3 (8.3, 9.6, 1) (7.7.9.3, 10y (7. 8.6, 9.6) (3 7.9 (8.3 06 1 (26 4360 {4 5.3 66)
PESTAN (%57 (7.7.9.3. 1y (4. 5.3. 60.6) S0, 7.6, 9.3) 3.0, 5.6, 7.6) (2.6. 4, 5.0) (2.6, 4. 5.0
1IPTM (1.3 3; 8) (2.3, 4.3, 6.3) (2.7. 4. 5.6) (3.6, 7.6.9.3) (L3 1,3 3) (1.3, 2.6.4.3) (.16, 2.3)

Note: (1) validation and calibration (VC). (2) model avatlability and user support (MA L (3) availability of input data (1D (4) user fiendliness (UF). (3)
maodel usage (MU (6) predictuve results (PR) and (7) independent replication (IR,

Table @
Fuzzy normalized decision nuitrix

Ve MA n UF MU PR IR
PRZM-3 (O3, 047, 1) (LB, D93 1) (7 0.9 1) (L5, (L8, 0960 (083 097, 1) i, 0.7 D {6 LR 1)
PESTAN (03,05, 1) (08, 0493 1) (0.4, 0.5, 0,7) (0.6, 0%, 1} (0.37. (.37, 0.77) (0.4, 0.7, 1) 104, 0.0, 0.85)
IPT™M (013, 0.3, 1) (L2 043 1) (0.3 0.4, 0.6) (Db 0K 1) [0 014 08 (023, 0.4, 1) (000 1h35)

Naote: (1) validation and calibration (VO (2) model avatlability and user support (MA). (3) availability of inpul data (1), (4) user fricndliness (LF). (5)
madel usage (MUY, (6) predictive tesults (PR) and (7) independent replication (1R),

belong o [0, 1], Considering the different importance ol
cach eriterion, the final fuzzy evaluation values ol each
alternative were calculated using the following equation:

"

P = Zru(']“_} i= 12 .0

i=l

(14)

1.

where P, 1s the final fuzzy evaluation value of ith alternative
and w; are the Nuzzy weights ol the criteria. The final luzzy
evaluation values of the three alternatives are:

PRZM-3(A1)=(3.26 5.14 6.62).
PESTAN(AZ) =(2.24 397 5.70).
IPTM(A3)=(1.02 226 3.91).

Alter the calculation of the final fuzzy evaluation values
for each alternative. u pair-wise comparison of the
preference relationships between the alternatives was
established and a fuzzy preference relation matrix was
constructed as £ = [¢;).

The ¢ 1s defined as
(13)

Elp= Sl f,.": 2,

where

Sl = / wx)dy and 82 = / waydx  (ST4 82=1).
Sx= . )

(16)
where g is the membership function defined us
0 Xl
(x —nl)/(n2 —nl) nl< =x< =nl
= (x —n3) /(2 —n3) < =x< =ni. (17)
0 X=n3.

The luzzy preference relation matrix 18 given by

050 0.76  0.98
E=1024 050 087|.
1002 0.13 0.50|

The luzzy prelerence relation matrix represents the
degree ol preference of each pair of alternatives. For
example the value in the st row, 3rd column 18 0.98 and 1t
represents the degree of preference of PRZM-3 over [PTM.
Using the fuzzy preference mutrix a [uzzy stricl prelerence
relation matrix can be constructed using the following

equation:
b= [} ], (18)
where
=ey—ey (whene;=en),
e ' .
=) (otherwise).

The [uzzy strict matrix is

0 052 096
E=0 0 074
o0 0

For example. the value in the 1st row, 2nd column of the
strict. matrix 18 05320 which means 0.32 is the strict
dominance ol PRZM-3 over PESTAN. Then, the non-
dominated degree of each alternative was determined using
the Tuzzy strict preference refation matrix as

ND.

(A = min{l — e} = | — max e*'}}.{\'ff;éfl, (19)
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The non-dominated degree of cach alternative is there-
re

DYPRZM-3) — 1,
BDPESTAN) = 0.48,

(SPIPTM) = 0.04,

‘P s the non-dominated degree of each alternative. A

-ge value of ™ indicates that the alternate has a higher
m-dominated degree than the others. Then. ¢~ values
2 used to rank the alternatives. If the alternative has a
zh ;NP value. then top rank is given to that alternative.
ie ranking order of the three models is |PRZM-
= |PESTAN] = {IPTM!. Therefore. PRZM-3 is the best
iion lor advanced precision farming study.

Simulation analysis
[. Simazine runoff flux
Simazine runoll Aux values obtained from the PRZM

adel during the simulation period (19811990} were
eraged and a graph was drawn (o show the vanation of

the simazine loss in the study region (Fig. 13). Therelore,
only a fraction of a percent ol the annual pesticides
application was lost in the runoff.

5.2, Soil decay of simazine

Fig. 16 shows the amount of simazine pesticide that
decayed in the soil during the simulation period
(1981-1990). It can be inferred from the graph that
most of the applied simazine pesticide decayed in the soil.
Only a fraction ol the annual pesticide application was
leached into the soil, because the half-life of simazine in soil
ranges [rom 28 to 60 days (Extension Toxicology Network,
1996).

5.3, Soil pesticide volatilization

Fig: 17 shows the amount of simazine volatilized [rom
the soil during the simulation period (1981-1990). It can be
inlerred from the graph that a very small [raction of the
applied pesticide volatilized from the soil. Simazine is
subject to decomposition by ultravielet radiation, but this
effect is small under normal field conditions. Thus loss

“E 0.8 4
& 07
4 | Y
= 0.6 /
= / / :
£ 0.5 \ '
» \
S 031 v &
w024 !
0.1 4
1] T T T T T 1
1980 1982 1984 1986 [h 1990 1992
Time (Years)
Fig, 15 Annual simazine runolT flux in the study region.
25 -
2y - /

10 4

Soil Decay of Simazine (Kg/ha)
T

1)

L 1

19350 1982 1954

T'ime (vears)

Fig. 16, Annual soil decay of simazine in the study remion.
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42 N-B. Chang et el | Jowrnal of Envivommental Manwgemens 80 (2008 ) 2743

10,00

= 000 r—e
= P
o 5.00 »
= 7.00 .\‘\ v
.F_f’. e /’,‘ I,/.
= 6.00 .\‘/ o \‘\’/
’ 5.00 4
= 4004
>
2 300+
5 2,00
= 100 -
0.00 4 . . . : — -
1980 1982 |984 1086 1988 o9 1992
Time (Year)
Fig. 17, Annual simazine volatilization m the study region.
4.000 4
— 3500 4 9\\
T 3.000 . I %
% i /
2 2500 4 A |
E o o / \'\ f \
2 <0004 s \ f \
e /
% 1.500 - { \
= \." I.l'l '\ /*\ P
'z 1.000 \/ L 4 Y / *
= \ " /.
= 0,500 4 ¢ \‘r
0,000 { 7 T T 1
[O8 149h2 1984 1986 JURE (LS (962

Time (years)

Fig. 18, Annual simazine erosion flux in the study region.

[rom volatilization is insignificant (Exiension Toxicology
Network, 1996),

3.4, Pesticide erosion
Fig. 18 shows the annual simazine pesticide eroston flux

vilues obtained from the PRZM-3 model during the
simulation  period (1981-1990). Chemical runofl’ and

erosion lrom agricultural management systems are ol

importance. Based on the graph. only a [(raction of a
percent ol the annual pesticide application was lost in the
erosion,

6. Conclusion

This analysis presents a unique comparative study in
which simazine pesticide concentrations calculated from
the PRZM-3. PESTAN and IPTM models were compared.
Concentration values obtained rom PRZM-3 are in
agreement with the concentration values obtained from
the other two models. All of the concentration values
followed a decreasing trend from the surface through the
vadose zone: and as the depth increased the concentration

of simazine decreuased. Thus the overall performances of
the three models are similar in terms ol the decay trend.
With the aid of the FFADM method. it can be concluded
that PRZM-3 is the suitable option for applications in
advanced precision farming studies when compared Lo the
other two models. Such applications are discussed n a
subsequent paper (Du et al.. 2006),
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Abstract

Coal mine methane (CMM ) is not only a greenhouse gas but also a wasted encrgy resource if not utilised. Underground coal mining is
by far the most important source of [ugitive methane emissions. and ~70% of all coal mining related methane is emitted to the
atmosphere through mine ventilation air. Therefore, research and development on mine methane mitigation and utilisation now focuses
on methane emilted (rom underground coal mines. in particular ventilation air methane (VAM) capture and utilisation. To date. most
work has focused on the oxidation of very low concentration methane. These processes may be classificd based on their combustion
kinctic mechanisms inio thermal oxidation and catalytic oxidation. VAM mitigation/utilisation technologies are generally divided nto
two basic categories: ancillary uses and principal uses. However. it is possible that the characteristics of ventilation air lows, lor example
the variations in methane concentration and the presence of certain compounds. which have not been reported so far. could make some
potential VAM mitigation and utilisation technologies unfeasible if they cannot cope with the characteristics of mine site ventilation air
flows. Therefore. it is importunt 1o understand the characteristics of mine ventilation air flows. Moreover. dust, hydrogen sulphide.
sulphur dioxide. and other possible compounds emitted through mine ventilation air into the atmosphere are also pollutants, Therelore,
this paper presents mine-site experimental results on the characteristics of mine ventilation air flows. including methane coneentration
and its variations, dust loadings, particle size. mineral matter of the dust, and other compounds in the ventilation air flows. The paper
also discusses possible correlations between ventilation air characteristies and underground mining activities,
i1 2006 Elsevier Ltd. All rights reserved.

Kevwords, Coal mine methitne; Greenhouse gus; Waste energy: Dust emission: Hydrogen sulphide; Sulphur dioxide; Charactenstic paramelers

methane mitigation and utilisation now focuses on
methane emitted from underground coal mines, especially

1. Introduction

Coal mine methane (CMM) is not only a greenhouse gas
but also a wasted energy resource if not utilised. In 2000, it
was estimated that the world total of methane emitted from
mine ventilation air was over 237 Mt COs-e. and that
ventilation air methane (VAM) derived power projects
could theoretically create 3GW, of net usable capacity (US
EPA. 2003). Underground mining is by far the most
important source of fugitive methane emissions, and ~70%,
of all coal mining related methane is emitted through
underground mine ventilation air, rather than as more
highly concentrated drainage gas in advance of or
immediately after mining (Moore et al. 1998; Sloss,
2005). Therefore. research and development on mine

*Corresponding author, Tel: +61 733274679 fax; +61 733274435,
E-peiil adldress: shisuicsiro.au (S, Su),
'Current address: North China Electric Power University. China.

0301-4797/8 -see [ront matter © 2006 Elsevier Lid. All rights reserved.
doi: 10, 1016/].jenviman. 2006.11.0235

VAM capture and utilisation. because (1) it represents
most of the methane emission from coal mines; and (2) it is
most difficult to capture and use as the air volume is large
and the methane resource is dilute and variable in
concentration and flow rate.

To date. most work has focused on the oxidation of very
low concentration methane. These processes may be
classified based on their combustion kinetic mechanisms
into thermal oxidation and catalytic oxidation. VAM
mitigation/utilisation technologies are generally divided
into two basic categories: ancillary uses and principal uses,
which have been reviewed by Su et al. (2005). No matter
what technologies have been/are being developed for the
ancillary and principal uses of VAM, an important issue
related to the implementation of these technologies al mine
sites has been ignored, namely the characteristics ol the
mine ventilation air flows. The characteristics. including
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ust loading, particle size, mineral matters of the dust,
ariations in methane concentration and flow rate, and
ither compounds (H>S and SO»), could make a potential
TAM mitigation and utilisation technology unfeasible if it
annot cope with the characteristics of mine site ventilation
ir Hows. Therefore, it is important te understand the
haracteristics of mine ventilation air flows. Moreover,
ust. H>S. SO,, and other possible compounds emitted
hrough mine ventilation air into the atmosphere are also
wollutants.

To gather this information and measure the levels of

hese emissions. an isokinetic particle sampling system
sas specifically designed and constructed. which met
oal mine intrinsic salety requirements and suited the
aine ventilation air shafts. Field sampling trials at
our mines were carried out, and dust and gas samples
vere analysed using a variety of techniques. This
aper presents the mine-site  experimental results
m characteristics of mine ventilation air flows, including
nethane concentration and its variations, dust loadings.
article size/distribution, mineral matter of the dust.
nd other compounds in the ventilation air flows.
"he paper also discusses possible correlations between
entilation air characteristics and underground mining
ctivities.

Nozezle s

2. Experiments
2.1. Isokinetic sampling svstem and sampling procedige

To develop an isokinetic dust sampling system suited to
mine ventilation air shafts, it 18 necessary to understand
mine ventilation air shafts and major 1sokinetic sampling
principles belore designing and fabricating the isokinetic
sampling train. in particular one which can meet coal mine
intrinsic safety requirements. Since there remained many
unknowns at the outset. the design had to be readily
adaptable to the various flow speeds, port sizes and dust
loadings at each site.

The data collection was done in collaboration with lour
mines located in eastern Australia, designated mines A, B,
C and D. At each mine the vertical ventilation air shalt
(upcast shaft) was topped with a 90 elbow which
redirected the ventilation air flow horizontally. The flow
was split into two or three branches. each with its own fan
and evasee. Following preliminary mine site visits it was
concluded that the most suitable sampling locations were
near the upcast shafl collars because in each case the shafts
were fitted with several sampling ports at a convenient
height, and the ports provided access lo the entire
ventilation air flow before it was branched.

Ventilation Air
Shafl

Valve = r”
3

hd
Bag Sample

= | Filter Condenser
Prabe RS
v
Flame
Arrester

Valve

Raotary
Meter

Y

Gas Volume
Meler

Y

Gas Monitor
(iTX)

Atmosphere

Fig. 1. Schematic design of the Isokinetic sampling Lrain adapted in this study.
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A sampling train with an in-stack collector is superior to
out-stack collection as the latter is susceptible to dust
deposition inside the sampling tube. The nozzle and probe
ol an out-stack collector need to be thoroughly washed
with & solution to remove any particulate matter stuck to
the tube and nozzle according to AS 4323.2-1995 (Stan-
dards Australia. 19935a), and the washed particles should be
counted in the calculation of dust loading for cach sample
as discussed later. However. since the sampling ports on
the ventilation air shafts of most of the mines were smaller
than the particulate filter holder, out-stack collection was
required. The relative humidity ol the ventilation air in
most of these mines was about 70-100%. however probe
heating Lo prevent moisture deposition was not necessary
because the ventilation air temperature was less than the
ambient air temperature. Therefore. the sampling train
selected for the mine site trials corresponded to Type D in
AS 4323.2-1995 (Standards Australia, 1995a). It was a
general-purpose configuration, which provided maximum
flexibility for sampling at ditferent mines and was capable
of out-stack sampling (Refer Fig. 1),

The dust isokinetic sampling procedure was based on AS

323.1-1995 (Standards Australia. 1993b) and US EPA
Method 5. Before the sumpling can begin, a velocity profile
for the shall needs to be determined. This is achieved by
using a type S Pitot tube (US EPA Method 3) at designated
points in the shaft which are referenced by marks on the
probe. Once this data is collected a suitable nozzle that
aives the desired sampling rate can be selected based on the
velocity profile. The reference marks on the Pitot probe
also need to be transferred to the sampling probe to ensure
that samples are collected at the same points.

The system was checked for leaks to confirm that all
seals were working after the sampling train was assembled
and before every sampling run. At this point. the
temperature and humidity inside the shaft and of the
atmosphere were measured and the sample run was ready
to begin. With the correct nozzle attached and a clean filter
in the filter holder the probe was inserted into the shall
with the nozzle pointing into the flow. The probe was then
secured at its first sampling point and the main pump was
turned on and the main valve opened. A timer was started
to keep track of when the probe needed to be moved to the
next sampling point. Once all systems were running the
rotary meter was adjusted to the desired llow rate to
achieve isokinetic How. The sampling (rain was now
running and collected data over the specified time period,
normally | h. At each time interval the probe was moved to
the next peinl. checked and secured.

At the end of the specified time the pump was (urned off’

and the main valve closed. First the [ilter needed to be
carefully removed and placed into its assigned Petni dish.
Then the probe was removed [rom the shaft for cleaning.
The probe was then washed with a dilute solution of a
cleaning agent to remove any particulate matter stuck to
the tube and nozzle. This solution was stored n a labelled
container for filtration at the laboratory. Once the probe

was thoroughly washed it was dricd by passing dry
nitrogen through it. Once these steps were completed the
system was ready for the next sampling run. It should be
pointed out that the dust loading was determined (rom
dusts both deposited on the filter paper and washed from
inside the tube and nozzle.

It was not possible to select sampling plane positions
which met the ideal sampling criteria specified in Austra-
lian Standard 4323.1-1993 (Standards Australia, 1995Db).
Hence. the non-ideal sampling plane position, as defined in
the Standard. was attempted. However, this still required
three sampling traverses and six access holes to perform the
isokinetic sampling process. Unfortunately, the number of
available access holes at mine sites was often lewer because
some were either occupied for permanent monitoring
equipment. located too close to the surrounding structures.
or the plugs rusted in place. As a result. the isokinctic
sampling process was not usually fully compliant with the
Standard at the mine sites. Therefore, best practise for the
mine site sampling was that dust samples were taken from
10 sampling points ol an accessible radius.

2.2, Analytic techniques

Besides the above-described isokinetic sampling train
used for the determination of dust loadings. some analytic
techniques used for the analysis of dust and gas samples are
summarised here. Optical microscopy and scanning elec-
tronic microscopy (SEM) were used to delermine max-
imum particle size (or each sample. SEM with cnergy
dispersive spectrum (SEM-EDS) was used to analyse 24
typical dust samples (six per ming) so an understanding of
the dust samples could be achieved in terms of the mineral
matter (coal particles, stone particles, etc.). Micro Gas
Chromatography was used Lo analyse the gas bag samples
as necessary. A multi-gas monitor (iTX). based on the
principle ol catalytic diffusion and electrochemistry, was
attached to the isokinetic sampling train and used to
measure CHy. CO, H-S and SO- concentrations. [ts
measuring ranges for CH, CO, H-S and SO> were
0-5%. 0-999 ppm. 0-999 ppm and 0.2-99.9 ppm, respec-
tively. The gas monitor was calibrated belore ¢ach run by
using a calibration gas of 2.5% CH,. 100 ppm CO. 25 ppm
H-S, and 5 ppm S0-.

Fig. 2. Tsokinetic sampling trails at mine B.



S, Swer al. [ Journal of Envirommental Management 86 (2008) 44-62

% 140000
1 Minie A
"% M= " o SR
Al A 3
=T Fologe B
o ]
=4 a9 =
2 I0H A Fosoog E
Ea A =
=z 24 Foeoon =
& n E
= 2 = 0
FRE 2 - A - 4000 3
= n (] w n S
0 o i [ o
R g 1o ] I 7 R )
= T T T T T T T T T T T T T T T T T
o . g & R o A
¢ & ¢ & e & o
L o L B L L --{“‘}\- R L
R G g o '
G W @B @
Samipling dute and time
25 10800
] - Mine B
E - HP——
m 20 o R0 %,
= ] 2
£ o Eoaton 2
& 2
= ] =
ki = Fodoon =
] 1 =
] = u 3
] Eoouon
] ‘m e " 2
| ‘ ()
A)
o
ek
-.as“ﬁs&
Sampling dane and time
4 35000
7 . _3 " x
] A Mine € | ypen
] & [ ] L et
T B A - Fo2s000 E
U ] o
& 1 Fozioon 2
. g
s 7 S - & lseoo 2
= 1 = ] n L] E
b 4 ] ™ i LA E
& 17 By "u " ™ &
S o n & o =
di 1 I | | |
gy 4 ! o L1 1k
0 T T I e T AT B
) N o
& P S e @8
o 2 A s R L £ P
..rf}\ 3 \h}t-k \N—_\.@ \b‘n}‘}* A h\r\‘\‘}ﬂ‘ Xﬂtp 4 \5\'"@- &.._}@'
o | e 2 i el ™ ol
AN Q;Q A A i i \"Sp 3 AW R
Suempling date and time
4 400101
] A Mine D L 5050
5 A -
= - — 10000
e 1 u
E= il ‘m o = RO00
=
= - - (o0
g .4 =
= = L = u F 3000
7
NS S = n " " L
L. 1 - = 2000
o S S S R N R -
= .‘lj'..'..'{.'..'.u']|'||||'||||'|.'||'--'<.'|<-1..

Sampling date andtime

B Dust loading A Mine duily production | Minoe shifl change

Fig. 3. Dust loadings at four mines.

Mine dailyprintuction, 1

47



4% S Su et al | Jouwrnal of Environmental Management 86 (2008) 44 62

3. Results

Most of the results obtained (rom the four mine sites
during the field testing campaign are presented below. For
cach mine, the lollowing data were collected and char-

acterised:

e dust loadings.

e CH,. CO, H.S and SO, concentrations in ventilation
air.,

e retricved data of CH, concentration and ventilation air
flow rate each hour from the mine site monitoring
system,

e mine layout information and underground activities
during the sampling period.

This paper then addresses different features of ventila-
tion air flows among the four coal mines and discusses
possible correlations between ventilation air characteristics
and underground mining activities.

3.1 Information on coal mines

Mine A is located in New South Wales. It was one of the
first mines in Australia to introduce long wall mining. This
mine operates one longwall and three continuous miners at
depths of 550 m extracting coal from the Bulli seam. Bulli
coal is prime quality hard coking coal and is used for coke
making. Compared with mines B, C and D, mine A was the
most humid. During the mine site sampling trials, team
members went to the bottom ol the upcast shall and
observed a continuous shower of water droplets falling
[rom the shaft like a spray scrubbing system. Hence. the
ventilation air was fully saturated and the measured
relative humidity was 100%.

Mine B is located in Central Queensland. 1t produces
low to medium volatile hard coking coal. which 1s blended
with coal from a nearby mine for export. The maximum
depth of cover is ~400m. The coal seam thickness varies
between 2.2 and 2.7m and dips ~3° to the east. Compared
with mine A. the ventilation air was not always saturated,
however, the relative humidity was 85-100%. The relative
humidity was 100% during site sampling from 4-9 April
2005. A lack of water in the seam results directly in an
increased concentration of respirable dust. Water infusion
has been trialed 1o overcome this problem by saturating the
seam with water.

Mine C operates within the central Bowen Basin, one of
the world’s most important sources of high-quality coking
and thermal coals. The seam thickness in the lease area is
2-3.5m. The majority of coal at mine C is extracted by
longwall mining, with ~9 percent ol the total run-of-mine
coal produced by continuous miners during development
activities. The mine has two longwall units that are
operated alternately to minimise downtime and ensure
1less production and reliability. Each longwall block is
and the average length is more than 2km.

Compared with other mines, this mine is not a gassy mine,
and the relative humidity is lower at 74 5-83.5%.

Mine D is located in the Hunter Valley. This mine
produces a range of products from a highly volatile
semi-soft coking coal to a low ash thermal coal, all with
a low sulphur and phosphorus content. The average depth
of the principal seams mined is 200 m. and their average
thickness is 3.2m. The measured relative humidity was
73-99.8%.

3.2. Dust loadings —

As an example. Fig. 2 shows the mine site sampling
process at mine B during the second sampling trial at this
site from 4 to 9 April 2005. Fig. 3 presents the results of
dust loadings during the sampling period for each mine
with mine daily production, and indicates mine shift
changes.

For mine A, when the dust loadings are examined
against daily mine production rates and underground
activities, including mine maintenance and stone dusting. it
is clear that the effect of mine production on the dust
loading is not significant. It seems that the dust emissions
from the ventilation air shaft on 19 and 20 March 2005
were slightly lower than others because mine production
during the 2 days was low. In general. the volume of water
coming down from the upper section of the ventilation air
shaft acts as a spray scrubbing system for the ventilation
air, and this could lead to no significant ditference in the
dust loadings during the mine production and non-
production. In addition, corresponding to sample A5 (as
labelled in Fig. 5). the dust loading is very high, 4.47 mg/
m”. compared with others. It was found that the mass was
mainly from deposits inside the sampling tube and nozzle
with a maximum particle size of ~0.5mm. Hence,
occasionally some large particles can be carried out of
the ventilation air shafl.

Fig. 4. Optical image (100 x ) of sample A21 (mine A).
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For mine B, however. mine production did affect dust than those on 5 April 2005 when the mine production was
loading. In general. it scems that the dust emissions from  much higher than on other sampling days. In particular,
the ventilation air shaft from 6-9 April 2005 were lower the dust loading of sample Bel3 was a bit higher compared

B18 with mine production (50X) B18 with mine production (50X)

Fig. 6, Optical images of dust on the filter paper during production and non-production (ming B),

C1(100X) CLE (100X)

Fig. 7. Optical images of dust on the filter paper (mine C}.

D3 (50X) D20 (50X}

D13 (50X) D16 (50X)

Fig. 8. Optical images of dust on the lilter paper (mine D),
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with other samples taken from 5-8 April 2005. During the
sollection of sample Bel3, there was no production but
maintenance work was being conducted, on occasion
therefore, maintenance work could result in higher dust
zmissions.

For mine C. the dust loadings measured from 11-17
April 2005 and mine site production and maintenance
data indicate a trend: higher mine production results
in higher dust emissions when the three highest
dust loading points are ignored from the figure. The
dust loadings on 11 and 17 April 2005 were lower due
to lower production rates compared with other production
days.

Based on the dust loadings measured at mine D [rom
5-12 March 2005. it is hard to determine any correlation
between the dust emissions and mine production rates.

While there was no production on 6 March 2005, there
could have been stone dusting that generated airborne
particles.

3.3. Maximum particle size

As mentioned above, the maximum particle size [or each
sample was determined by using optical microscopy. Fig. 4
shows an optical micrograph of sample A21 as an example
of how the particle size was measured. The particle sizes of
some samples were also determined by the SEM images.
shown in Figs. 9-15.

Fig. 5 summarises the maximum particle size for each
dust sample from the four mines. In summary. the
maximum particle size was 5 pm for the dust emitted from
the mine ventilation air in this study.
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Fig. 9. SEM-EDS results of sample A19 (mine A).
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3.4 Visual properties and mineral matter

An effort was made o determine physical visual
differences between dust samples by using an optical
microscope, and to understand the mineral matter of
selected typical dust samples by using the SEM-EDS.

341, Visnal properties

As outlined above. mine A is the most humid mine of the
four mines tested. The high humidity caused some water Lo
collect on the filter holder, so the dust was not deposited
evenly on the membrane filter paper like the samples
collected from the other mines. This made it very hard to

S. Su et al. [ Jowrnal of Environmental Management 86 (2008) 44-62

get a reasonable visual assessment of the dust samples for
mine A.

For mine B, there are obvious colour differences between
the production and non-production samples. The colour of
the dust samples collected during the mine production is
darker than those collected during non-production. Fig. 6
shows the difference as an example from oplical micro-
scope images. Sample B18 was collected during the mine
production on |5 November 2004 (Monday), and sample
B13 during non-production on _14 November 2004 (Sun-
day). when stone dusting was carried out. It is apparent
that the black dust samples contain more coal particles
than the grey/white dust samples,
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Fig. 10, SEM-LEDS results of sample A19w (mine A),
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For mine C. the mine produced coal every day during the
sampling period with the lowest production of 2596 tonnes
on 11 April 2005. Al this mine two longwall units are
operated alternately to minimise downtime and ensure
seamless production and reliability. According to the visual
asscssment of 21 dust samples, they all appear to be
brownish-black dust. Fig. 7 shows two examples of optical
microscope images of dust. Sample C1 was collected on 11
April 2005 with the lowest production. and sample C18 was
collected on 16 April 2005 with the highest production.
There appears to be minimal physical difference between
the two samples. This may be due to the relatively low
humidity at mine C of between 74.5 and 83.5%.

Based on the visual assessment of 20 dust samples from
mine D. colours appear to differ between mine production
and no production. Fig. 8 shows four dust examples from
optical microscope images. Sample D3 was collected on 6
March 2005 (Sunday). and D20 on 12 March 2005
(Saturday). There was no production when collecting these
two samples though there was no production in early or
late of 12 March 2005. From Fig. 8 it can be seen that therc
was little black coal in the dust samples. and it appears the
two samples were collected during stone dusting. Clearly,
during the mine production process more coal particles are

14 2B8.686kV

[¥]
[59]

contained in the dust samples such as D13 and D16 shown
in Fig. 8.

3.4.2. Mineral matter

For mine A. six dust samples, including two samples of
washed dust from the sampling probe and tube. werc
examined. Fig. 9 shows the SEM-EDS examination results
of the dust deposit on the filter paper. From this figure. it
was determined (hat particle B is coal with some ash, and
particles A & C are calcium oxides. Fig. 10 shows the SEM-
EDS examination results of the dust collected from the
sampling probe and nozzle for the sample Al19. and from
this figure, particle A is iron oxide, and particle B is clay
(Si-Al-0). and particle C is coal containing iron oxide.

For mine B, six dust samples, including one sample of
washed dust from the sampling probe and tube, were
examined by the SEM-EDS. Fig. |1 shows the SEM-EDS
examination results of the dust collected from the sampling
probe and nozzle for the sample Be2w, and from this
figure, particle A is coal with some ash, and particle B is
quarlz (S10,).

For mine C, seven dust samples. including three samples
of washed dust from the sampling probe and tube, were
examined by the SEM-EDS. Fig. 12 shows the SEM-EDS
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Fig. 11, SEM-EDS results of sample BeZw (mine B).
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examination results of the dust deposit on the filter paper
(sample C10). From this figure, it can be seen that particles
A and B are coal containing some ash. It is noticed that
some S is retained in these two coal particles. Particle C is
stone (Si—Al-Ca-Fe-0), and also some Cl and K occur in
this particle. Particle D is clay (Al-Si-Ca-0). Fig. 13 shows
the SEM-EDS examination results of the dust collected
from the sampling probe and nozzle for the sample C10w.
As shown in this Figure, particle A is coal with a little ash
contained inside, and particle B is illite (Al-Si—-K—0), and
particle C is clay (Al-Si-Na-0).

For mine D, six dust samples. including one sample of

washed dust from the sampling probe and tube, were
examined by the SEM-EDS. Fig. 14 shows the SEM-EDS
examination results of the dust deposit on the filter paper
(sample D4), which was collected on 6 March 2005. when
there was no mine production. As mentioned earlier. few
coal particles are contained in this sample because of no
production, and also perhaps due to stone dusting, From
Fig. 14, it could be summarised that particle A is calcium
oxide, and particle B is Al-Si-Ca-O-K-Na—Cl with a
small amount of carbon, which is complicated in terms of
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Fig, 13, SEM-EDS results of

mineral matter, Particle Gis Al-Si-Ca-K-QO and particle D
is coal with some ash (Si-Al-Ca Q). Fig. 15 shows the
SEM-EDS examination results of the dust from sample
[D13. This sample was collected during mine production,
and a lot of coal particles are contained in the sample. As
shown in this fisure, particle A is quartz (8i0.). Particle B
is coal with high ash (Ca—5-0) content containing some
sulphur. Particle € is coal with high ash (Ca-0) content.

In summary, based on the examination of typical dust
samples [rom the four mines, collected dust samples
consisted of coal particles and stone particles. When there
was no mine production. the dust samples contained fewer

“the sample Cl0w (mine C),

coal particles. When the dust sumple was collected during
mine production, it contained many ceal particles.
3.5. Gas compasitions

In this study CH,4. CO, H,S and SO, gas concentrations
were measured. In addition to measured data on the gas
compesitions of the ventilation air, mine site data on
methane concentration and ventilation air flow rates was
retrieved hourly from each mine over a period of ~3
months. In Australia, for mine safety every underground
coal mine has an on-line gas monitoring system, mostly
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using Gas Chromatography to analyse sampling gases
from tube bundles which tuke gas at different positions
underground ncluding some sampling points near the
bottom of mine ventilation air shalls.

Fig. 16 presents and compares methane concentration in
the mine ventilation air, [rom mme A and
measured by the multi-gas monitor. From Fig. 16 the
measured methane concentration of the venulation air is
higher than that retrieved from the mine data svstem, and
this is consistent with our investigation carried out in carly
2003 as well. In fact, at that time. the mme ventilution

retrieved

engineer reported that the methane concentration of the
ventilation air retricved [rom the mine data system needs to
be increased by 0.1 0.3% on the busis of manual
measurements. Hence. 1 this case. the methane concentra-
tion obtained by the gas monitor almost agreed with the
data retrieved from the mine once the manually measured
data from this mine were corrected.

The concentrations of H-S and SO- were less than the
minimum detectable level ol the multi-gas monitor (1 ppm).
Some CO “spikes™ (transient concentration peaks lasting a
few seconds) were measured during sampling off A19 and
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A25. For sample 19 the reason for this is unknown, and lor
sample 25 it could be from vehicular activity during the
shiftl change.

For mine B, again, H.5 and SO- were not detectable by
the multi-gas monitor. No CO spikes were observed during
sampling from 5 to 9 April 2005, Fig. 17 presents and
compares methane concentration in the mine ventilation
air. obtained (rom the ming and measured by the multi-gas
monitor. From Fig. 17 it can be scen that the ventilation air

fRow was significantly reduced [rom 22 March 2003,
This is because the mine shut down the No. 2 fan due to
reduced ventilation requirements. Also. it is clear that our
measured methane concentration of the ventilation air
correlates closely with the data retrieved from the mine
data system.

For mine C. H,S and SOs were < | ppm. No CO spikes
were measured during sampling from 11-16 April 2005.
Fig. 18 presents and compares methane concentralion im
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the mine ventilation air, obtained {rom the mine and
measured by the multi-gas monitor. The methane concen-
tration of ventilation air is very low for this mine compared
with the other three mines. The average methane
concentration in the ventilation air was 0.09% from 17
February to 18 May 2005 based on the data retrieved from
mine C. and it was too low for VAM mitigation/utilisation
to be presently feasible. In addition, on 17 April 2005
during the collection of sample C21. almost constant CO
concentrations of 1-2 ppm were recorded for about 20 min
by the gas monitor, but the mine data shows levels near
Oppm at the same time. This discrepancy has not been
explained.

For mine D. H5S and SO were not detectable by the
multi-gas monitor, i.e. <l|ppm. CO spikes as high as
28 ppm were observed for a few seconds during collection
ul sample D6 on 7 March 2005. This was around the
snee of shift (14:30-15:00). and may have been caused by
started. Fig. 19 presents and
= copcentrations in the mine ventilation

tenl being

air. obtained from the mine and measured by the multi-gas
monitor. It is clear that the methane concentrations were
higher for this mine than the other three mines investigated
in this paper. As with mines A and B, the methane
concentration by the gas monitor was compared to the
data retrieved from the mine data system. On 12 March
2005. the measurements by the multi-gas monitor of
methane concentrations in the ventilation air before and
after using the ventilation air shaft lans showed consistent
readings of 1%. Based on the data retricved [rom mine D,
the average methane concentration in the ventilation air
was 1.01% from 6 February to 30 April 2005. The methane
in the ventilation air from this mine should be relatively
easy Lo mitigate/utilise.

It is interesting to note that, compared with the other
(hree mines, the effect of mine production on the methane
concentration in the ventilation air was significant. For
example. when there was no production on 5 and 6 March
2005, the average methane concentration was 0.5%, which
is much lower than the ~1% during the mine production.
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. Conclusions

This paper presented mine-site experimental results on

aaracteristics of mine venulation air flows, including
iethane concentration and its variations, dust loadings.
article size. mineral matter of the dust. and other
smpounds in  the ventilation air flows. The major
narvacteristic paramelers are summarised in Table 1. and
weresting findings are given below, -

Mine A: This mine was the most humid of the four
tines. The venulation air was saturated (100% relative
umidity). Results showed litde correlation between mine
roduction and the dust loading. This could be due to the
wany water dropicts observed circulating in the upcast
1l acting as a spray scrubbing system for the ventilation
ir. The maximum measured dust particle size in the
entilation air outlet was 3 um. SEM-EDS results showed
wnt the dust samples consisted mostly of coal particles and
one particles.

11,8 and SO, concentrations were less than 1 ppm. Some
'O spikes were captured during sampling which could

Miee daibyproduction

Methane concentration in mune B venulauon air,

have bheen from vehicular activity during the shift change.
[t is interesting to nole that this mine was the first in the
world to commercially use VAM as an ancillary fuel
source. However. il 1s not used anymore because he
amount of particulatc matter in the wir required constant
replacement of the air filters. resulting in high costs.

Mine B: This mine had measured relative humidities of
§5-100%. Dust samples collected during mine production
were visibly darker than those collected during non-
production. Analysis showed that the dark dust samples
contained more coal particles than the erey/white dust
samples collected during non-production, Therefore. the
mine production rate affected the dust composition in this
minc. Also the data indicated that the higher the mine
production rate. the higher the dust loading in this minc,

H-S and SO, concentrations were less than | ppm. No
CO spikes were observed. in coiltrast with mine A. The
data collected by the minc methane monitoring system
WETC C(}l'l!‘;i"_\'[enl' \Vith our measurements.

Mine C: This mine 1s not a gassy mine. and the relative

humidity was low at 74.5 83.5%. The mine produced coul
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Fig. 18, Methane concentration in mine € ventilation air.

every day during the sampling period. There was a small
correlation between coul production and dust loading.
It is interesting to note that, based on the SEM-EDS
results, some sulphur was retained in the coal particles.
This may imply a (echnical issue that when such mine
ventilation air is directly fed into a catalytic oxidation
system without filtration, the sulphur could poison the
calalysts.

H->S and SO, concentrations were less than | ppm. No
CO spikes were captured during sampling. The methane
concentration of ventilation air was very low lor this mine
compared with the other three mines. The average methane
concentration in the ventilation air was only 0.09%. hence
any existing and developing VAM mitigation/utilisation
technologies would not be suitable for this mine.

Mine D: The relative humidity of the ventilation air at
this mine was 73-99.8%. There was little correlation
between the dust emissions and mine production rate,
potentially because of stone dusting during non-production
periods. This 18 supported by SEM-EDS examination
esults which showed that the dust collected when there
was no mine production contained few coal partieles.

H-S and SO, concentrations were less than | ppm.
CO spikes as high as 28ppm were captured during
shift changes, and may have been caused by diesel
equipment being started. The methane concentration
of the ventilation air was relatively high, 1.01% on average.
This means that the methane in ventilation air from
this mine is relatively easy to mitigate and utilise. It is
very interesting to note that. compared with the other
three mines, the effect of mine production on the
methane concentration of the ventilation air was signifi-
canl. For example., when there was no production on 5 and
6 March 2005, the average methane concentration halved
to 0.5%.

General remarks: In general, mines A, B and D are gassy
mines. All have drainage gas systems (al least post-
drainage gas practise, i.e. degasification after coal mining,
al the mine sites). Mine C is not a gassy mine with an
average methane concentration of 0.09% in the ventilation
air. In conclusion, for all the mines investigated in this
paper the dust samples consisted of coal particles and stone
particles. When there was no mine production, the dust
samples contained few coal particles. When the dust
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lable |

Wajor characteristic parameters of ventilation air fows at four Australian coal mines

Viine Sampling time Dust loading Miixinmum Gis conmipositions (average) Average VA flow  Relative
{mg;‘m"] particle size (pm) rate (ms) humidity (")
CHy (%) €O H-S S0
(ppm) {ppm) (ppm)
A March 20413 (.13-447 S0 .75 < <] =] 250 100
3 November 2004 0.25 3.87 _50 .65 < =1 w] 2001 83100
and April 2005 o -
_ April 2005 0.67-3.82 5.0 .09 < =1 <1 385 T4-84
> Mitrch 2005 2319 3.0 1,01 | =1 <l 210 73100

"Averae VA low rate is about 120m’/s when the No.2 fan was oft during the mine site sampling in April 2005.

samples were collected during mine production. they
rontained many coal particles.

Motcover, the data presented in this paper provide
basie information lor selection, assessment, and develop-
ment of ventilation air cleaning technology and VAM
mitigution and utilisation technology. Varations in
methane concentration and ventilation air flow rate need

to be considered carefully when choosing appropriate
technology.
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Abstract

The relationship between environmental protection (EP). the economy, and jobs has been an issue of harsh contention for decades.
Does EP harm the economy and destroy jobs or facilitate ecconomic growth and create jobs? We address this issue by summarizing the
-esults of the Jobs and the Environnient Initiative, research funded by nonprofit foundations lo quantify the relationship between EP. the
sconomy, and jobs. We estimate the size of the US environmental industry and the numbers of environment-related jobs at the national
evel and in the states of Florida. Michigan, Minnesota, North Carolina, Ohio, and Wisconsin, This is the first time that such
somprehensive, detailed estimates have been developed.

Our major finding is that, contrary to conventional wisdom. EP, economic growth, and jobs creation arc complementary and
:ompatible; [nvestments in EP create jobs and displace jobs. but the net effect on employment is positive.

Second. environment protection has grown rapidly to become a major sales-generating, job-creating industry—$300 billion/ycar and 5
qillion jobs in 2003.

Third. most of the 5 million jobs created are standard jobs [or accountants, engineers, computer analysts, clerks, factory workers, etc..
and he classic environmental job (environmental engineer, ecologist, ete.) constitutes only a small portion of the jobs created. Most of
the persons emploved in the jobs crealed may not even realize that they owe their livelihoed to protecting the environment.

Fourth. at the state level, the relationship between environmental policies and economic/job growth is positive, not negative. States can
nave strong economies and simultaneously protect the environment.

Finally. environmental jobs are concentrated in manufacturing and professional. information, scientific. and technical services, and are
thus disproportionately the types of jobs all states seek to attract.

C) 2000 Elsevier Ltd. All rights reserved.

Repwords: Jobs: Environmental protection; Economy: Industry; Manulacturing: Skills; State: Occupations

1. Introduction: the issue

The relationship between environmental protection (EP),
the economy, and jobs has been an issue of harsh
. - _— .
contention for decades. Analysts and policymakers of all
points of view seem to agree that a strong relationship

“This paper finds that, contrary to the conventional wisdom,
snvironmenlal protection has evolved into a major US industry. that
most of the 5 million jobs created are for occupations not related Lo the
envitonment, and that detailed economic and emplovment impacts can be
estimated for mdividual states.

*Corresponding author, Tel.: + 1 7036 204120; (ux: + 17035699733,

E-maif uddresy: thezdeki@misi-net.com (R.H. Bezdek).

030 1-4797/S - see front matter ) 2000 Elsevier Ltd, All rights reserved,
doi 10,1016/ jenvman.2006.11.028

exists between EP and jobs: the debate 1s over the sign of
the correlation coefficient. Does EP tend to harm the
economy and destroy jobs or to facilitate cconomic growth
and create jobs? If the latter is the case. can the positive
affects be quantified and estimated at a meaningful level of
detail?

Here. we address this issue by summarizing the initial
results of the Jobs and the Environment Initiative, a
research effort funded by nonprofit foundations designed
to quantify the relationship between EP, the economy, and
jobs." We estimate the size of the US environmental

"The research summarized here was supported by the Rockeleller
FFoundation. the Merck Fund, and the Beldon Fund.
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industry in 2003 and the numbers of environment-related
jobs created at the national level and in the states of
Florida, Michigan. Minnesota. North Carolina, Ohio. and
Wisconsin.

2. Previous studies

Numerous studies have been undertaken over the past
two decades (o estimate the cconomic and employment
effects of EP. These can be grouped into three types: (i)
theoretical analyses and cases studies. (ii) econometric
simulations of policy alternatives, and (iii) empirical
estimates derived using historical data. Below we review
some of the major studies in cach category.

2.1, Theoretical analyses and cases studies

In 1992, Meyer analyzed the impact of environmental
legislation on differential interstate rates of economic
performance and tested the hypothesis that pursuit of
environmental quality hinders economic growth and job
creation (Meyer, 1992), He ranked the 30 states on the
basis of the stringency of their environmental laws and then
compared the environmental rankings with measures of
economic growth and job creation between 1973 and 1989.
He found no evidence to support a negative relationship
between environmental regulation and economic perfor-
mance, and his results showed the opposite. Meyer found
that the states with the most ambitious environmental
programs had the highest levels of economic growth and
job creation over the period.

In 1993 and 1995, Bezdek examined the available
empirical evidence and (ound that, contrary to conven-
tional wisdom, strict environmental regulations do not
damage US industry, reduce international competitiveness.
or cost thousands of jobs, and he found that strict
environmental standards may even foster economic devel-
opment (Bezdek, 1993). He concluded thatl recent major
empirical studies reject the hypothesis that there is a
negative relationship between EP and economic and job
growth.

During the 1990s, Goodstein conducted several studies
examining the relationship between EP and employvment
(Goodstein, 1994). He examined the impact of existing
regulations on overall employment rates, shutdowns and
layoffs, regulation-induced capital flight. estimates ol the
costs of environmental regulation, and specific industries
and case studies. He found that little empirical evidence
exists that environmental regulation destroys jobs and that
ex ante estimates of the costs of compliance have been
much higher than actual costs. He also showed the
conditions under which EP might lead to increased
employment,

In 1995, Templet hypothesized that the economy is
dependent on the environment to provide resources and
accept wastes, and that a healthy environment should make
for a better economy (Templet, 1995). He cited empirical

evidence from a number ol studies substantiating that
finding and showing that states with lower pollution levels
and better environmental policies generally haye more jobs,
better socioeconomic conditions, and are more attractive te
new business, He conducted a case study of Louisiana casc
that found that jobs increased while pollution declines. He
concluded that there is little evidence (hat progressive
environmental policies arc detrimental to a state’s ccononty
and that there is substantial evidence that the converse 1s
true. _

In 1995, Repetto reported that EP requirements have not
contributed to job loss or reduced international competi-
tiveness for US companies. He also found that firms with
superior environmental performance are no less profitable
than others in the same industry (Repetto, 1993). He
concluded that appropriate US environmental policies
could protect the environment with far greater economic
efficiency.

In 1997, Berman analyzed the regulation of air pollution
in manufacturing plants in Los Angeles. He examined
employment growth in the Los Angeles region in plants
subject to these regulations. and compared growth at these
plants to employment growth at similar plants in Texas and
Louisiana. He found that, while the Los Angeles regula-
tions imposed costs on regulated plants. they had little
effect on employment and that there were no large job
losses due to these regulations. His major finding was that
the most severe episode of increased air quality regulation
of manufacturing industries did not have a large effect on
manufacturing employment.

In 1998, Morgenstern, Pizer. and Shih examined the
possibility that workers could be adversely allected in
heavily regulated industries, which has led to claims of a
“Jobs vs. environment™ tradeolf (Morgenstern et al., 1998).
They explored how increased environmental stringency
can influence the industry-level demand for labor and
developed estimates for four heavily polluting indus-
tries (pulp and paper. plastics, petroleum refining, and
iron and steel). Their results indicated that increases in
environmental spending do not cause job loss. Their model
showed that the overall demand effect is mitigated by
employment increases associated with new environmental
spending.

In 1999, Arnold, Forrest, and Dujack examined claims
about the costs of environment regulations by reviewing
the available research (Arnold et al., 1999). They found
that., while the claims about damage Lo the economy can
mostly be attributed to misinformed advocates or ex-
aggeration, the majority of the fault lies in a lack of
accurate communication of economists” findings about the
effect of environmental regulation to the general public.
Worst-case economic impact scenarios for a regulation
such as potential increases in unemployment and plant
closures—are reported not as low probabilities, but as
serious threats. They concluded that the wview that
environmental regulation seriously harms the US economy
15 not supported by the data.
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In 1999, Bliese reviewed dozens of well-designed studies
that tested the assertion that EP harms the economy
(Blicse, 1999). The results of these studies indicate that EP
normally has no negative impact on the economy overall,
and often has a positive elfect. He noted that the studies
only searched for economic impacts of environmental
policies—and found none; they did not estimate environ-
mental or public health benefits. He concluded that the
“environment vs. the economy trade-off™™ is a myth, even in
narrowly economic lerms.

In 1999. Yapijakis found that widespread fears of job
losses from EP are unfounded and that, when job creation
aspects of pollution control policies are factored in. EP has
increased net employment in the US (Yapijakis. 1999)
Further, actual layoffs due to regulation have been
extremely small. EP raises employment levels and provides
some recession-proof stimulus to aggregate demand.
Government data reveal that lew manufacturing plants
are shut down as a result of environmental or safety
regulations.

In 2000, Renner found that creating an environmentally
sustainable economy has already generated an estimated 14
million jobs worldwide (Renner, 2000). He reported that
many new opportunities for job creation are emerging,
ranging from recycling and remanufacturing of goods. to
greater energy and materials efficiency and the develop-
ment of renewable energy. Jobs are more likely to be at risk
where environmental standards are low. He concluded that
investing in the environment. in renewable energy. and
energy cfficiency will generate more jobs than investing in
extractive industries and fossil fuels.

2.2. Econometric simulations of policy alternatives

In 1989, Arvind Teotia and his associates estimated
the macroeconomic impacts of the use of clean diesel
engine technology in light trucks to comply with cor-
porate average [uel economy (CAFE) standards. They
assumed that the new engines would capture 135 percent of
the light truck market and estimated that by 2022, between
70,000 and 110,000 jobs would be created (Teotia et al..
1999).

In 1989. Bezdek and Wendling simulated the impact of
the two major acid rain control bills that were then being
considered in the US Congress (Bezdek and Wendling,
1989). They found that-between 100,000 and 195,000 net
johs would be created. depending on which bill was
enacted. Economic and job impacts were estimated for
cach state and employment requirements by occupation at
the national level were also estimated.

In 1990, Jorgensen and Wilcoxen estimated the impact of

environmental regulations on the US economy by simulat-
ing the growth of the economy between 1974 and 1985 with
and without these regulations (Jorgenson and Wilcoxen,
1900). They concluded that the effect of these regulations
was that (he economy grew 0.2%/year more slowly than it
would have otherwise, and that by the early 1990s GNP

was about 2.5% less. In 1993, they e¢xtended the analysis to
assess Lhe impacts of the Clean Air Act Amendments of
1990 and concluded that the net impact of the Amend-
ments would further reduce the rate of growth of GNP
(Jorgenson et al., 1993). They did assess the benefits of EP
or estimate employment impacts.

In 1990, a Motor Vehicles Manufacturers Association
study of the potential impact of increased CAFE standards
predicted that tighter CAFE standards would result in the
loss of between 159,000 and 315.000 jobs in the motor
vehicle industry (Motor Vehicle Manufactures Association.
1990). Secondary effects from consumer fuel savings were
not estimated and the report did not consider that fuel
savings by consumers would result in additional spending
on other products and higher employment in the affected
industries.

In 1992, Geller, DeCicco. and Laitner estimated the
impact of a “high efficiency™ scenario for the energy-using
sectors of the economy and found that a national strategy
of investment in environmentally benign energy sources
and energy efficiency would create one million net new jobs
in the United States within 10 years (Geller et al., 1992).
They also found that by increasing the fuel efficiency of
passenger cars from 28 mpg in 1990 to 40 mpg in 2000 and
50mpg in 2010, 244,000 additional jobs would be created
by 2010.

1993, MISI simulated the impact that the environmental
provisions of the North American Free Trade Agreement
would have on US exports and jobs (Management
Information Services, Inc., 1993). The study estimated that
by 2000. NAFTA would generate $3.8 billion in US
environmental export sales to Mexico and create nearly
70,000 jobs in the US Jobs estimates were disaggregated by
state.

During the 1990s. Laitner, DeCicco, Elliott. Geller,
Goldberg., Morris, and Nadel examined energy consump-
tion patterns in the four-state Midwest region of lllinois,
Indiana, Michigan, and Ohio and the states of New York,
New Jersey. and Pennsylvania, and projected energy
consumption through 2010 assuming business-as-usual
policies and trends (Laitner et al., 1994). They then
developed an energy efficiency scenaric assuming more
aggressive implementation ol energy efficiency measures
and analyzed the potential economic benefits of the
scenario. They found that by 2010. the energy efficiency
scenario would create 132,000 net new jobs in Midwest
region and 164,000 net new jobs in New York. New Jersey.
and Pennsylvania.

In 1999, Bernow. Cory. Dougherty. Duckworth, Kartha,
and Ruth examined the impact of implementing a set of
integrated policies designed 1o bring the US in compliance
with the Kyoto Protocol (Bernow ct al., 1999). They found
that the US could reduce ils carbon emissions to ils Kyoto
target and that the prescribed policies would produce net
economic savings. Specifically, they estimated that by 2010
almost 900.000 net new jobs would be created, relalive 10
the baseline.
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A 2001, a Friedman study for the Union of Concerned
Scientists analyzed the elfects of increasing CAFE stan-
dards to 40 mpg by 2012 and to 35 mpg by 2020 (Friedman
et al., 2001). UCS estimated that employment. wages, and
income would inerease over the 10-20-vear horizon of the
study. By 2010, the analysis projected a net increase of over
40,000 jobs: by 2020. the study projected an increase ol
104,000 jobs. In a 2002 update of this study. UCS
highlighted the potential job gains by industry and state
resulting from increased CAFE standards, and estimated
that 183.000 new jobs would be generated (Union of
Concerned Scientists. 2002).

In 2002, research staff at the University of [llinois
analyzed the Midwest’s Clean Energy Development Plan.
which advocated energy efficient technologies and devel-
opment of rencwable energy resources, especially wind
power and biomass energy (Regional Economics Applica-
tions Laboratory, 2002). They estimated that implementing
the plan would create more than 200,000 new jobs across
the 10-state Midwest region by 2020.

In 2002 and 2004, Barret and Heorner assessed the
impact of a set of policies designed to provide steady
increases in cnergy efficiency and reductions in carbon
emissions. while improving overall economic efficiency
(Barrett and Hoerner, 2002). They analyzed the macro-
economic impact of these policies and estimated that an
additional 660.000 net jobs would be created in 2010 and
[.4 million in 2020. This would increase employment in the
service sector and reduce the rate of decline in employment
in manufacturing.

In 2004, the New Apollo Initiative proposed an
economic development plan for the US based on diversify-
ing energy sources, making the US less dependent on
foreign oil. investing in industries of the (uture. promoting
construction of energy efficient buildings, and investing in
cities and communities (New Energy for America. 2004). Tt
estimated that a $30 billion investment per year for 10
years would add more than 3.3 million jobs to the economy
and stimulate $1.4 trillion in new GDP.

In 2004, UCS analyzed the effects of implementing a
national renewable electricity standard (RES) that would
require electric utilities to supply a set percentage ol their
electricity from renewable sources (Union of Concerned
Scientists, 2004). It found that a under a national RES of
20% by 2020, the US would increase its total renewable
power capacity by nearly 11 times over present levels and
would create more than 355,000 new jobs.

In 2004, Levinson and Taylor examined the effect of
environmental regulations on trade flows by developing an
economic model to demonstrate how unobserved hetero-
geneity, endogeneity, and aggregation issues bias measure-
ments of the relationship between regulatory costs and
irade (Leninson and Taylor, 2004). They applied an

i1 squation derived from the model to data on

¢ flows among the US, Canada.
> i rom 1977 1o

ment costs increased most experienced the largest increases
in net imports. For the 20 industries hardest hit by
regulation. the change in net imports they ascribed to the
increase in regulatory costs amounted to more than hall o
the total increase in trade volume over the period.

In 2005, Bezdek and Wendling estimated the economic
impacts on the US of enhanced CAFE standards and
found that such changes would have positive economic
effects and create 300,000 jobs. although the costs in terms
of vehicle characteristics and prices and limited eonsumer
choice could be signifieant (Bezdek and Wendling, 20035).
There would be widespread job displacement and job
impacts  were disaggregated by industry. state, and
occupation.

2.3. Empirical estimates of actual environmentaf
employment

For two decades, Environmental Busingss [nternational
has been publishing estimates ol the size of the US
environmental industry with times series data beginning
in 1970. The data are disaggregated by Services (analytical
services. waslewater treatment. solid waste, hazardous
waste. remediation. and consulting and engineering),
Equipment (water and chemicals, instruments and infor-
mation, air pollution control, waste management, and
process and prevention), and Resources (water utilitics,
resource recovery, and clean energy systems and power).
EBI estimates that the size of the US environmental
industry has increased from $18 billion in 1970 to $227
billion in 2003. Corresponding employment or jobs
numbers ure not published.’

MISI has been estimating the economic and jobs impact
of the environmental industry for two decades.” Using an
cconometric input—output (I-O) model to estimate the
direct and indirect impact of the industry. MISI estimates
that EP has increased from $39 billion in sales (2003
dollars) and 700.000 jobs in 1970 to $300 billion (2003

“Environmental Business International. Inc.. San Dicgo. California.
www.ebiusa.com

‘Roger H. Bezdek. “The Environmental Profection Industry and
Environmental Jobs in the U.S.A” In Leal Filho and Kate Crowley.
cds.. Envirowmental Careers, Envirommental Emplovinent, and Envivon-
mental Training: {nternational Approaches and Contexts. Frankfurt am
Main: Peter Lang Publishers, 2001, pp. 161-179; “State of the Industry:
Jobs and Sales Created by Environmental Protection.™ New England'y
Envirommeni. Vol, |, No. 8 (August 1999). pp. 12-16; “The Net Tmpact of
Environmental Protection on Jobs und the Econemy.” Chapter 7 in
Bunyan Bryant, editor.. Envirommental Justice: Issues, Polices, and
Solurions. Washington, DC: Island Press. 1995, pp. 86-103; “The
Economy, Jobs. und the Environment.” Proceedings of GEMI ‘05
Environment and Sustainable Development, Arlington, Virginia, March
1995, pp. 63-79; “Environment and Economy: What's the Botlom Line?”
Environment, vol. 35(7) (September 1993), pp. 7-32. Rager H. Bezdek and
Robert M, Wendling. “*Environmental Market Opportunities.” Chapter ¢
in T.E.P. Sullivan, editor, The Greening of American Business. Rockville,
Maryland: GIT Press, 1992, pp. 196 224; Management Inlormation
Serviees. Inc.. Johs and Economic Opportunities in the {08 Created hy
Environmmental Protection. Periodic reports, 1986-2004,
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dollars) and 5 million jobs in 2003—see the discussion in
Section 5.

In 2001, MISI analyzed the environmental industry and
Jobs in six Midwestern states: [llinois, Towa. Michigan.
Minnesota, Ohio, and Wisconsin.* It found that in 1998,
environment-related employment in these states totaled
893,000 widely distributed among sectors, industries, jobs.
and skills. Jobs estimates were disaggregated among each
of the six states.

In 1999, the US International Trade Administration
(ITA) estimated the world market for environmental
products and services and the size of the US market.
including estimates al the slate and metropolitan statistical
area (MSA) levels.” ITA estimated that the 1999 US

environmental market totaled $189 billion. almost 38% of
the global $499 billion market. In meeting the demands of

those markets, the US environmental industry was
estimated to have generated $196 billion of revenues and
over 1.4 million jobs. The ITA US employment estimates
were disaggregated by state and by selected MSAs.

The Census MA200 survey has been one ol the more
respected sources for information on the US environmental

indusiry.® This report was not available for a number of

years after 1994, but was revived for 1999. The MA200
results are not congistent with previous reports, but they
presented a snapshot of major portions of the environ-
mental industry by detailed North American Industry
Classification Syvstem (NAICS) industry and by state.
However, the survey’s biggest weakness is that it only
covers the mining (NAICS 21), manufacturing (NAICS 31-
33), and electric power generation industries (NAICS
22111). Thus, while the survey estimates are ol sufficient
quality. they lack comprehensiveness and describe only a
(raction of the environment-related business activities in
the US Pollution abatement costs were disaggregated by
capital expenditures and operating costs, but employment
estimates were not included.

3. Methodology

The economic and employment elfects of EP expendi-
tures were estimated using the Management [nformation
Services. Inc. model, database, and information system. A
simplified version of the MISI model as applied in this
study is shown in Fig. .-

The first step involves translation of environmental
expendilures into per unit output requirements from every

“Management Information Services, Inc. Swvey of Jobs and the
Enviromment Lasues in Siv Midwestern Stares: Fdentifving Policy Challenges
wnd Opportunitics, Report prepared for the Joyee Foundation, Chicago.
1L, July 2001.

U8 Depariment of Commerce. ITA, Office of Environmental
Technologics Industries, Environmental Industry of the United States. a
LISDOC/ITA web-aceessible briefing generated by Environmental Busi-
ness International, Ine. For 1900,

"US Department of Commerce. Bureau of the Census. Pollution
Ahatement Cost and Expenditures: 1999 MA200(99), November 2002,

industry in the ecconomy. Second, the direct output
requirements of every industry affected by the expenditures
are estimated, and they reflect the production and
technology requirements implied by the environmental
spending. These direct requirements show, proportio-
nately, how much an industry must purchase from every
other industry to produce one unil of output. Direct
requirements, however, give rise to subsequent rounds of
indirect requirements. The sum of the direct plus the
indirect requirements represents the total output require-
ments from an industry necessary to produce one unit of
output.

Economic 1-O techniques allow the computation of the
direct and the indirect production requirements. Direct
industry output requirements are converted into total
output requirements (rom every industry by means of the
[-O inverse equations. These equations show not only the
direct requirements, but also the sceond. third, lourth. nth
round indirect industry and service sector requirements
resulting from environmental expenditures. Next, the total
output requirements from each industry are used to
compute sales volumes, profits, and value added for each
industry. Then. using data on manhours, labor require-
ments, and productivity, and employmenl requirements.
the number ol jobs created within each industry are
estimated.

The next step requires the conversion of total employ-
ment requirements by industry into job requirements for
specilic occupations and skills. To accomplish this, MISI
utilizes data on the occupational composition of the labor
force within each industry and estimates job requirements
for 700 occupations encompassing the entire US labor
force. This permits estimation of the impact of environ-
mental expenditures on jobs for specific eccupations.

Utilizing the modeling approach outlined above, the
MISI model allows estimation of the etfects on employ-
ment. personal income, corporate sales and profits, and
government tax revenues in the US Estimates can then be
developed for detailed industries and occupations.

The final step in the analysis required assessing the
economic impacts on individual which
estimated using the MISI regional model, which allows
the flexibility of specifying multi-state, state, or counly
levels of detail. Because of the comprehensive nature of the
modeling system, these regional impacts are consistent with
impacts at the national level.

states, were

4. What constitutes an environmental job?
4.1, Ambiguities and questions

As discussed below. we estimate that EP created nearly 3
million jobs in the US in 2003, and these were distributed
widely throughout all states and regions within the US But
how many of these are “environmental jobs™ or “green
jobs?” More specifically, what constituics an “environ-
mental job?” While a definitive analysis of this important
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Fiz. 1. Use of the MIST model (o estimate the economic. employment. and occupational impacts of environmental protection. Seurce: Management

Information Services, Ine:, 2006,

topic is outside the scope of this report, our review of the
literature indicates that there is no rigorous, well-accepted
definition of an environmental job. Rather, the definitions
used are often loose and contradictory.

Clearly. an ecologist or an environmental engineer would
constilute an environmental job, as would an employee of
the federal or a state EP agency. However. there are
ambiguities. For example. most people would agree that
the positions in a firm that assembles and installs solar
thermal collectors would be considered environmental
jobs, But what about the jobs involved in producing those
solar panels. especially if the factory involved used coal-
based energy. one of the most controversial fossil fuels in
terms of emissions? Here, these manufacturing jobs are
included as jobs created indirectly by environmental
expenditures.

Most analysts would consider jobs in a recycling plant to
be environmental jobs. But what if the recycling plant itself
produces air pollution? What about a firm in North
Carolina thal produces emissions control equipment lor
power plants in Alabama? It seems clear that the jobs in the
North Carclina company should be considered green or
environmental jobs, even though the user of the equipment
in Alabama may cause pollution in North Carolina. What
about environmental engineers and environmental controls
specialists working in a coal-fired power plant? What about
the workers who produce environmental control equip-
ment for the plant?

There are many (irms in the US that produce products
for the automotive industry. Should those that produce

components for fuel-efficient vehicles be considered part of
the environmental industry, bul not those that produce
components for gas guzzlers? If so, is there any way lo
accurately distinguish between these? Should all factories
producing catalytic converters be considered environmen-
tal jobs. even when some of these converters are used on
low miles-per-gallon vehicles?

These relevant questions have, in fact, been generated by
shifts in environmental policy itself. The early stages of the
environmental movement in the 1970s and 1980s focused
primarily on “end-of-the pipe” solutions: The remedies
focused on cleaning or minimizing air, water, or solid waste
pollutants after they had been produced. However, EP has
evolved to include entire processes, so, rather than cleaning
up at the end of the pipe. the entire manufacturing and
servicing processes are being designed to minimize the
production of pollutants. Therefore, it is possible that
efficient processes designed to produce relatively little
waste output could actually resull in a decrease in the
number of “environmental™ jobs if these are defined strictly
as “end of the pipe” jobs. Energy efficiency could
ultimately result in less need for electric power and could
result in the shutting down ol a coal-fired electric power
plant. While some may view such a shutdown as an
environmental plus. many environmental jobs in that
power plant involving pollution abatement would be in
this case lost.

While solid waste abalemenl i1s a major area of
environmental concern, does this imply that all persons
engaged in trash collection are performing environmental
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jobs? What part of the tourism industry constitutes
“ecotourism,” and are all jobs associated with ecotourism
green jobs? Are forms of alternative energy green
industries, with all jobs counting as enyironmental jobs?

There is also the issue of how to account for indirect job
creation and how broadly or narrowly to define an indirect
environmental job. For example, what ol ancillary jobs
created across the street from a factory producing solar
collectors, such as those in a fast food restaurant, dry
cleaner, etc. whose customers are primarily the workers at
the renewable energy [actory. Are these latter jobs also
considered to be “indirect” green jobs or environmental
jobs? We include such indirect jobs here.

4.2, Definitions and concepts used here

Here. we consider that jobs can be considered to be
“green” relative to the way the job was performed
previously, i.e., in a production process, a change in
technology that reduces waste emissions or energy con-
sumption makes the jobs in that process “greener” than
before. Based on extensive research and literature review.
we determine that environmental jobs are best understood
when viewed in 2 continuum, with jobs that generate
environmental degradation or extraction at one end:; a
range of greener jobs involving clean production measures
and technologies to reduce environmental impacts in the
center, and the other end of the spectrum where jobs have a
positive environmental impact (see Fig. 1). Using this
conecept, we define environmental industries and green jobs
as those which, as a result of environmental pressures and
concerns, have produced the development of products,
processes, and services, which specifically target the

Yehicle assembly %-._ ; =
=

operations

Raliroads I

<- less green

Fig. 2.

reduction of environmental impact. Environment-related
jobs include those created both directly and indirectly by
EP expenditures (Fig. 2).

There exists relatively little rigorous research addressing
the practical relationship between EP and job creation.
Even some research in this area sponsored by environ-
mental organizations is off the mark, in that it has tended
to emphasize jobs creation in classically green activities,
such as environmental lawyers or workers in recycling
plants. However, while these jobs count as jobs related to
the environment. we lound that classic environmental jobs
constitute only a small portion of the jobs created by EP.
The vast majority of the jobs created by EP are standard
jobs for accountants, engineers. computer analysts. clerks.
factory workers, truck drivers, mechanics, ete. In fact, most
of the persons employed in these jobs may not even realize
that they owe their livelihood to protecting the environ-
ment. For example. as illustrated in Fig. 3, in the US in
2003, we estimate that EP created: More jobs for
secretaries  (97.900) than for environmental scientists
(50.700); more jobs for management analysts (82,600) than
for environmental engineers (45.200): more jobs for book-
keepers (71.600) than for hazardous materials workers
(33.300); more jobs for janitors (56,400) than for environ-
mental science technicians (25.000); more jobs for compu-
ter systems analysts (30,000) than for chemical engineers
(8200); and more jobs for truck drivers (25,200) than lor
biological technicians (12,100).

More generally, arguments stressing the economic
benefits and job creation resulting from EP and clean
energy initiatives are not currently being made in a
rigorous manner, which disaggregates these benefits to a
level of detail that is meaninglul 1o policymakers. The level

| Solar panel manufacturing

— Environmenial
engineering

| more green ->

The environmental job spectrum. Sowrce; Management Information Services, Inc.. 2000.
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Fig. 3. Selected US jobs ereated in 2003 by environmental expenditures. Source: Management Information Services. Inc.. 2006,

of detail required is at the sector, industry, state, city, and
county level, and the jobs created have lo be identified by
industry, category. skill, and specific occupation at the
state and local level. The findings summarized here provide
data at such levels of detail.

4.3. Jobs distribution in typical enviromnenial companies

There are thousands of environmental companies
located throughout the US and they generate jobs for
nearly 5 million workers in virtually every community.
These firms range from the very small one or two person
“mom and pop” shops to very large firms employment
thousands of workers; they employ workers at all levels
of skills, from the most basic and rudimentary to the
very high skilled technical and professional; include
environmental service firms and manufacturing firms;
include those whose market is local. those whose market
is state and regional, those who market is national.
and those whose market is international. and they face
the same problems. challenges, and opportunities as other
companies

Given the wide diversity in the size., [unction. and
technologies of environmental companies. it is impossible
to estimate the job profile of the “average™ environmental
firm. However, il is possible to identify the jobs and
carnings profiles of typical tyvpes of firms involved in
environment-related areas of work. Table 1 shows the 2003
occupational job distribution and employee earnings of a
typical environmental remediation services company;
Table 2 shows the same data for a typical wind turbine
manufacturing company. These tables illustrate the points
made above.

First. firms working in the environmental and re-
lated areas employ a wide range of workers at all
educational and skills levels and al widely differing
earnings levels.

Second, even in environmental companies, most of the
employees are not classified as “environmental specialists.”
For example, in the environmental remediation services
firm profiled in Table 1. most of the workers are in
occupations such as laborers, clerks. bookkeepers. accoun-
tants. maintenance workers. cost estimators, ete. All of
these employees owe their jobs and livelihoods to EP, but,
in general, they perform the same types of activities at work
as employees in firms that have little or nothing to do with
the Cll\’il"()ﬂ]'ﬂﬂl'll‘

This is illustrated even more forcefully in Tahle 2. The
occupational job distribution of a typical wind turbine
manulacturing company differs relatively little from that of
a company that manufactures other products. Thus. the
production of wind turbines and components requires
engine assemblers, machinists. machine tool operators,
mechanical and industrial engineers, welders, tool and die
makers. mechanics. managers, purchasing agents. ete.
These are “environmental”™ workers only because the
company they work for i1s manufacturing a renewable
energy product. Importantly., with (he current national
angst concerning the erosion of the US manufacturing
sector and the loss of US manufacturing jobs. it is relevant
to note that many environmental and renewable energy
technologies are growing rapidly.’

‘For example. windpower is the most rapidly growing source of
electrical power in the world,
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Tible 1

Typical employee profile of a [00-person Environmental Remediation

Services Company, 2003

Tahle 2

71

Typical Lmployvee Profile of & 250-person Wind Turbime Manulacturing

Company. 2003

Oceupalion Employees Eiarnings Oceupation Employees Larnings
Hazardous materials removal workers 22 536204 Lngine and other machine nssemblers 31 §33.359
Septic lank servicers and sewer pipe cleaners b 30419 Machimisls 23 R DY
Construction liborers 7 32,382 Team assemhlers 16 7,668
First-line supervisors, managers ol 3 S0.673 Computer-controlled machme ool operators 12
construction/extraction Mechanical engineers 0]
Truek drivers, heavy and traclor-trailer 3 33044 Firsi-line supervisors managers of 1o
General and operations managers 3 86,258 praduction operating
Laborers and (reight. stock, and maternl 2 21.620 Inspectors. testers. sorters, samplers, and 8 37,202
mevers weighers
Fruck drivers, light or delivery services 2 27.437 Lathe and turning machine tool setters; I3} 33,729
Office clerks 2 RESRE.SE operators tenders
Refuse and reevelable material collectors 2 26,796 Drilling and boring machine tool setters! 4 36,509
Insulation workers 2 32,256 operitors tenders
Secreturies {except legal, medical. and 2 25998 Welders. cutters. solderers. and brazers 4 36.530
CXCCULIVE) Laborers and [reight, stoek, and material 4 28466
Bookkeeping. accounting, and auditing ¢lerks 2 1217 MOVErs
Plumbers, pipefitters, and sleamfitlers 1 41,202 Maintenunce and repair workers 4 41,318
Exccutive seerctarics and administrative 1 36,729 Tool and dic makers 4 40,047
assistants Grinding fapping polishing hufling muachine 4 31,8949
Maintenance and repair workers 1 L8409 taol operators
Environmental engmineering technicians 1 36,4939 Multiple muchine tool sctters/operators: 4 35
Operating engineers and other const: equip. i 40.320 tenders
aperators Industrial engineers 3 (4,639
First-line supervisors:managers ol office, 1 47.376 Industrial machmery mechanics i 42315
admimistritive LEngineering managers 3 499 404
Chiel sxecutives 1 I16.435 Shipping. receiving, and traflic clerks 3 29510
COnstrucLion mandgers 1 73,994 General und operations manugers 3 oo
Cleaners ol vehicles and equipment | 21,704 Industrial producticn manageis 3 45,512
Cast estimators | 36,753 Industrial truck and tractor operators 3 31AD
Janitors and cleaners 1 25,746 Purchasing agents 3 51.702
Eovironmental engineers | 69,930 Cutting punchingpress machine setters 3 38,907
Industrial truck and (ractor operilors 1 37.741 operiators/ tenders
Curpenters 1 JR.3RN Praduction. planning. and expediting clerks 3 41,601
Construction and mamlenance pamiters 1 33.296 Milling and planing machine setlers 3 FT3H0
Accountants and avditors 1 33865 operitlors lenders
Dspictchers texcepl police, fire, and 1 Mechanical drafters 2 (1)
ambulance) Customer service represenlatives 2 36,036
Water and liquid wiste treatment plant and | 3049 Bookkeeping. accounting, and audiling clerks ! 32700
S¥SLCm operators Oftfice clerks. general 2 27337
First-line supervisars/managers of 1 46,914 Sales representitives, wholesale and i 50,787
lransportation operators munulacturng
Sales representdlives. wholesale and | 47,683 Tanitors and eleancrs 24 39,476
manufaciuring Sitles engineers 2 00,291
CUSLOIET SErvICe reprosenlatives | 3.366 Accountants and auditors 2 S4.873
Firgt-line supervisorsimanagars of mechanics | 49,088 Tuol grinders. filers, and shurpencers 2 H.520
aid repairers Exceutive secretaries and admimsirative Z 39058
Environmental scicnists und specialists I 62.003 iussistants
Raceplionists and Information clerks eneen ] 12,775 Mechanical engineering technicians 2 46,767
Envirenmental science and 1'\1‘0!_\:01'[(911 1 44,867 Electricians 2 43370
lechnicians - Other emplovees 4% 45,064
Other employecs 12 47,422 ] .
’ Emplovee total 250) 4T TG
Emplovee total 100 S39.6210

Sowrce: Management Information Services, Ine.. 2006,

Sengree; Management Information Serviees, Ine., 2006.

protection ol the environment has grown rapidly to
become a major sales-generating, profit-muaking, job-
creating industry. Expenditures in the US for EP have
grown (in constant 2003 dollars) from $39 billion per vear

3. Findings at the national level

We found (hat. contrary 1o general public perceplion
und public policy understanding, since the late 1960s,
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Table 3
Environmental protection expenditures and jobs in the us economy.

1970-2003

Expenditures (billions of Jobs (thousands)

2003 dollars)

1070 §39 704
1975 77 1352
1980 121 2117
1985 158 2838
1990 204 3517
1993 233 4253
003 301 4974

Sowurce: Management Information Services, Inc.. 2006,

in 1970 to $301 hilhon per year by 2003—increasing more
rapidly than GDP over the same period—see Table 3. If
“EP” were a corporation. it would rank higher than the top
of the Fortune 300, for our estimate of 2003 EP
expenditures (5301 billion) ranks it higher than the sales
of $259 billion for Wal-Mart, the largest corporation in the
LIS In 2003, EP generated five million jobs distributed
widely throughout the nation.

Many companies. whether they realize it or not, owe
their profits—and in some cases their existence—to EP
expenditures.” Many workers, whether they realize it or
not, would be unemployved were it not for these expendi-
tures: In 2003, EP created nearly five million jobs
distributed widely throughout the nation. To put this into
perspeclive. the size of environment-related employvment is
over len times larger than employment in the US
pharmaceuticals industry. nearly six times larger than the
apparel industry, almost three times larger than the
chemical industry. nearly half the employment in hospitals,
and almost one-third the size of the entire construction
industry.

We estimate that in 2003 protecting the environment
generated $301 billion in total industry sales. $20 billion in
corporate profits. 4.97 million jobs, and $45 billion in
Federal, state, and local government tax revenues.” Clearly,
providing the goods and services required for EP has
become a major US imdustry with significant effects on the

“In this paper,“expenditures™ refers to all public and private spending in
the environmental sector (EP spending) and is used interchangeably with
“satles.”

"The national estimates have been developed by MISI beginning in 1986
using the model and database symmarized in Section 2. and have been
updated periodically over the past two decades. The six states discussed
here were selected (or detailed analysis at the request of the funders pf the
work, The overall project goal is 1o eventually conduet similar analyses for
as many states as possible and. wt present, estimates are being developed
for three more states—Arzona, California, and Connecticut—to provide

z ¢, In addition. analyses for states such as New
on that have tradifionally been viewed as
e if environmental job

s will be posted on the

national cconomy and labor market and on those of
individual states.'’

6. Findings at the state level

As part of the research initiative we have thus far
estimated and assessed the environmental industry and
jobs in six states: Florida. Michigan. Minnesota, North
Carolina, Ohio. and Wisconsin."" Our findings are
summarized in Tables 4 and 5. . -

e

6.1. Aggregate and sectoral findings

Table 4 summarizes the parameters of the environmental
industries in each state. The size of the industry in each
state differs considerably, from $5.4 billion in Wisconsin to
$15.4 billion in Florida, generally corresponding to the
differences in state GDP. However, the industry share of
state GDP differs from a high of 3.9% in Michigan to a
low of 2.6% in Minnesota. Similarly, environment-related
employment ranges from 220.000 in Florida to 92.000 in
Minnesota —again reflecting mainly the differences in the
sizes of the state labor forces. Environmental employment
ranges from a high of 4.9% of total employment in Ohio to
2.9% in North Carolina.

The shares of each state of the total US environmental
industry and environment-related jobs also differ substan-
tially, depending largely on the size of state GDP and labor
[orce. Nevertheless, there are some important diflerences
among the states. For example. while the number of
environment-related jobs is about the same in both
Michigan and Florida and each state has about 4.4% of
the national total, the population of Florida is nearly twice
that of Michigan— Florida represents about six percent of
the US population while Michigan comprises 3.4%. That
is. per capita, the size of the environmental industry in
Michigan is nearly twice that of the industry in Florida.

Table 5 shows the industry sector distribution of total
employment and of environmental employment in each of
the six states. It and Table 4 illustrate that environment-
related jobs ure distributed among all sectors, but are
heavily concentrated in several. Significant portions of the
environmental jobs in each state are in the public
administration sector which, given the public nature of
EP, is to be expected. However, most of the environmental
jobs in the states are in the private sector. and focusing on
these reveals that thev are heavily concentrated in several
sectors.

A5 discussed. all estimates of the size of the environmental industry

rely critically on the exact definition of the industry. Since there is no
official definilion. estimates of the size of the environmental industry dilfer
according to the source. In MISI's case. the definition of the industry
includes human and environmental sustainability principles. and MISEs
estimates thus include a broader range of environmental aetivities in the
economy than some other definitions that have been developed.

Y The detailed findings for each state are available on the MISI web site:
WWW. Misi-net.com
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Tubde -
Stummary ol the envirommental industrics in six states in 2003
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State GDRP Stale jobs Total US Total US Manufocturing  Professional,
(") ) environmental environmenlal (™) scientific.
industry (%) Jobs (%) technical (%)

Florida 154 23000 XA 3.0 ] 4.4 7 s

Michigan 12.9 2170040 39 4.9 4.3 44 29 il

Minnesalil % 2000 2.6 3.3 L7 |.8 21 23

North 9.1 [ 12,000 3.1 28 3.0 29 24 20

Caroling

Ohio [2:32 | 76000 37 3.3 4.1 3.3 29 7H

Wiscomsin 54 97.000 25 35 I8 20 3l 16

Sewrce: Manasement Information Services, Inc.. 2006

Of particular note 15 that the private seclor environ-
mental industry 1s more manulacturing intensive than
other average private sector activity in the states. As shown
in Fig. 4, in Florida, 7.4% of private sector jobs in the
environmental industry is in manulacturnng, compared to
6.2% in manufacturing among all private sector jobs in the
state; in Michigan, 29% of private sector jobs in the
environmental industry is in manufacturing, compared to
[ 7% in manufacturing among all private seclor jobs: in
Minnesota, the comparable shares are 21% and 15%: in
North Carolina. the comparable shares are 24% and [9%;
in Ohie. the comparable shares are 29% and 18%: in
Wisconsin. the comparable shares are 31% and 21%.

The jobs concentration is even more pronounced with
respect to employment in the professional, scientific. and
technical services sector. As shown in Fig. 5. in Florida.
22% of private seclor environmental jobs is in professional,
setentifie, and technical services, compared to 6% of all
private seetor jobs in the state; in Michigan. 29% ol private
sector environmental jobs is in professional, scientific,
and technical services, compared to 8% ol all private
sector jobs in the state; in Minnesotd, the comparable
shares are 23% and 5%: in North Carolina. the compar-
able shares are 20% and 3%: in Ohio. the comparable
sharcs arc 25% and 7%: in Wisconsin, the comparable
shares are 16% and 4%

Conversely, there are relatively few private sector
environmental jobs in other parts of the stales’ economies,
mneluding retail trade, finance and insurance, health care
and social services, and transportation and warehousing,

The concentration of environmental jobs within certain
industrial sectors is instructive and interesting. While
accounting for only abut 3-5% of total employment in
each state. the industry sector composition of environ-
mental employment is highly skewed in favor of certain
imcluding manufacturing. This indicates  that
investments in the environment will provide a greater than
proportionate assist Lo the states” manufacturing sectors.
All of these states are seeking to modernize and expund
Ltheir high-tech industrial and manulacturing bases. Table 3

seclors

and Fig. 4 indicate that the environmental industry can aid
in this objective.

Similarly. environmental mmvestments generate, propor-
tionately. 3-4 times as many jobs in professional, scientilic,
and technical services as the state averages. Jobs in this
sector include the high-skilled. high-wage. technical. and
professional jobs that all states seek to attract and retain.
Table 5 and Fig. 5 indicate that investments in EP can be of
considerable assistance here.

6.2. Environmental jobs by occupation

We disaggregated environmental employment in each
state by specific occupations and skills. The results for
Florida and Michigan are representalive of those For the six
states. and this information for selected occupations 1s
given in Tables 6 and 7. These tables illustrate thal
environmental jobs are widely distributed among all
occupations and skill levels and, while the number of jobs
created in dillerent occupations differs subslantially,
employment in virtually all occupations 1s generated by
environmental spending.

As noted in Scction 4, the vast majority of the jobs
created by EP are standard jobs for accountants, engincers,
computer analysts. clerks. factory workers. truck drivers.
mechanics. cte.. and most of the persons employed in these
jobs may not even realize that they owe thair livelihood to
protecting the environment. This is [urther illustrated in
Tables 6 and 7. which list the jobs created by EP in Florida
and Michigan mn 2003 within selected occupations. For
example. Table 6 shows that EP gencrated in Florida:
More jobs for sheet metal (821) than for
geoscientists (241): more jobs for oflfice clerks (496%) than
for environmental engineers (2545); more jobs for executive
seeretaries (2432) than for landscape architeets (313); more
jobs lor janitors (1827) thun lor natural science managers
(207): more jobs for electricians {708) than for chemists
(242): more jobs for truck drivers (2870) than for septic
tank servicers (2181); more jobs for fnancial managers
(684) than for conservation scientists (371); more jobs for

workers
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management amalysts  (2049)  than for environmental
engimeering techneians (1289); and more jobs for computer
software engineers (1839 than foe - hazardous material
removal workers (1267)..

Table 7 shows similar findings tor Michigan. Thus, many
workers in Plorida and Michigan are dependent on EP for
thetr employment. although they often would have no way
of recognizing that connection unless it is brought to their
allention,

The importance of environmental spending lor jobs in
SOMe oceupations s much greater than in others. For some
veccupations, such as envirenmental scientists and specialists,
environmental engineers. hazardous materials workers,
water and Hyuid waste treatment plant operators, environ-
mental science profection technicians, refuse and recyclable

malterial collectors, and environmental engineering techni-
cians. virtually all of the demand in both states 1s created by
EP activities, This is hardly surprising, for most of these jobs
are clearly identifiable as “environmental™ jobs.

However, in many occupations not traditionally dent-
fied as environment-related. a greater than proportionate
share of the jobs is also generated by EP. On average,
enviranment-related employment in Florida comprises
only 3% of total emplovment and in Michigan compriscs
4.9%. in 2003 EP expenditures generuted jobs for a greater
than proportionate share—as much as 0% or more of
many professtonal occupations in the two slates, including
chemists, eivil engineers. computer soflware engineers,
electronics enginecrs. geoscientists, landscape archilects,
medical scientists. natural Scicnces managers, Surveyors,
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Table 6

Environmental jobs generated in florida in 2003, by selected vecupations
Occupation Jobs
Accountants and auditors 1272
Bookkeeping and accounting clerks 2092
Cashiers 3391
Chemists 242
Computer soflware engineers 1873
Conservation scientists 371
Customer service representatives 2334
Eleclricians 708
Electronies engineers 781
Environmental engineers 2543
Environmental engineering technicians 1289
Environmental seientists and specialists 5659
Exceulive seeretaries and administrative assistants 2432
Financial managers 684
Farest and conservation workers 199
Geoscienlists 241
Graphic designers 296
Hazardous material removal workers 1267
Inspectors, testers, and sorlers 323
Janitors and cleaners 1827
Landscape architects 313
Mechanical engineers 250
Managemenl analysts 2049
Marketng managers 454
Medical scientists, except epidemiologists 255
Natural science managers 207
Office clerks 4949
Pesl control workers 161
Security guards 1614
Septic tank servicers and sewer pipe cleaners 2141
Sheet metal workers 821
Stock elerks 2587
Training and development specialists 431
Truck drivers 2870
Water and liquid waste treatment plant operators 5454
Welders and Solderers 328

Soyrce: Management Information Services. Inc., 2006.

urban and regional planners. chemical engineers. and
engineering mManagers.

For many other occupations. also not traditionally
identified as environment-related, a greater than proportion-
ate share of the jobs is also generated by EP. On average,
environment-relaled employment in Florida comprises only
3% of total employment and in Michigan 4.9%, in 2003 EP
generated jobs for as much as 10% or more of many highly
skilled, technical occupations in the two states. including
architectural and civil drafters. chemical technicians, civil
engineering technicians, electrical and electronics engineering
technicians, electrical and electronics equipment assemblers,
electrical and electronics drafters, fiberglass laminators and
fabricators, forest and conservation technicians, heating. air
conditioning, and refrigeration mechanics and installers.
industrial engineering technicians, surveying and mapping
technicians, chemical plant and system operators, electrical
and electronics repairers. engine and other machine assem-
blers. surveying and mapping technicians, and network
systems and data communications analysts.

Table 7
Environmental jobs generated in Michigan in 2003, by selected aecupa
tions

Occupation Jobs
Accoumtants and audilors 1780
Chemical engineers 197
Computer and informalion svstems managers 535
Construction laborers 880
Customer service representative 2423
Electricians — 1079
Engine and other nmchin_cﬂ__-.lsscmbicrs' 186
Environmental engineers [382
Environmental scientists and specialists 1523
Employment. recruitment. and placement specialists 525
Financial analysts 333
Forest and conservation technicians 100
Forging machine setters, operators, and tenders 204
Geoscientists, except hydrologists and geographers 272
Huazardous material removal workers 1216
Human resource managers 297
Industrial engineers 734
Industrial machinery mechanies 464
Inspectors, testers, and sorters 1161
Janitors and cleaners 3040
Landscaping and grounds workers 1101
Machinists 960
Management analysts 1134
Marketing managers 31
Mechanical engineering technicians T
Medical scientists, excepl epidemiologists 025
Office clerks 4118
Packers and packagers 932
Receptionists and information clerks 1512
Refluse and recyclable material collectors 5454
Sales representatives, technical and scientific products 363
Secretaries 2522
Security puards 1115
Septic tank services and sewer pipe cleaners 702
Tool and die makers 324
Truek drivers, heavy and tractor trailer 2176
Water and higuid waste treatment plant operators 5130
Word processors and typists 323

Sowrce: Management Inlormation Services, Inc.. 2006,

The above findings are significant for they indicate
that EP creates jobs in greater than proportionate share
in two categories that Florida and Michigan—and other
stales—are eager to attract: (i) college-educated profes-
sional workers, many with advanced degrees. and
(i1) highly skilled. technical workers. with advanced
training and technical expertise. many of them in the
manufacturing sector. EP thus generates jobs that are
disproportionately for highly skilled, well-paid, technical
and professional workers, who in turn underpin and
provide foundation for entrepreneurship and economic
growth,

Our work thus demonstrates that EP can form an
important part of a strategy for states based on attracting
and relaining professional, scientific, technical, high-
skilled, well paying jobs. including manufacturing jobs.
While a successful strategy must have other components as
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I, rarely has any state recognized the economic and jobs
nefits that could flow [rom specifically encouraging the
velopmenl of environmental and environment-related
Justries as an economic development initiative. Indeed,
ually the opposite is the case: Most states usually tend to
sw EP as economically negative.'”

Another important finding derived here is the signifi-
nee of the environmental industry compared to other
stors of the state economies. For example, the tourism
Justry generates about 540,000 jobs in the Florida, and
is state well recognizes the key role that tourism plays in
¢ state economy. Here, we estimate that environment-
lated jobs in Florida total 220,000—jobs that tend to be
ore highly skilled and better paying than those in the
urism sector. This fact is nol widely known or
ipreciated by state policy-makers.

Comparison (o other estimates of environmental spending

Aside from the estimates presented here. the only other
mprehensive, consistent time series of estimates of US
vironmental expenditures over the past four decades are
ose developed by Environmental Business, International
BI)."" The MISI and EBI data serics are not strictly
mparable. For example, MISI estimates environment-
laled spending using the expenditure concept and
saggregates spending by media (air, water, land, etc.)
id other categories such as R&D. energy-related environ-
ental programs, and so forth. EBI focuses on revenues to
1siness and classifies spending into services (analytical.
izardous waste, consulting & engineering, etc.) equipment
ir pollution control, waste management, instruments &
formation, etc.), and resources (water utilities. resource
covery, and clean energy & power).

A comparison of the MISI and EBI estimates' is given
Table 8, which shows that:

During the 1970s, the EBI estimates ol environmental
expenditures were significantly higher than the MISI
estimates.

PThese policies differ considerably among the states. and some states
ve belatedly begun to recognize the economic benelits of environmental
otection. For example. Florida has initiated a major Everglades
ilorition program and has prohibited offshore drilling, Michigan has
plemented 4 hvdrogen program. Arizona Tas aggressively promoted
lar and wind, and Washingtan is initiating an ambitious hiomass
agram.

“The EBI data are available for purchase at wwiw.ebiusa.com. In 1990.
*A published estimates of environmental costs (US Environmental
oteclion Agency, Ollice of Policy, Planning, and Evaluation. Environ-
mtal Investments: The Cost of o Clean Enviromment. EPA-230-1 1-90-083,
svember 1990) and Pace University published estimates of the
yironmental costs of electricity (Richard OQttinger et ak., Environmental
st of Eleetrieity. New York: Oceana publications, 1990). However. no
1e series duta are available for these data and the estimates are not
mparahle to the MISI estimates.

HERI present its estimates in current dollars. For comparison here.
181 converted the EBI current dollar estimates to constant 2003 dollar
imtes using the GDP deflator series.

Table 8
Comparison ol estimates of the growth of environmental expenditures in
the US fexpenditures in billions of 2003 dollars)

MISI EBI"

Expenditures Grawth Expenditures Growth

(millions/$) (%a) (millions) (%)
1970 39 73
1975 77 97 100 a7
1980 121 57 125 25
1985 158 3l 148 I8
1990 204 29 201 ib
1995 235 15 210 3
2000 273 16 221 5
2003 301 10 227 3
2010 357 19 268 I8
2015 398 11 NAP
2020 439 10 NA

Source: Management Information Services. Inc. and Environmental
Business International. Inc.. 2006,

“EBI expenditures in current dollars were converted by MISI to 2003
dollars.

PNA. not available. EBI did not forecast expenditures beyond 2010,

e From 1980 through 1995, the MISI and EBI estimates
were roughly comparable

e By 2000. the MISI estimates were larger than the EBI
estimates.

e The percentage growth rates in expenditures over the
past four decades were roughly comparable, and both
data sets show the rate of increase in environmental
spending decreasing after 1970,

e The forecast rate of growth of environmental spending
through 2010 by both EBI and MISI are ncarly
identical, although from different bases.

e EBI shows the rate of growth of expenditures to be
between three and 3% from 1995 to 2003, whercas MISI
shows the rates of growth to be considerably higher,
although declining.

e MISI forecasts that from 2010 to 2020, environmental
expenditures will increase by 23%. whereas EBI presents
no forecasts beyond 2010.

8. Conclusions and suggestions for further research
8.1. Findings at the national level

Our first major finding is that EP, economic growth, and
jobs creation can be complementary and compatible:
Investments in EP can create jobs. not destroy them."

"While environmental protection both creates and displaces jobs. we
have found the net jobs effect 1o be strongly positive, although jobs
impacts will vary from case Lo case, Further. even when the net jobs effect
is strongly positive, it must be recognized that significant job displacement
may be occurring. For example. in analyzing the likely economic and jobs
cffects of enhanced CAFE standards. we estimated that by 2020 347.000
net jobs would be created. However, this estimate was the combination of
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This finding is important because it differs from what many
legislators and policy-makers currently believe.

Second, contrary to general public perception and
public pelicy understanding, since the late 1960s protection
of the environment has grown rapidly to become a major
sales-generating, profit-making, job-creating industry
3300 billion/year. and 5 million jobs in 2003. The size
and the job creating potential of the environmental
ndustry is something that few are aware of.

Third. the vast majority of the five million jobs created
by EP are standard jobs for accountants, engineers,
computer analysts, clerks, laclory workers, truck drivers,
etc.. and the classic environmental job (environmental
engineer, ecologist, conservation technician, etc.) constitu-
tes only a small portion of the jobs created. In fact, most of
the persons employed in the jobs created may not even
realize that they owe their livelihood to protecting the
environment.

This finding is important for, even recognizing that EP is
good for the economy and is creating 5 million jobs, the
first impression is likely that these are jobs for environment
specialists, ecologists, environmental regulators, etc. We
lound that jobs for all occupations and skills are generated,
and this should be of interest to organized labor. trade and
professional associations, and policy-makers.

8.2. Findings at the state level

Our first major finding at the state level, derived from
detailed analyses of the environmental industry and jobs in
Florida, Michigan. Minnesota, North Carolina, Ohio. and
Wisconsin. is that the overall relationship between state
environmental policies and economic/job growth is posi-
tive. not negative. States can and do have strong economies
and simultaneously protect the environment, and states
with the strongest environmental records also have the best
Job opportunities and climate for long-term economic
development.

This is a key finding. In our analysis of the six states we
found that all of them assume that there is a negative
relationship between protecting the environment and eco-
nomic and job growth. Thus. the states’ policies relating to
EP and economic/job development focus on “reforming,”
“streamlining,” and “rationalizing” environmental rules and
regulations (a euphemism for weakening them), “‘simplify-
ing” and “accelerating” environmental permitting, and
otherwise sacrificing the environment to economic growth
and job creation. Hopefully, the research reported here will
begin to change these state attitudes and polices.

{(footnote continued)

total gross job creation of 433,000 jobs and the displacement of §6.000
Jobs. Thal is. while nearly 350,000 et jobs would be created. nearly 90,000
Jjobs would still be lost. This has obvious policy implications. See Roger H.
Bezdek and Robert M. Wendling. “Fuel Efficiency and the Economy,”
American Scientist. op. cit,, and Roger H. Bezdek and Robert M.
Wendling. “Potential Long-term Impacts ol Chinges in US Vehicle Fuel
Efficiency Standards,” Energy Policy. op. cit.

Second, environmental jobs in cach of the stales ar
concentrated within a number of sectors, including
manufacturing and professional, information. and scien
tific, and technical services, and this is significant becausc
the states are seeking to modernize and expand thei
high-tech industrial and manufacturing bases. Thus
not only is the relationship between EP and jobs positive.
but the types of jobs created are dispropertionately
scientific, professional, technical, high-skilled. manulac
turing, and high-wage jobs—the very types of jobs thai
all states are attempting fo retrain and attract. These
types of jobs are a prerequisite for a prosperous, middlc
class society able to support state and local govern-
ments with tax revenues—which states already recognize,
Of particular note, in the six states studied thus fa
data show that investments in the environment will provide
a greater than proportionate assist to the manufacturing
sector.

Finally, EP can form an important part of states’
economic development strategies, and there is no inherent
institutional impediment in any state to using existing
economic assistance policies and incentives to facilitate
development of environmental industries and jobs. This is
a key policy finding because, at present, none of the states
we examined appreciates this polential: (i) no state has
integrated environmental industry and job development
into its general strategic or economic development plan: (ii)
state environmental departments and agencies have little or
no focus on environmental employment or job develop-
ment; (iii) state labor and workforce departments and
agencies have little or no focus on environmental industrics
or jobs.

Each state is home Lo diverse environmental companies,
many global leaders in their field.'® but their strong role in
employment generation is largely overlooked in economic
development initiatives and policy. Altering stales’ percep-
tions and policies here is essential.

8.3. Suggestions for further research

Our work has identified several areas requiring lurther
research. First, a more rigorous and generally accepted
definition of whal constitutes an “environment-related
job” is required. Environmental advocates have tended to
identify the more glamorous types of jobs, such as
ecologist, wildlife biologist, conservation specialist, solar
energy researcher, etc., but we found that the overwhelm-
ing majority of environment-related jobs are for the
standard occupations, skills, and professions. Nevertheless,
the numbers and types of jobs—both in general and in
specific industries and firms—are in need of much
additional research.

"“As part of this research project, we identified and assessed a
representative sample of environmental firms in each state selected for
heterogeneity with respect to size. geographic location, and services and
products provided. These findings are available on the MISI web site:
WWW._ misi-nel.com
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Second, the empirical work reported here needs to be
expanded. While we have analyzed the environmental
industries in six states, it remains to be determined how
representative our findings are for the rest of the US At
least as important, our analyses of each state were not
comprehensive, and much more detailed assessment of
several individual states is required. Such an assessmenl
would look in detail below the state level to specific
geographic regions and industries and conduct in-depth
analyses of specific environmental firms,

Finally, it would be useful to have international
perspective. We found that in the US environment-related
activities account for 3-5% of national and state GDP and
jobs. Using generally consistent concepts and definitions, it
would be interesting to determine how these estimates
compare Lo estimates of environmental industries and jobs
in other developed nations. International comparative
analyses of detailed results at the sector, industrial. and
occupational level would be especially useful.
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Abstract

R-mode hierarchical cluster and principal component analysis (PCA) were simultaneously applied 1o surface water hydrochemical data
from three different locations, Ankwaso. Dominase and Prestea, along the Ankobra Basin, Ghana, to extract principal factors
corresponding to the different sources of variation in the hydrochemistry. with the objective of defining the main controls on the
hydrochemistry at the basin scale. Using the Kaiser criterion, principal components (PC) were extracted from the data and rotated using
varimax normalization, for each location. The varimax rotation ensured that variation in the data was maximized for easy interpretation
of the results. The analysis reduced 30, 33 and 33 data points, respectively, for Ankwuso, Dominase and Prestea (o four, three and four
PC representing the sources of variation in the hydrochemistry at the three different locations. Though the PC analysis proved to be more
robust at unveiling the sources of variation in the hydrochemistry than the R-mode hierarchical cluster analysis (HCA). the combined use
ol both techniques resulted in more reliable interpretations of the hydrochemistry. On the basis of these analyses, the hydrochemistry of
the basin is controlled largely by the weathering of minerals (silicates. carbonates, gypsum and apatite) from the underlying meta-
sediments of the Birimian and Tarkwaian Systems, and the decay of organic matter from the heavily forested regions. Concentrations of
the major chemical parameters are within naturally acceptable limits and do not pose threats to the local ccology and humans. There is
no strong evidence of high anthropogenic impacts on the major anions and cations used fof this research, though there are variations at
the different locations studied. The hydrochemistry at Ankwaso is principally controlled by the weathering of silicate minerals, whereas
those of Dominase and Prestea are. respectively. influenced by precipitation and domestic wastewaters, and the decay of oreanic matter.
(€ 2006 Elsevier Ltd. All rights reserved.

Keywords: Ankobra; Dendrogram; Hierarchical cluster analysis; Prinicipal component analysis: Varimax rotation; Weathering

1. Introduction limit on the maximum amounts of certain species of

chemicals in natural waters, Some minerals like carbonates

In the current world economic paradigms, sustainable
socioeconomic development of every community depends
much on the sustainability of the available water resources.
Water of adequate quantity and quality is required to meet
growing household, industrial and agricultural needs. Sur-
face water quality is a very sensilive issue, which transcends
national boundaries. It is influenced by many factors,
including atmospheric chemistry, the underlying geology,
the vegetation (or organic matter decay), and anthropogenic
agents. The solubility of minerals in water places an upper

*Corresponding uuthor. Tel.: +19736553457; fax: + 1973 6554072.
E-mnail address: vidanaslemail. montelairedu (S.M. Yidana).

(301-4797/% - see Iront matter (© 2006 Llsevier Ltd. All rights reserved,
doi:10.1016/j.envman.2006.11.023

and evaporites dissolve quickly and change the composition
of water faster, while other minerals like silicates dissolve
more slowly and have less conspicuous effects on the
composition of water. Temperature also plays a vilal role in
controlling the chemical and biological composition of a
freshwater body. Previous studies (Frape et al., 1984:
Garrels and McKenzie, 1967: Hem, 1989; Hartman et al.,
2005) have revealed that the chemistry of natural waters can
often be traced to the reaction of these walers with
sediments or rocks through which they flow. Based on
catchments studies in the USA, Walling (1980) observed
differences in the weathering mechanisms of different rocks.
Walling (1980) concluded that total dissolved solids in the
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water from limestones, volcanics and sand and gravel is
ilmost independent of the amount of runoff. These
ifferences in behavior accrue from the differences in the
solubilities of the minerals present in these rocks. Since
altrabasic rocks are rich in pyroxenes and olivine, the
sredominant element expected [rom these rocks in fresh-
water is Mg> . Similarly, Ca** is the dominant cationic
sontribution from calcareous soils, and when Ca®" and
Mg’ " arc present in about the same concentrations in a
water body, they are probably derived from dolomite
‘CaMg(CO1)5). Atmospheric chemistry is the main source
af C1I™ in freshwatcr bodies.

Organic matter decay can contribute phosphates, bicar-
bonate, nitrate, ammonia and dissolved solids to the
shemistry of surface waters. Organic matter decomposition
also has the tendency to reduce the dissolved oxygen (DO)
sontent of natural water, Factors such as the residence time
of waler, the temperature and the presence of other ions play
important roles in determining how much organic matter
decays. Anthropogenic forees have the immense tendency to
aceelerate natural processes that affect water quality.
Surface mining. mineral leaching and the uncontrolled use
of toxics in industry can adversely affect the suitability of
surface water resources for many purposes. Where chemical
fertilizers are being used in agricullure. nitrate and ammonia
levels in surface waters have the tendency to rise to
unacceptable levels. Many of the factors that influence
water guality vary on spatial and temporal scales. A
complete assessment ol the role of these factors would
require the consideration of both scales in the analysis.

Prestea
|

Dominase

This paper applies cluster and factor analysis to assess
the main controls on the chemistry of surface water
resources from the Ankobra Basin at three different
locations along its course. It makes use of the strength
inherent in the joint application of two multivariate
variable classification tools, to establish the source of
variance in the hydrochemistry of the basin at the three
different locations.

2. The Ankobra Basin

The Ankobra Basin (Fig. 1) is part of the southwestern
river system, which makes up 22% of the total runoff in
Ghana. It drains a total area of 8272 km? into the Atlantic
Qcean in the south. Annual rainfall ranges between 1500
and 2150 mm. This much precipitation helps sustain a thick
forest cover within the area. Rocks of the Birimian and
Tarkwaian systems, which host a huge percentage of the
country’s mineral resource, underlic the Ankobra Basin.
These include crystalline igneous and metamorphic rocks
of Precambrian age making up rocks of the Birimian
system, overlain unconformably by rocks of the Tarkwaian
system. The Tarkwaian system consists of slightly meta-
morphosed, shallow water sedimentary strata, chiefly
sandstones, guartzites, shale and conglomerate, believed
to be the weathered derivatives of the Birimian rocks. The
Birimian System is composed of great thicknesses of
isoclinally folded. metamorphosed sediments intercalated
with metamorphosed tuff and lava (Dapaah-Siakwan and
Gyau-Boakye, 2000). The tuff and lava are predominant in

Legend:

1 = North and Northwest region of
granite and subsidiary Birimian
metamorphics.

2 = Voltaian Quartzites and Shales
3 = Voltaian Quartzites

4 = Voltaian shales and sandstones
5 = Voltaian arkoses and shales

6 = Togo and Buem quarizites, phyllites
and mudstones

7 = Birimian Schists, phyllites,
greenstones and greywackes

8 = Granite and granitic gneisses

9 = Southwestern and southeastern
Cretaceousand tertiary sediments
10 = Dahomeyan acid and basic

gneisses, sediments of the Volta delta
and coastal savannah zone.

Fig. I. A map of Ghana showing the three locations along the Ankobra Basin.
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the upper part of the System whilst the sediments are
mainly in the lower parts. The entire sequence is intruded
by batholithic masses ol granites and gneisses. In the wake
of this intrusion, the argillaceous sediments of the sequence
were metamorphosed to schist and phyllite. intercalated
with greywacke.

Ankwaso, Dominase and Prestea, the three locations
sampled for this research, are all underlain by the Birimian
schists, phyllites, greenstones and greywackes (Fig. 1),
which are highly manganiferous (Dapaah-Siakwan and
Gyau-Boakye, 2000). These rock units are highly folded in
the region. They contain feldspars, quartz. carbonates.
sulfates and several heavy metals. The three regions were
selected to identify any impacts of anthropogenic factors
such as surface mining activities on the concentrations of
the major cations and anions of the water in the Ankobra
Basin al the three different locations.

3. Chemical data

The chemical analysis that forms the basis of this paper
was compiled by workers of the Water Resources Research
Institute, of the Center for Scientific and Industrial
Research, Ghana. The purpose was to present data on all
the surface water basins (see Fig. 1) in Ghana in a readily
available format for use. Observation stations were located
at three different places in Prestea. Dominase and
Ankwaso, for the period ranging between 1989 and 1992.
There are gaps in the data due to the dryving up of some
streams following prolonged drought, and the lack of
reagents and logistics to analyze some other water quality
indicators. For instance. heavy metal analysis was not
done. For the period indicated, grab water samples were
analyzed for pH, conductivity (EC), DO, total alkalinity
(TA), total solids (TS), cations (sodium (Na "), calcium
(Ca®"), magnesium (Mg>"). potassium (K ™), anions
(chloride (CI7), bicarbonate (HCO7), sulfate (SO37),
phosphate (PO37) and SiQ,. The data for the three
locations 1s summarized in Table 1. Except for pH which
is a pure number and EC., which is measured in pS/em, all
the parameters are quoted in parts per million units.
Alkalinity and pH were measured m the field. For all
chemical parameters, the same treatment was applied to
samples taken from the three locations to ensure uni-
formity.

4. Multivariate statistical analysis

In recent times, multivariate statistical methods have
been applied widely to investigate environmental phenom-
ena (e.g. Anazawa et al.. 2003; Anazawa and Ohmori,
2005; Giiler and Thyne, 2004; Laaksoharju et al., 1999),
The combined use of principal component analysis (PCA)
and cluster analysis enabled the classification of water
! distinet groups on the basis of their
=l characieristics. Multivariate statistical Lools
v used 1o studv and classily different

-

Table 1
Summary statistics of the concentrations ol the mujor chemicil parameters
used for this study

N Minimum Maximum Mean Std. deviation

Amnfowaso

pH 30 6.4 7.6 7.2 0.3
EC 30 70.0 182.0 139.9 29.5
Na® 28 6.1 48.0 14.4 8.3
K~ 30 2,70 259 6.4 4.6
Ca®' 31 .0 224 _ 12.7 38
Mg 30 0o 1875 5.0 1.5
Cl 30 9.0 59.0 17.0 10,1
HCO3 30 26.8 956.0 122.4 240.4
PO;~ 30 0.0 0.96.0 0.1 0.2
TS 30 65.0 575.0 259.6 L66.4
TA 33 20,0 80.0 51.1 15.5
Si0s 30 2.0 65.0 1.8 13.5
SOi~ 30 0.0 45.0 5.4 9.9
DO 33 3.3 8.1 6.0 122
Daomninese

pH 30 6.3 1.6 7.0 36480
EC 33 27.0 116.0 73.3 20.3
Ni~ 35 29 22.4 9.0 4.4
K' 35 0.9 120.0 11.8 28.0
Ca™t 33 3.0 109.0 15.5 25.7
Mg®~ a2 1.0 15.6 4.1 2.9
- 32 6.0 27.9 124 5.4
HCO; 33 12.0 56.0 253 12.8
PO 0 0.0 0.7 0.1 0.2
T8 0 1000 400.0 221.5 103.4
TA 30 12.0 60,0 27.7 14.1
S0, 3 1.0 28.0 10.3 6.9
503 30 1.0 540.0 41.3 114.2
DO 30 5.1 8.0 6.6 0.8
Prestea

pH 30 6.2 7.7 7:1 0.4
EC 30 3.0 3480 85.6 52.4
Na™© 33 0.0 43.0 8.3 7.4
K* 30 0.9 7.4 2.5 1.3
Ca® 30 30 21.0 7.2 3.4
Mg ™ 30 0.0 27.7 42 4.8
- 30 7.0 20.0 1.0 3.1
HCO; 30 20,7 732 34.7 13.3
PO3 30 0.0 0.5 0.1 0.1
TS 30 42.0 1055.0 204.9 254.4
TA 35 14.0 60.0 29.3 1.2
Si0; 30 0.0 43.0 14.5 10.8
SO~ 33 0.0 15.0 3.6 42
DO 33 5.4 9.4 7.0 1.2

N = total number ol data points.

sediment types (Huisman and Kiden, 1998:; Tebens et al.,
2001), and hydrogeochemical processes (Cameron, 1996;
Duffy and Brandes, 2001: Gupta and Subramanian, 1998).
Momen et al. (1996) used cluster analysis and PCA Lo
identify the temporal and spatial variation of water
chemistry in Lake George in New York. Tarig et al.
(2005) similarly applied multivariate techniques to trace
metal levels in tannery effluents in Pershawar in Pakistan.
Their study involved samples from tannery effluents,
groundwater and soils. and with the aid of multivariate
tools, they were able to correlate important chemical
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species of the three media and established significant
relationships. Using factor analysis. Zeng and Rasmussen
{2005) attributed the variations in quality ol water [rom
Lake Lanier in Georgia (o anoxia associated with lake
stratification. This paper dwells on the strength of multi-
variate techniques lo characlerize the hvdrochemical
variations along the Ankobra Buasin. It employs the
combined use ol cluster and factor analysis to assess the
spalial variation of surface waler chemistry,

1. Cluster anulysis

Cluster analysis groups a system of variables into
clusters on the basis of similarities (or dissimilarities) such
thatl cach cluster represents a specific process in the system.
[n this study, the hierarchical cluster analysis (HCA) was
applied to the raw data for each of the three different
locations, using SYSTAT [l (Systat Software Incorpo-
rated. 2004). HCA is a powerlul tool for analyzing water
chemistry data, and formulating geochemical models
(Meng and Maynard. 2001). Several similarity/dissimilarity
measures are available from the SYSTAT [l package. A
classification scheme using the Euchdean distance for
similarity measures and the Ward's method for linkage
produces the most distinctive classification where each
member within a group 1is more similar to its fellow
members than to any member outside of the group (Giiler
et al...2002).

4.2, Factor analysis

Factor analysis is @ multivariate analytical technique,
which derives a subset ol uncorrelated variables called
factors thal explain the variance observed in the original
dataset (Anazawa and Ohmori, 2005; Brown, 1998). Faclor
analysis is used to uncover the latent structure of a set of
variables, In technical terms, common facltor analysis
represents the common variance of variables. excluding
unigue variance, and is thus a correlation-focused ap-
proach secking to reproduce the intercorrelation among the
variables, On the other hand, components (from PCA)
reflect both commeon and unique variance of the variables
and may be seen as a variance-focused approach that
reproduces hoth the total wvariable wvariance with all
components as well as the correlgtions. PCA is far more
commonly used than principal [actor analysis (PFA).
However, it is common Lo use “factors™ interchangeably
with “‘components™ in multivariate analysis.

Factor analysis can be performed on any kind of
scientific data Lo establish & pattern of variation among
variables or reduce large data sets into factors for easy
handling and interpretation. The total number ol [actors
generated from a typical factor analysis indicates the total
number of possible sources of variation in the data. Factors
are tanked in order of merit. The first factor or component
has the highest cigenvector sum and represents thc most
important source of variation in the data. The last factor is

the Jeast important process contributing to the chemical
variation. Factor loadings on the factor loadings tables are
interpreted as correlation coetficients between the variables
and the lactors,

In this research. PCA was applied Lo chemical data from
the Ankobra Basin to extract the principal factors
corresponding to the different sources of variation in the
data. Here. PCA was selected for the reasons stated above.
In order to maximize the variation among the variables
under each factor, the factor axes were subsequently
varimax rotated.

5. Results and discussions

Normal and random distribution are required for
optimality in all multivariate statistical analysis. The
Shapiro-Wilk (Shapiro and Wilk, 19635) test was performed
on each datasel to determine normal distribution. Except
for Na'. K. HCO3 and PO; ™ for Ankwaso. and Na ~,
and K7 for Dominase and Prestea. which were initially not
normally distributed due te the presence of obvious
outlicrs in the data. the rest of the parameters are normally
distributed at p<0.05. When the outliers were replaced by
medn data for the above parameters
assumed normal distribution and were well suited for
optimal multivariate analysis.

values. named

5.1 Chluster analysis

Results from the R-mode HCA for each rcgion were
reported in the form of dendrograms. On the basis of the
connecting distances between parameters and their posi-
tions on the dendrograms. distinctive clusters of the
variables were defined for cach of the three locations along
the Basin. Though this procedure is subjeclive, Lhe
distinction between clusters in this analysis is quite clear
from the dendrograms.

Ji L

Three main groups are visible from the cluster analysis of
data from the Ankwaso region. Fig. 2 presents the
dendrogram from the HCA. Group | comprises POj
K™. pH. DO, Mg’ . and SOj . and represents the
dissolution of sulfide bearing rocks and the subsequent
oxidation of the sullide to sulfate. This is an oxidation
process which also affects the pH of the medium. Group 2
is made up of $i0-. Na ™. Ca”" and C1™ and represents the
weathering of albitic and calcic Feldspar and the contribu-
tion of precipitation to water chemistry, Group 3 mdicates
that EC in the waler has a dominant contribution from the
HCO; in the water. It comprises TS, EC, HCO7 and TA.
Group 3 represents the decay of organic matler, which
enriches the water with HCO; 1ons.

Ankwaso region

5.1.2. Dominuse
The HCA lor data from the Dominase area revedl [wo
main groups of clusters of significance (Fig. 3). Group | i3
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Fig. 2, The dendrogram showing the clustering of chemical parameters of
Ankwaso water.
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Fig. 3. The dendrogram developed from HCA on dala [rom the
Dominase area.

made up of P03, Mgl T, DO. pH, Na'. CI", and SiO,
which are derived from silicate mineral weathering and
precipitation. Group 2 consists of TA, HCO3. Ca” " and
K. and represents the weathering of calcite in the organic
sediments.

5.1.3. Prestea

Three main groups are visible from the results of the
HCA. The result of the cluster analysis is illustrated in
Fig. 4. Group | comprises PO, K™, SO . and Mg>"
and reflects the contribution of organic and artificial
fertilizers from agricultural activities in the area. pH, DO.
Ca®'. CI", Na" and SiO, make up group 2 which
represents the joint effects of precipitation and the weath-
ering of calcic and albitic feldspars from the underlying
geology. Group 3 1s made up of TA, HCO;. EC and TS
and reflects the decay of organic matter from plant debris
in the area.

Cluster Treg
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Fig. 4. A dendrogram developed from the HCA on the data [rom the
Prestea region.

5.2, Factor analysis

The Kaiser criterion (Kaiser, 1960) was applied to
determine the total number of factors for each dataset in
this analysis. Under this criterion, only factors with
eigenvalues greater than or equal to 1 will be accepted as
possible sources of variance in the data, with the highest
priority ascribed to the factor that has the highest
eigenvector sum. The rationale for choosing 1 is that a
factor must have a varance at least as large as that of a
single standardized original variable to be acceptable. When
the seemingly complete factor model was developed using
this criterion. the first four factors that account for at least
80% of the variance were selected for the next analysis. This
was lo-ward off factors which by virtue of their low loadings
do not constitute unique sources of variance in the
hydrochemistry and could therefore be dispensed with.

5.2.1. Ankwaso region

Four principal compenents (PC) were extracted and
rotated using the varimax normalization (Kaiser, 1960). An
initial run using the Kaiser criterion (Kaiser, 1960) resulted
in five principal components. However, it was observed
that the fifth lactor would not constitute a unique source of
variance in the hydrochemistry since it had only one
loading greater than 0.50. It was therefore dropped and
lour factors were chosen for varimax rotation. The results
(Table 2) show that the four PC account for more than
86% percent of the variance, which is quite good and can
be relied upon to identify the main sources of variation in
the hydrochemistry. PC 1 has high loadings (> (0.50/) for
pH, EC,K ', PO; ", SiO» and DO, and accounts for 31.6%
of the total variance in the hydrochemistry in the area.
Potassium and SiO; both show positive loadings under
PCI and are derived from the weathering of K-fcldspars
from the underlying geology, a process which is accom-
panied by a rise in pH (Eq. (6)). PC 2. which accounts for
26.3% of the total variance, contains high loadings for EC,
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Table 2

Rotation PCA loading matrix (VARIMAX. Gamma = LO0O0) for the Ankwaso subregion

Componenlt

I 3 4
nH 0.7 —2 —ihd4 X ]
EC L5 0.6 0.6 —.1
Nit ' (Lo 0.9 —{L.0 —(.4
K Ly 02 —(.0 0.2
Ca®’ —0.4 —0.1 0.9 0.2
Mg 0.1 0.0 —0.2 0.9
™ —(0.4) 0.1 —().2 0.9
HCO3 —0.2 0.7 —ik1 — i
PO;- 0.6 0.6 —0.1 ~0.2
TS —.2 —0.5 0.6 —0.2
TA (L1 0.9 —{k3 0.2
510 0.7 —.4 —(L3 —.4
505 0.1 0.2 0.9 —0.1
DO 0y —{LU —i.4 0.0
Total varance explained
Component Imitial eigenvalues Extraction sums of squared loadimgs

Total Y of variance Cumulitive "o Taotal Y of variance Cumulative %
1 4.1 L6 3.6 4.1 3.6 3.0
2 34 26,3 57.4 34 26.3 57.9
3 149 14:5 724 1.9 4.5 724
4 1.2 13.9 86.3 1.8 13.9 #0.3

The bald values mdicate absolute component loadings higher than (0.3, which are considered significant contributors to the variance in the hydrochemisiry.

Na". HCO3. PO; . TS and TA. and represents the
contribution of agricultural activities and organic matler.
PC 3 has high loadings for EC. Ca®'. TS and 8O3 .
representing 14.3% of the total variance in the hydro-
chemistry at this location. PC 3 represents the weathering
of gypsum [rom the underlying sedimentary material. PC 4,
which accounts for 13.9% of the total varifance in the
hydrochemistry, shows high loadings for pll. Mg " and
CI7. PC4 represents the contribution of domestic wastes,
which contain MeCls.

522

Domindse

A Lrial analysis was performed using the Kaiser criterion
(Kaiser, 1960), to determme the maximum number of PC.
After the first PCA. POi~ and- SO3  did not load
significantly under any- PC. They were consequently
dropped since they did not contribute to the variation n
the hvdrochemistry. Three PC with significant loadings ol at
least three vartables were selecled for the varimax rotation.
This was to ensure that the resulting model represented
necessary sources ol variation in the hydrochemistry at this
location. This resulted 1 three PCs, accounting for 80% of
the total variation in the hydrochemistry. Table 3 sum-
miarizes the results of the PCA. PC 1 contains high loadings
for pH. EC.Na'. K", Mg~ and CI7, accounting for 43%
of the total variance. It represents the contribution of
precipitation and domestic wastewaters. which are rich in

Na™, Mg>" and €I . PC 2 represents 21% of the total
variation in the hydrochemistry and has high loadings [or
K . Ca~” and HCOj, derived from the weathering of
carbonate minerals from the underlying geology.

3.2.3. Prestea

Four principal components. which account for §2% of
the total variance, were extracted for varimax rotation.
Table 4 presents the rotated factor matrix. PC 1 contains
high loadings for EC, Na . Cl", HCO;, TA, and DO, and
represents 30.8% of the total variance in the hydrochem-
istry. PC | represents the decay of organic matter, an
oxidation process which requires the presence of DO. This
explains why DO and HCO3 are positively correlated with
PC 1. PC 2 contains high loadings for K, Mg” ", €17, TS
and DO, accounting for 22.4% ofl the total variance in the
hydrochemistry al this location along the basin. PC 2
represents the weathering of apatite and gypsum from the
sediments. PC 3 has high loadings for Na . Ca’", PO;~
and SO3 . representing 18.6% of the total variance. PC 4
records high loadings for pH and Si0.. Under PC 1. the
Na ~ registers a loading of 0.5, which is the samc as that
of the CI7, 0.5, PC 1 represents the contribution of
precipilation to the hydrochemistry, The Mg" " and C]
are inversely correlated with PC 2, whereas K~ and T8
are positively correlated. PC 2 represents wastewater
from communities and agricultural acuyitics in the
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Table 3

Rotation PCA loading matrix for chemical parameters —Domingse

&t N7

Component

I 2 1
pH 0.7 0.2 0.6
EC 0.8 0.1 (.1
N~ n.7 () 113
K" .6 0.5 —0.2
On® 0.0 1.0 —0.0
Mg " 0.9 0.0 —0.1
'y 0.8 0.1 —0.1
HOCOS na 0.9 —0.2
I's 0.2 03 —0.7
i —(01 —{h1 Ly

Total viriance explained

"ol virknee

Cumulative 5

Extraction sums of squared loudings

ol virianee

Cumulative

Component [nitial eigenvalues
Totul g
4.2 432

. 2i4 26005

3 |.4 13.9

432
ol
THH

432
20.8

3.9

The bold values indicate ahsolute component loadings higher than (.5, which are considered significant contributors (o the varianee in the hydrechemstry,

Tahle 4

Rotation PCA loading matrix for chemical parameters from Preste:n

Compaonenl

| 2 3 4
pH 02 0.2 —(.1 0.9
EC 0.9 .1 —0.3 0.1
Na’ 0.5 —13 —0.7 (.4
K (.2 0.8 0. —0.0
Cu” —0.0 0.2 0.9 —1
Mg 0.4 —0.7 0.1 1
Cl 0.5 —0.6 014 0.t
HCO, 09 0.1 0.2 —0.0
PO 0.0 0.2 (%] —0.4
5i04 —0.2 —0.4 0.2 0.8
SOi~ —0.4 —0.2 0.5 —0.4
TS 0.1 0.9 —0.0 0.0
TA 0.9 01 —0.0 —0.0
DO 0.6 (% 0.0 0.1

Total variance explained

Extraction suimns ¢

o squared loadings

aoof varianee

Cumulative

Y of vanance

Cumulative %a

Component Initial eigenvalues
Tatal 4

1 4.3 0.8

2 Al 2§

3 2.6 18.6

4 L4 1001

I

53,2
THN
819

3.8
224
[5.6
101

=

-1t ua
Fu Gy
o 1a o

o
o

The bold values indicate absolute component loadings higher than 0.5, which wre considered significant contributors to the variance in the hvdrochemistry.

neighborhood. Household wastewaters contain high con-
centrations of Mg~ Cl™ and K~ from salts and soaps. PC
3 represents the weathering of apatite and gypsum from the

underlying sediments and rocks. PC 4. which has high
positive loadings for pH and Si0» represents the break-
down of clay minerals, typically, kaolinite.



S M. Yiddwier er ol ¢ dowrnal of Envivenmental Munagement 86 (2008 80-87 87

6. Conclusions

The above analysis demonstrates the use of multivariate
statistical technigques 1o study
chemical parameters in surface waler systems. Though
the two multivariate technigues provide powerful means of
studying the source genesis of the hydrochemistry of the
Basin, the HCA gives broader and less definitive classifica-
tions than the PCA since the clustering and interpretations
based on the dendrograms are largely subjective. The PCA,
with the wvarimax rolation, is much more definitive and
provides much more insight into the processes controlling
the hydrochemistry at the different locations along the
Basin. The application of both the K-mode HCA and PCA
with varimax rotation. however, has been more effective
than the use of either one of them alone. The hydro-
chemistry of the basin is controlled largely by the weath-
ering of minerals (silicates. carbonates, gypsum and
apatite) from the underlying meta-sediments ol the
Birinuian and Tarkwaian Systems, and the decay of organic
matter from the heavily forested regions. There is no strong
cvidence of high anthropogenic impacts on the hydro-
chemistry of the basin, though there are variations at the
diflerent locations studied. The hydrochemistry at Ankwa-
so 1s prncipally controlled by the weathering of silicate
minerals. whereas those of Dominase and Prestea are,
respectively, influenced by precipitation and domestic
wastewaters, and the decay of organic matter.
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Abstract

In spite of the widespread recognition of the important roles that small and medium sized enlerprises (SMEs) play in most economies.
limited research has focused on their impacts on the natural environment and the strategies such enterprises adopt to reduce these
impacts. It is usually assumed that SMEs lack the resources to implement proactive environmental strategies that go bevond minimum
regulatory compliance. In this study of 108 SMEs in the automotive repair sector in Seuthern Spain, we found that SMEs undertake a
range of environmental strategies from reactive regulatory compliance (o proactive pollution prevention and environmental leadership.
These strategies are associated with three organizational capabilities: shared vision. stakeholder management, and strategic proactivity.
hypothesized based on the unique strategic characteristics of SMEs—shorter lines of communication and closer interaction within the
SMEs, the presence of a founder's vision, flexibility in managing external relationships. and an entrepreneurial orientation. We also
found that firms with the most proactive practices exhibited a significantly positive financial performance.

(1 2006 Elsevier Ltd. All rights reserved.

Kevwords: Corporate environmental strategy: Natural environment; Organizational capabilities; Small and medium-sized enlerprises (SMEs)

1. Introduction

Global environmental problems such as climate change
that require urgent solutions have increased societal
awareness about the impact of business operations on the
natural environment. Scholars have expressed concern
about the dilficulty of achieving real environmental
improvements if the current social paradigms and norma-
tive frameworks that guide business decision-making
remain unaltered (e.g. Newton and Harte, 1997). Another
group of scholars have highlighted that managers tend to
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frame the natural environment more as a strategic or
subjective issuc than as a normative or ethical one
(Aragom-Correa et al.. 2004; Banerjee. 2001; Cordano
and Frieze, 2000; Sharma, 2000). and therefore advocate a
strategic approach to promote change from within the
organization (e.g. Clemens, 2001). While we recognize the
complementarity and importance of both perspectives, in
this study we adopt a strategic focus in an under-researched
context: small and medium-sized enterprises (SMEs).
Research on organizations and the natural environment
from the resource-based view of the firm (Barney, 1991;
Rumelt, 1984; Wernerfell. 1984) has shown that proactive
corporale environmental strategies that go beyond regula-
tory compliance have a positive effect on corporate
financial performance when mediated by valuable organi-
zational capabilities (e.g. Christmann, 2000; Hart, 1995:
Marcus and Geffen, 1998; Russo and Fouts, 1997; Sharma
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and Vredenburg, 1998; Wagner, 2005). Studies have also
usually found that firm size has a significant effect on the
degree of proactiveness, with larger organizations being
more likely to adopt proactive environmental practices
(e.g. Aragon-Correa, 1998; Buysse and Verbeke, 2003:
Russo and Fouts, 1997: Sharma, 2000).

The findings that show that firm size affects the
proactiveness ol environmental strategies have perhaps
led to an assumption that SMEs’ lack of resources prevents
them from implementing proactive strategies and that such
initiatives may reduce their profitability (e.g. Russo and
Fouts, 1997: Rutherfoord et al., 2000; Schaper, 2002). It
may therefore lead to the assumption that the "natural
resource-based view of the firm” (Hart, 1995) may not be a
useful perspective for SMEs. However. the above studies
only include populations of large companies in their
samples. Although some cases suggest that environmental
policy in lesser-developed countries should develop to
enable small-scale and artisan firms to form entities
that are of a sufficiently large scale to allow ade-
quate environmental protection (Tarras-Wahlberg, 2002):
this option is not necessarily useful for competitive markets
in developed countries. Therefore, it cannot be con-
cluded from the available empirical evidence that
SMEs are not likely to adopt proactive environmental
strategies or even thal they may not possess valuable
organizatienal capabilities that enable them to generate
such strategies.

SMEs have also not been the focus of environmental
strategy research based on arguments about their presumed
lack of interest in going beyond regulatory compliance
(Greening and Gray, 1994; Russo and Fouts, 1997; Sharma
and Vredenburg, 1998). the low degree of public interest in
SMEs (Scott, 1990), and the difficulty of obtaining dala
from SMEs (Aragon-Correa, 1998; Rutherfoord et al.,
2000). However. SMEs produce around 70% of the total
global pollution (Smith and Kemp, 1998), 60% of the total
carbon emissions (Marshall. 1998). and the sum total of
SMEs’ environmental impacts outweighs the combined
environmental impact of large firms (Hillary. 2000).
Therefore, it is imperative that such assumptions about
the lower importance of studying environmental strategies
of SMEs be based on empirical data rather than on
conjecture. There is also broad agreement in the strategic
management literature that the steategic distinctiveness of
SMEs makes research focused in this context necessary
(c.g. Barney ¢t al., 2001; Dean et al.. 1998; Way. 2002).
Thus, strategic differences between big and small firms. the
scope of SMEs™ impaclts on the global economy and on the
natural environment, and the absence of previous analysis,
all uggest the importance of giving detailed attention to
the issue of the strategic behaviour of SMEs in their
interface with the natural environment.

Accordingly. in this study we develop an organizational
size-dependent perspective that links the unique strategic
characterigtics of SMEs—<shorter lines of communication
und closer interaction within the SMEs, the presence of a

founder’s vision, flexibility in managing external relation-
ships, and an entrepreneurial orientation—to the organiza-
tional capabilities that they are likely to develop and
deploy to generate proactive environmental strategies. Qur
organizalional size-dependent natural resource-based view
for SMEs addresses two questions: (1) Based on the unique
strategic characteristics of SMEs. which are the organiza-
tional capabilities likely to be associated with their
proactive environmental strategies? and (2) What effect
do such proactive environmental strategics have on the
financial and competitive performance of these SMEs? We
contribute to both: the natural resource-based view by
showing that SMEs can adopt proactive environmental
strategies based on specific capabilities associated with
their unique strategic characteristics, and the resource-
based view by identifving the type of organizational
capabilities that are likely to help SMEs develop their
competitive strategies in general,

2. Strategies of SMEs
2 1. Strategic management literature and SMEs

Despite the widespread recognition of the significant
role that SMEs play in most economies. the com-
petitive strategies of SMEs have attracted limited re-
search effort as compared to the focus on large firms.
This may be partly because early studies using the PIMS
database (e.g. Strategic Planning Institute, 1977) re-
inforced the idea that large firms possessed mumerous
advantages over smaller firms. and espoused the virtue
ol growth-oriented strategies. SMEs were often margin-
alized as a residual class of firms that failed to become big.
that frequently used old fashioned managerial approaches.
that occupied secondary labour markets and niches
(Scranton, 1999), and/or that were less likely to use
strategic analysis and planning practices (e.g. Shuman
et al.. 1985).

Later studies showed that certain advantages might also
accrue to smaller firms (e.g. Woo. 1987) and accordingly
research began to focus on demonstrating the effectiveness
of different strategies and practices for SMES’ performance
(e.g. Risseeuw and Masurel. 1994). It was argued that
SMEs could gain advantage via focused (e.g. Brown. 19945:
Porter, 1980) or flexible strategies for producing specialty
products/services for niche markets (Lescure, 1999) as the
only viable competitive options given their lack of
resources (Lee et al.. 1999).

2.2, Swrategic characteristics of SMEy

Although the dominant perspective on SMEs has
emphasized their lack of resources (e.g. I’Amboisc and
Muldowney. 1988; Eden et al., 1997), recent literature has
proposed that SMEs possess certain characteristics such as
internally generated funds, a simple capital structure, and
an entrepreneurial orientation of the founders/managers
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(Rangone. 1999; Yu, 2001), thal can contribute to
competitive advantage. It has also been argued that SMEs
possess the fexibility to respond Lo changes in the general
business environment. innovativeness to respond with
agility to competitors’ moves, and closer interaction
amongst organizational employees. Fach of these char-
acleristics is discussed below.

Flexibility is probably the most widely cited among

SME characteristics (e.g. Chen and Hambrick, 1995;
Fiegenbaum and Karnani, 1991; Yu, 2001). Flexi-

hility allows SMEs to pay greater attention to managing
external relationships upon which they are dependant
for critical resources to survive. more so than larger
firms with larger internal resources. These include inter-
{irm relationships (especially where SMEs are sub-contrac-
tors or parts/services suppliers to large companies),
personal relationships that provide them with new
market opportunities (Hendry et al., 1995; Conner and
Prahalad. 1996). and relationships with government
agencies  for identifying and attracting subsidics
and technical assistance for small enterprises (Darnall,
2002).

Entreprencurial orientation and innovativeness have
also been cited as important characteristics of small firms
(e.g. Hitt et al., 1991: Woo, 1987). However, given that
SMEs have limited human resources, the competitive
advantage from these characteristics depends mainly on
the managers-founder’s vision and her ability to extend her
views to the rest of the employees (Merz and Sauber. 1993:
Miller et al., 1988) and motivate their opportunity-seeking
and problem solving behaviour.

Finally. small firms may also be distinguished from large
ones in terms of the closer interaction among departments,
shorter lines of communication, better personal links, more
unified culture and stronger identity. While these leatures
permit easier communications and the generation of shared
understanding (Kogut and Zander, 1996). they may also
create problems due to the greater intensity of personal
interactions if shared values and vision are not sufficiently
strong (Lawrence and Lorsch. 1969),

In summary. while the literature on SME strategies
has traditionally focused on efficacy problems because
ol small firms’ potential lack of recourses., conflicting
evidence for this argument has been found (Chen and
Hambrick, 1995). We argue that the unique characteristics
of SMEs’ enable them to develop and deploy certain
organizational capabilities which may be one of the
main reasons for these paradoxical findings. Accordingly,
the following section develops arguments, from a re-
source-based view of the firm. to link the three character-
istics discussed above—shorter lines of communication
and closer interaction within the SMEs, the presence
of a [ounder’s vision, the flexibility in managing ext-
ernal relationships, and entrepreneurial orientation—with
the generation of proactive environmental strategies. and
the relationship of such strategies with SMEs™ perfor-
mance.

3. A size-dependent perspective on SMEs’ environmental
strategy

3.1 Corporate environmental strategies

In spite ol differences in nomenclature, typologies ol
corporate environmental strategy place firms’ environmen-
tal strategies along a continuum ranging Irom reactive
strategies that merely aim to mect legal requirements and
implement pollution controls. Lo-more proactive strategies
that include voluntameeco-efficient practices for reducing
energy and waste and pollution prevention practices that
require innovations in processes, products and operations
to reduce energy and material use at the source, o
environmental leadership strategies where products, pro-
cesses, and even business models are re-designed 1o
minimize the ecological [ootprint along the entire product
life cyele (Aragon-Correa. 1998: Buysse and Verbeke. 2003:
Hart, 1995;: Roome. 1992: Sharma, 2000: Sharma and
Vredenburg, 1998).

A proactive environmental strategy requires changes in
routines and operations and has been identified as an
organizational competence (e.g. Christmann, 2000; Hart,
1995) because it requires the complex coordinalion ol
several human and technical skills and heterogencous
resources (Amit and Schoemaker, 1993) in order to reduce
environmental impacts and simultancously maintain or
increase firm competitiveness. Extant research based on
samples of only larger firms has shown that organizations
with a larger size are more likely to undertake the most
proactive environmental strategies (Aragon-Correa, 1098:
Russo and Fouts, [997; Sharma, 2000). Scholars have
consequently argued thal because proactive environmental
strategies require accumulation of, and complex interaction
among, skills and resources such as physical assets,
lechnologies, and people (Ramus and Steger, 2000: Russo
and Fouts, 1997; Sharma, 2000; Shrivastava, 1995). SMEs’
limited resources might prevent them from adopting such
practices (e.g. Greening and Gray. 1994: Russo and Fouts,
1997). Although a curvilinear relationship between firm
size and environmental strategy may be possible based on
potential synergies between complementary assets (Christ-
mann, 2000), the lack of flexibility of large firms, and the
limited resources of very small firms.' to our knowledge
there is no evidence to support this relationship. The extant
literature supports a linear relationship considering that big
firms have greater access to the resources required for the
implementation of the proactive environmental strategies.

This generalized impression of SMEs has persisted
although systematic research on SMEs' environmental
strategies has been ahsent from extant literature. Support-
ing this assumption, descriptive studies of SMEs have often
highlighted their poor level of environmental commitment,
describing them as mainly interested in controlling emis-

"We thank our reviewers for suggesting this idea as potential rescarch
[or the luture.
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ons of pollution to comply with environmental regula-
ons (e.g. Rutherfoord et al. 2000; Schaper, 2002;
filliamson and Lynch-Wood, 2001).

However. a few descriptive studies in several countries
antradict this assumption and have shown that SMEs
1ay successfully implement environmental strategies con-
stent with the advanced environmental practices of big
rms (e.g. Bianchi and Noci, 1998; Carlson-Skalak, 2000;
[illary, 2000) including innovations that prevent pollution
t the source rather than pollution control at the end-ol-
1e-pipe. Therefore, we argue that. contrary to the current
ominant thinking about SME environmental strategics as
eing mainly reactive, they are also likely to exhibit
roactive strategies based on certain organizational cap-
bilities related to the unique strategic characteristics of

M Es.

2. Organizational capabilities for SMEs" proactive
suironmental strategies

Drawing on the natural resource-based view of the firm
t.g. Hart. 1995) and the unique characteristics of SMEs
iscussed above, we present arguments and develop
vpotheses in this section for the capabilities that will be
ssociated with SMEs™ proactive environmental strategies
ased on a fit with their unique characteristics discussed in
1¢ strategic management literature. These capabilities are
1y shared vision, which 1s related to the owner-founder’s
ision and the close interaction and communication
ctween the owner—founder and the organizational mem-
ers; (2) strategic proactivity which 1s related to SME’s
alrepreneurial orientation and innovativeness: and (3)
akeholder management, which is related to SMEs
exibility in managing (heir inler-organizational and
<lernal relationships. These three capabilities have also
een analysed in the natural resource-based view literature,
‘hich is predominantly based on large firm samples (e.g.
ragon-Correa and Sharma. 2003; Christmann. 2000;
Tarcus and GefTen, 1998; Russo and Fouts, 1997; Sharma
nd Vredenburg, 1998). Our contribution in this study is to
evelop a theoretical basis Lo 1dentifly a subset of the several
apabilities discussed in the literature that are relevant and
wore likely for SMEs for developing proactive environ-
ental strategies.

2.1, Shared vision S

The organizational capability of shared vision exists
‘hen an organization's members collectively have similar
alues and beliefs about its objectives and mission (Oswald
L al., 1994). The capability of shared vision does not
mply mean that employees know their managers’
bjectives; rather. shared vision entails a shared feeling
1t the firm's objectives are important and appropriate
nd that all of its members may coninbute to delining
1em. Goal clarity and shared responsibility for organiza-
onal objectives are lwo basic characteristics of shared
igion and positively affect organizational learning and

employee creativity at the interface between business and
the natural environment (Ramus and Steger, 2000).

Hart (1995) proposed that firms having a demonstrated
capability of shared vision would be able to accumulate the
skills necessary for developing a proactive environmental
strategy earlier than firms without such a capability
because these strategies depend “upon tacit skill develop-
ment through employee involvement™ (Hart, 1995, p. 999).
Similarly. research on corporate environmental change
argues for the importance of emplovee support in the SME
context (Barret and Murphy. 1996; Ruiz-Quintanilla et al.,
1996; Wehrmeyer and Parker. 1996) although the empirical
evidence 15 mainly based on the large firms™ context (c.g.
Andersson and Bateman, 2000; Ramus and Steger, 2000).

On the positive side, as compared to large firms, SMEs
may be burdened with less bureaucracy and fewer
restrictions and provide more oppeortunities for direct
communication and shared experiences amongst organiza-
tional members (O'Gorman and Doran, 1999). On the
negative side, SME munagers have been shown to have
difficulty developing clear objectives and communicating
with subordinates owing to lack of resources and
unprofessional management (Smellzer and Fann. 1989:
Way, 2002), and lack interest in analysis offered by
employees during the process of setling precise objectives
and in reaching consensus among managers and employees
(Merz and Sauber, 1995). Therefore, size alone does not
make a shared vision capability intrinsic 1o an SME.
Rather, we argue that only the SMEs that are able to
exploit close interactions between the owner-founder’s
vision and employees into a capability of a shared vision
for a sustainable business are more likely to implement a
proactive environmental strategy. For instance, Raymond
et al. (1998) showed that organizational support is
positively associated with the implementation of business
process reengineering in SMEs. This leads us to argue that
the importance of a shared vision capability for a proactive
environmental strategy will be at least as high in SMEs as
in larger organizations. Therefore:

Hypothesis 1. A capability of shared vision will be positively
associated with the development of proactive environmental
strategies by SMEs.

Stakeholder pressures have often been cited as lactors
contributing to the adoption of proactive environmental
practices by firms {e.g. Céspedes-Lorente et al.. 2003
Cordano et al., 2004; Henriques and Sadorsky, 1999;
Sharma and Henriques, 2005: Wheeler et al.. 2003). This
literature has mostly offered empirical evidence in the large
firm context for the importance of this capability for
generating proactive environmental strategies.

Sharma and Vredenburg (1998, p. 735) specifically
defined this capability as “‘the ability to establish trust-
based collaborative relationships with a widc variety ol
stakeholders, especially those with non-economic goals”.
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Henriques and Sadorsky (1999) showed that environmen-
tally proactive firms usually view all their stakeholders as
important and actively manage their environmental con-
cerns and. for instance. Sharma and Henriques (2003)
linked specific stakcholder pressures to specific sustain-
ability practices by facilities in the Canadian forest
preducts industry.

Stakcholders such as environmental non-governmental
organizations (NGOs) usually target larger firms (and not
necessarily the worst polluters), because these firms are
often the most likely to respond in order to avoid damage
to their reputations (Bianchi and Noci, 1998; Greve, 1989).
Small firms may enjoy a degree of anonymity and therefore
might be able to avoid undertaking some environmental
practices, il they are so inclined (Dean et al., 2000).
However, SMEs that are interested in proactive environ-
mental practices need to pay careful attention to their
stakeholders’ interests. Although their small size provides
them with flexibility in responding o changes in the general
business environment. small firms are also seriously
challenged by unfavourable and hostile environments
{Merz and Sauber, 1995).

SMEs have limited internal resources Lo survive hostility
by external forces and are less likely than large firms to
have access to media or publicity. Therefore, SMEs need
an organizational ability to be sensitive to the preferences
of, and collaborative with. relevant external groups to
garner external resources for adopting technologies,
processes, and systems required for proactive environmen-
tal practices. Understanding and managing societal con-
cerns via engagement in trust-based relationships can help
expand SME’s resources for undertaking proactive envir-
onmental practices through environmental coalitions and
alliances (Rondinelli and London. 2003). governmental
technological help and grants (Darnall, 2002). participa-
tion in green networks (Lehmann et al., 2005), and free
consulling (Bianchi and Noci. 1998). Similarly. Flannery
and May (2000. p. 646) found that. in a sample of 139
SMEs in the US metal-finishing industry. managers’
decisions and intentions concerning the treatment of
hazardous wastewaler were influenced positively by “their
assessment of support from important others™, that is
external stakeholders. McEvily and Marcus (2005) showed
how SMEs engaged their suppliers to develop capabilities
for pollution prevention. Therefore:

Hypothesis 2. A capubility of stakeholder management will
be positively associated with the development of proactive
environmental strategies by SMEs.

3.2.3. Strategic proactivity

Strategic proactivity is a firm’s ability to initiate changes
in its strategic policies regarding ils entrepreneurial,
engineering, and administrative activities, rather than
reacting to events (Aragon-Correa. 1998). The concepl
draws on the prospector orientation described in Miles and
Snow’s (1978) typology and involves taking initiative to

shape the general business environment @ one’s Owl
advantage (Chen and Hambrick, 1995). Proactiveness ha:
been proposed as a key dimension (with innovation anc
risk taking) of an entrepreneurial orientation (Covin ang
Slevin, 1990; Lumpkin and Dess, 1996: Miller, 1987) anc
Stopford and Baden-Fuller (1994) showed that (hes
dimensions help firms to gain new capabilitics.

Based on data from 105 large firms in different Spanist
ecconomic scctors, Aragon-Correa (1998) showed tha
strategic proactivity encouraged adoption ol proactive
natural environmentak-siralegies. Although previous em
pirical research regarding the influence of strategic
proactivity on environmental approaches has been mainly
based on large companies, some evidence shows (he
importance of strategic proactivity for small firms. Fo
example, Dean et al. (1998) showed that environmenta
regulation of specific activities or sectors tends to generally
discourage SMEs’ presence but attracts specific kinds o
proactive SMEs. This finding is especially interesting
considering that small firms often show a greater propen
sity for action than their larger rivals (Chen and Hambrick
1995). Moreover, entrepreneurial orientation and innova:
tiveness are importanl characteristics of small firms (e.g
Hitt et al.. 1991; Woo, 1987) seeking f[ocused niche
strategies in competitive markets dominated by large lirm:
with deep pockets (Lescure, 1999; Lee et al., 1009)
Therefore:

Hypothesis 3. A capability of strategic proactivity will b
yp it gL L e &
positively associated with the development of proactive
environmental strategies by SMEs.

3.3. The influence of proactive envivonmental strategy on
SME performance

Although there is mixed evidence regarding the influence
of proactive environmental strategies on the financia
performance of the firms (e.g. Bansal, 20035; Christmann
2000; Margolis and Walsh, 2003), the majority of the
studies have found a positive relationship. This positive
relationship in the context of large firms (e.g. Klassen anc
McLaughlin, 1996; Russo and Fouts, 1997) has beer
explained as a result of mutual influence between proactive
environmental strategies and valuable competitive capabil-
ities (Christmann, 2000: Hart, 1995: Majumdar and
Marcus, 2001; Russo and Fouts, 1997; Sharma and
Vredenburg. 1998). The most proactive strategies focused
on business redefinition and innovation in products and
processes to prevent pollution and waste at the source
enable an organization to align itsell with changes in its
general business environment (Aragon-Correa and Shar-
ma, 2003), and have been shown to be associated with
lower costs, improved reputation, and generation of new
organizational capabilities (Christmann, 2000; Hart, 1995
Sharma and Vredenburg, 1998). The adoption of mid-
range environmental strategies focused on eco-efficiency to
reduce energy and waste have been found to reduee
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nvironmental impacts and simultaneously provide firms
rith competitive advantage through reduction of costs and
ddition of net value (Lehni, 2000: WBCSD, 2001).

Although rescarchers have extensively examined the
mfluence of environmental practices on large lirms’
erformance, studies of small firms' environmental ap-
roaches have allen used varying dependent variables. For
xample, Flannery and May (2000) investigated the
1fluences on shaping environmentally ethical decision
1tentions, and Dean and colleagues (1998, 2000) estimated
e effect of environmental regulations on the formation of
mall US manufacturing establishments. The descriptive
tudies on SME environmental practices generally assume
wat legislative pressures are the only way to generate
dvanced environmental practices among small firms
ecause environmental activities do not have any positive
nplications for SMEs" performance (e.g. Rutherfoord et
., 2000). However, Miles et al. (1999) emphasized that the
2lationship between financial performance and the adop-
jon of environmental standards for SMEs needed further
nalysis. They stated that “'il is reasonable to expect that
ompetent management and a more proactive stance on
nvironmental 1ssues will be rewarded in the small business
ector as well” (Miles et al., 1999, p. 120).

Since organizational capabilities have been empirically
ound to mediate the link between environmental strategy
nd financial performance in the context of large firms (e.g.
“hristmann, 2000; Russo and Fouts, 1997: Sharma and
fredenburg, 1998), we argue that small firms will reap
imilar benefits. However, in this study, we did not examine
hese mediation effects and leave it for future research. We
iropose that there will also be a dircet relationship between
rouctive environmental strategy and financial perfor-
nance based on the arguments presented above.

Iypothesis 4. Proactive envirommental strategies will be
wositively associated with financial performance of SMEs.

. Research method
LI Sample and procedures

We used data from automotive garages. mamly truck
nd car repair and maintenance Jfacilities in Southern
ipain, to examine our hypotheses. The automobile
ndustry has a major impaet on the natural environment
e.g. Orsato et al., 2002) at each stage of its life cycle—from
roduction, utilization and operation, repair and main-
enance, to final disposal. The garages focus on repair and
naintenance of automotive products which generates
ignificant environmental impacts such as noise, high levels
sf CO- generation in tests, high levels of consumption of
mergy and water, use of contaminants and toxic materials
uch as chemicals and paint. and dangerous wastes.
“onsequently. this indusiry is receiving growing attention
rom legislators,

We initially interviewed six managers and key members
of an industry association of the automotive garage sector,
three consultants, and two academics interested in the area.
Data on SMEs” environmental practices, performance, and
their organizational capabilities are not available from
published sources. Therefore. based on the interviews and
extant literature, we developed a questionnaire to measure
our constructs.

The population for this study consisted of all the
automotive garages (210 firms) located in the region of
Southern Spain (including the provinces of Malaga,
Granada, and Almeria). All these firms were designated
SMEs according to official standards” (European Commis-
sion. 1999). By controlling for industry and geographical
effects we limited our potential to draw broadly general-
izable conclusions but this allowed us to control for
extraneous confounding influences and focus on our
variables of interest. Qur secondary research suggests that
the majerity of the European automotive garages face a
fairly homogeneous context in competitive and legal terms.
Automotive garages also have many similarities with small
firms in other sectors including intensive competition,
complex regulation, and lack of resources —especially
finaneial—as compared to larger companies.

Studies based on data gathered from SMEs usually tend
to be inconclusive because of very low response rates
(Merrit, 1998) or the difficulty that the respondents may
have in interpreting answers to gquestions (Smith and
Kemp. 1998). Therefore, we decided to administer the
structured questionnaire personally via interviews with
each informant. Additionally, because the vast majority of
the CEQs were native Spanish speakers, the questionnaire
was written in Spanish 1o avoid problems in interpretation.
All the items are provided in the Appendix after translation
into English. The personal survey administration took
significantly greater time and cffort compared to mail
surveys but allowed us to ensure the appropriate identity of
the respondents and their understanding of the questions.
These factors contributed to greater data accuracy and
reliability.

As is usual in strategic and environmental research (e.g.
Banerjee, 2001: Cordano and Frieze, 2000; Christmann,
2000; Flannery and May. 2000; Sharma, 2000), data were
collected from the general managers because they are the
most knowledgeable about their organization as a whole
and usually play a crucial role in designing environmental
strategies, especially in the SME context. To reducc
possible social desirability bias, we: (1) promised that
our analyses would be aggregated and no organization
would be identified individually; (2) randomly compared

“When the research was conducted, the European Commission’s
definition of SME was based on companies with fewer than 250 employees
with either an annual turnover not exceeding €40 million or an annual
balance sheet total not exceeding €27 million (adjustments are made mn
these values repularly). and those that were independent with less than
259% of the capital or voting rights owned by one enterprise or jointly by
several enterprises.
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sell-evaluation of managers with the evaluation of
environmental practices of their firms by competitors™:
and (3) included questions aboutl specific actions and
strategies rather (han about general ethical claims
(Banerjee, 2001).

The general managers of 149 firms agreed to participate
in this research and we were able to interview 126 of these
managers. Fourteen interviews were not used for this study
because ol missing values, leaving a final sample ol 108
interviews representing 51.42% of the contacted popula-
tion. The sampled firms had an average size of six
cmployees. We did not find significant differences between
the descriptive characteristics of firms that were included in
the study in terms of location, activities. and size versus the
overall population.

Although a single informant in each firm is often used in
strategic management research due to the difficulty of
obtaining multiple informants in larger surveys, we
recognize the potential for mono-method bias in our data.
Therefore we increased the confidence in our data by: (1)
undertaking a factor analysis which showed the absence of
a single general factor to account for most of the
covariance in our variables. indicating the absence of
common method variance problems for our data (Podsak-
off and Organ, 1986); (2) comparing sell-evaluation of
managers with competitors’ perceptions of their firms
which allowed us to compare managers’ responses with
external sources of well-informed evaluators (see footnote
2 for details): and (3) personally identilying qualified
respondents and administering the questionnaires. Pre-
vious literature has shown that the views of a single but
well-qualified informant may better capture a firm’s
approach as compared Lo the views of several respondents
in the case of small organizations where relevant decisions
are often highly centralized (Chandler and Hanks. 1993;
Lyon et al.. 2000).

4.2. Measures

4.2.1. Environmental strategy

Due to limited or non-availability of publicly available
environmental performance data, a firm’s environmental
strategy has been usually measured in terms of self-
perceptions of managers (e.g. Aragon-Correa, 1998:
Christmann, 2000; Flannery and May. 2000: Sharma.
2000; Sharma and Vredenburg, 1998). In our case, this was
the only feasible approach since there are no publicly
available data on environmental practices of garages in
Spain.

*A random sample of 46 managers from our final respondent firms was
asked about the most visible environmental practices of one or several
competitors (usually nearby garages). resulting in a sample of 70 externally
evaluated firms. Averaging evaluations created external evaluations of
specific firms when several of them were available. A correlation of 0.71
between rate of external evaluations developed by competitors and sell-
evaluations developed by managers for sampled practices increases our
confidence in the data.

We used two groups of items to measure the proactive
ness of the environmental strategy of each garage. Th
items were grouped based on (heoretically well-differen
tiated categories ranging from the most innovativi
prevention practices to the simplest eco-efficient practiceg
Although both groups of items include proactive practices
they are significantly different in terms of their complexity
and objectives. ranging from major changes in product anc
process design to saving energy and reducing waste, Thess
have been analysed differently -in extant literature (e.g
Hart. 1995; Marcus_aad Anderson, 2006).

The first group of practices was measured using 14 item:
drawn from Aragon-Correa’s (1998) measure lor environ:
mental strategies designed to cover the whole range o
environmental practices that a firm might adopt including
product and process innovations for pollution prevention
Table Al in the Appendix shows the results of stundardizec
varimax rotation of these items resulting in two significan:
factors (eigenvalues>1). Responses were on a five-poin
scale ranging from 1 [or “‘we have not addressed this issuc
at all” to 5 for “we are the leaders on this practice in ow
sector”. Unless otherwise noted, all subsequent scales were
created by using the same five-point response format.

The second group of practices included nine items tc
evaluate the importance that managers gave to their firm’s
implementation of various eco-efficient practices. These
environmental practices have been suggested as the first
steps toward proaclive environmental practices. and/or as
specifically applicable to SMEs (e.g. Schmidheiny, 1992:
Smith and Kemp, 1998). Exploratory principal compo-
nents analysis with varimax rotation showed (hat these
items formed two factors with eigenvalues > 1 (Please refcr
to Table A2 in the Appendix).

4.2.2. Stakeholder management

Following previous environmental research (Buysse and
Verbeke. 2003; Cordano and Frieze, 2000; Flannery and
May. 2000), we used Ajzen and Fishbein's (1980) technique
as a guide to measure the capability of stakeholder
management. First, we listed nine categories ol stake-
holders (such as local communities, sharcholders, the
media, environmentalists. and customers). and asked the
general managers to rate (from | to 5) the level of attention
they paid to each category in managing their enterprises.
Second, we asked the informants to evaluate (from 1 to 5)
their perception of the importance of each stakeholder for
the environmental performance of the firm. Similar to
Buysse and Verbeke’s (2003) methodology, we weighted
the managers’ attention lo ecach stakeholder by the
perceived attention of each stakeholder to environmental
impacts of the firm. The scores ranged from 1 to 25, with a
higher score indicating a higher capability of stakeholder
management. Exploratory principal components analysis
with varimax rotation of those nine items showed that they
formed three factors with eigenvalues>1 (Please refer to
Table A3 in the Appendix).
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t.2.3. Shared vision

We nsed three items (shown in the Appendix) based on
yevious literature on sharcd ideas about organizational
yhiectives and the ways in which employees influence those
ybjectives (e.g. Jehn, 1993; Oswald et al.. 1994). Each item
vas measured on a five-point Likert response scale
[="strongly disagree”, 5=""strongly agree”). Exploratory
yrincipal components analysis with varimax rotation of
hose three items showed that they formed only one factor
vith eigenvalue> 1 (Cronbach’s alpha = 0.791). A high
iverage score was indicative of a high degree of shared
/Asion in a garage.

.2.4. Strategic proactivity
We used three bipolar items from Aragon-Correa’s
1998) validated scale measuring proactivity in a firm’s

fraws on Miles and Snow’s (1978) well-known typology.
We asked each respondent to position his or her firm on a
jcale of 1-3 that was constructed so that high values
natched a ‘“‘prospector” strategy and low values, a
‘defender’” strategy. We inverted this pattern for the
second question to avoid skewing the answers. Exploratory
yrincipal components analysis with varimax rotation of
‘hose three ilems showed that they formed only one factor
vith eigenvalue >1 (alpha = 0.770). A high score was
ndicative of high development of strategic proactivity in a
1arage.

4.2.5. Firm performance

Strategy and environment scholars have used subjective
serceptions of managers (e.g. Judge and Douglas. 1998;
Sharma and Vredenburg. 1998) and objective data (e.g.
Russo and Fouts, 1997) to measure firm performance. We
ncluded questions tapping both Lypes of assessment in our
nterviews, bul the garage managers were more open to
offering their perceptions rather than to offering precise
quantitative data (only 61 offered quantitative data).
Therefore. we tested the model using a perceptual measure
of financial performance in which each respondent rated
his or her organization’s performance relative to that of
other firms in the garage industry using two items (see
Appendix). These two items were drawn from Judge and
Douglas (1998). These authors provide an extensive
discussion and details about the potential ol this process
of measurement and similar processes in previous strategic
litcrature (e.g. Miller and Friesen. 1984; Powell, 1995). The
average of the two items
(alpha = 0.69). and a high score was indicative of a high
level of performance in the garage as compared to the
garage industry. Where possible, we calculated the
correlation between the objective and subjective data.
These were high and statistically significant (0.62, p<0.01).

final measure was an

4.2.0, Control variabies
All our sampled firms were SMEs according to institu-
tional definitions. However. the breadth of this category

suggested the need (o use organization size 1o control for
potential differences. The size indicators initially used were
annual turnover and number of employees. Both indicators
were highly and significantly correlated in this sample and
we chose to use the number of employees. The logarithm of
an oreganization’s number of employees was used to
measure size. We also added a dummy variable to control
potential external influences based on whether or not the
parage was associated with an automotive dealer or was
independent.

5. Analysis and results
3.1, Analysis

In a preliminary analysis. the two variables measuring
proactive environmental practices were first subjected to a
cluster analysis using a non-hierarchical optimising proce-
dure to determine whether different groups of similar firms
could be grouped on the basis of their environmental
strategies (Hair et al., 1998).

Buysse and Verbeke's (2003) classification of environ-
mental strategies suggested a three-cluster solution which
showed in our data a relatively small group of firms
(n = 26) characterized by high levels of innovative and
preventive environmental practices and of eco-cfficient
practices. A second group (# = 45) showed a high level of
eco-efficient practices and an intermediate level of innova-
tive and preventive practices. Finally, a group of firms
(n = 37) exhibited the lowest levels of both eco-efficient
and innovalive practices. We identified these groups as
exhibiting “leadership,” “pollution prevention,” and “re-
active” environmental strategies, respectively, based on
Buysse and Verbeke's (2003) terminelogy. The first group
exhibits the greatest proactiveness. the second group
exhibits some proactive practices focusing on simpler eco-
efficiency solutions, and the third group does not exhibit
any proactive practices. A four-cluster solution would
divide the last group into two but not provide additional
information.

Although the cluster analysis was developed using
standardized values as recommended to avoid any influ-
ences of scales, Table | shows average scores using raw
values for the different variables in each emerging group Lo
avoid problems in interpreting standardized values. The
“leadership”™ group have the highest values for all the
analysed variables, the “pollution prevention™ group
shows intermediate values, and the ‘reactor’ group has
the lowest values for the organizational capabilities and
environmental performance. Test statistics [rom one-way
analyses of variance (ANOVA Fs) were all significant
except for shared vision, showing the robustness of the
solution (Hair et al.. 1998). Cluster analyses were repeated
on randomly selected sub-samples, indicating that the
results can be considered independent of sample character-
istics (Henriques and Sadorsky. 1999).
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Table |
Clustering of sampled firms based on their environmental sirategies
Group 1: Group 2: Group 3: ANOVA
“Leader™ “Pollution prevention™ “Reactive” F
N 26 45 17
[nnovitive preventive practices 4.04 2.76 1.70 196.021**
Eco-efficient practices 4.66 4.45 345 SETR0"
Shured vision 4.73 4.47 4.38 1.728
Stakeholder management 13.49 12.23 10.51 o.581""
Strategic proactivity 311 1.97 1.91 _ 13127
Performance 3.34 2.89 - 256 9.302%*

.01
20,001,

reventive: M
Prncﬂ_{‘y} \

N HA )

Stukeholder”
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Fig. 1. Hypothesized model.

The results show that the patterns of environmental
strategies for the sumpled SMEs are congruent with
theoretical typologies ranging from reactive (“reactor™)
to the most proactive strategies (“pollution prevention™
and “leader™). Our classification is also consistent with
previous classifications for large firms (e.e. Buysse and
Verbeke, 2003). The values in Table | for the rest of the
variables suggest support for Hypotheses [-4. Next, we
used a structural equation model lor a definitive test ol our
hypotheses (Fig. 1).

3.2, Results

We examined our hypotheses using structural equation
modelling (LISREL 8.3) with the covariance matrix as
input and the assumption of no error. This provided a
conservative test of the model (Hair et al.. 1998) and was
estimated using the weighted least squares (WLS)* method.
We used a recursive non-saturated model. taking shared
vision (&,). stakeholder management (&,), strategic proac-
tivity (C3). size (&y), and dealer affilation (¢s) as the

“The sample sized was 108, Sample size. as in any other statistical
method, provides a basis for the estimation of sampling error....... While
there is no correet sample size, recommendations are for a size ranging
hetween 100 1o 200 (Hair et al., 1998, p. 637).

exogenous latent variables. Size and dealer affiliation wer
control variables, innovative preventive practices (»;) anc
eco-efficient practices (1j;) were the first-grade endogenou
latent variables, and performance (y;) was the second
grade endogenous latent variable. Such analysis allows fo
modelling based on both latent variables and manifes
variables, a property well suited for the hypothesizec
model where most of the represented constructs arn
abstractions of unobservable phenomena.

Fig. | shows our proposed model and the hypotheses
Table 2 presents the means. standard deviations, reliability
coefficients. and correlations among the variables. Prior t¢
conducting our analyses, we [ollowed (he proceduit
outlined by Bono and Judge (2003) for examining th
measurement properties of our three multidimensiona
variables to prevent interpretational problems inherent ir
simultaneous estimation of measurement and structura
models.

As suggested in exlant literature (e.g. Cordano anc
Frieze, 2000; Flannery and May, 2000), the dimensions o
stakeholder management emerging [rom the exploratory
factorial analysis were highly interrelated in our data. A
second-order confirmatory factor analysis (loading items
on the three dimensions on a single transformationa
factor) demonstrated a reasonable fit for the dats
(7 =18.95; df =20: RMSEA =0.00l: CFI=0.99
[FI = 0.99) with standardized loadings ranging from 0.97
to 0.40 (Fig. 2). Whereas this model is not a perfect fit fo1
the data. because of cross-loading among some of the
items, alternative models were unambiguously rejected.
For instance, our model is a better fit than a single-lactor
model in which items are loaded directly on the final factor
(7> = 137.56: df =27; RMSEA = 0.195; CFI = 0.74;
[F1=0.74). Hence, the three factors were considered
indicators of a single measure, which we labelled ““stake-
holder management.” Subsequent analyses were conducted
using a single factor for stakeholder management. The final
measure was a weighted average of the three l4ctors using
the standardized loadings obtained from the second-ordet
factor analysis. and a high score was indicative of a high
capability for stakeholder management.
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Mean 5.4, [ 2 3 4 5 t 7 8
Shared vision 4,49 0.75 0.791
Stakeholder management 11.93 3.36 0.076 0.693
. Stralegic proactivity 2.24 1.42  —0.065 0,257%F 0.770
. Innovative preventive practices 273 096 0.167 (.324%** 0.2937F 0.778
. BEco-elficient practices 4.2] .94 (1180 0.067 0.110 (.41 7% 0.705
. Performance 290 076 0.266™% 0.087 —0.003 0.450%* 0.430%** 0.691
. Size 17 105 —0.079 0.035 0.427***  0.190% ~0.106 —0.002
. Dealer affiliation 0.51 050 —0.031 -0.070 0.216™ 0.202* 0.005 0.099  0.280%*

cale reliahilities (Cronbaeh’s alpha) ure on the diagonal in boldlace.

*p=0.05.
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Fig, 2. Results of processes for estimation of measurements and model (p<0.05, “p<0.01, ™" p<0.001).

Similar analysis was conducted for the measures of the factor for each variable) suggested to avoid the final
nnovative-preventive practices and the eco-efficient prac-  inclusion of specific items (IPP1, [PP3. IPP5. IPP9. IPPI1
ices. Examination of residuals and modification indices of  and IPP14, and ECOP3. and ECOPT) to reinforce the fit of
e second-order confirmatory factor analyses (loading the  each measure. The final model (Fig. 2) demonstrated a
tems on the two dimensions on a single transformational  reasonable fit for the data for innovative-preventive
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practices  (y* =2795; df =19 RMSEA = 0.066;
CF1 =0.95; IF1 = 0.95) with standardized loadings ran-
gimg from 097 to 0.77, and the eco-efficient practices
(7 =33.40; df=14; RMSEA =0.113; CFI=0.87:
IFI = 0.87) with standardized loadings ranging from 0.97
to 0.45. Whereas these models were nat a perfect fit for the
data, because ol cross-loading among some of the items,
alternative models were unambiguously rejected. For
instance. these models were 4 better fit than a single-factor
model in which items are loaded directly on the final factor
of the innovative-preventive practices (> = 39.10: df = 20;
RMSEA = 0.094; CFI = 0.89; TFI = 0.90) or eco-efficient
practices (Zz = 3340; df = I4;: RMSEA =0.113; CFI =
0.87: IF1 = 0.87). Hence, the two factors were considered
indicators of a single measure, which we labelled “‘in-
novative-preventive practices” and *“‘eco-efficient prac-
tices.” The final measures were weighted averages of the
two factors using the standardized loadings obtained from
the second-order factor analysis. and high scores were
indicative of high degrees ol innovative-preventive prac-
tices and eco-efficient practices. respectively. in a garage’s
environmental stralegy.

Final results of this model, which are displayed in Fig. 2.
revealed that each final item significantly loads on its
respective construct showing high convergent validity of
the measurement scale for cach construct.

The hypothesized model provided an acceptable fit to the
data (3° = 86.25; df = 60; RMSEA = 0.08: AGFI = 0.89:
NNFI = 0.89; CF1=0.92; IF1 =091). All of the mod-
ification indices for the beta pathways between major
variables were small, suggesting that adding additional
paths would not significantly improve the fit. The
statistically significant parameters (see Fig. 2) predicting
that the capability of shared vision would have a positive
influence on the development of proactive environmental
strategies by influencing the innovative-preventive and the
eco-eflicient practices (y;; = 0.38 and y;, = 0.61, respec-
tively; p<0.001) suppert Hypothesis 1. A positive and
statistically significant parameter estimate for the path
between stakeholder management capability and innova-
tive-preventive practices (7, = 0.88. p<0.001). and eco-
efficiency (75, = 0.23. p<0.05) provides support for Hy-
pothesis 2. Hypothesis 3. regarding the influence of a
strategic proactivity capability on environmental proac-
tiveness, was also supported by the parameter estimates
(713 = 0.31 and 7,3 = 0.24, respectively; p<0.05). Finally.
Hypothesis 4, regarding the relationship between a
proactive environmental strategy and firm performance,
was supported by positive and significant parameter
estimates for the path between innovative-preventive
strategies and performance (fi;, = 0.31, p<0.01) and
for the path between cco-efficiency and performance
By = 042, p<0.01).

The influence of control variables was tested lor each of
the three dependent variables in our model. The control
variable for size showed a positive and statistically
significant (p <0.01}) association with innovative-preventive

practices, The influence of size on eco-efficient practice
and performance was not significant for the sampled firms
The analysis of the influence of dealer affiliation wag no
significant for our sample. We also fit several nested model:
to the data. each one incorporating different assumption:
about parameters (Bollen and Long, 1993). These alter
native models indicated that our proposed model wa:
parsimonious and a good fit. Detailed information abou
alternative models is available upon request.

6. Discussion, conclusions, and future research

Our contribution is to show, contrary to conventiona
wisdom in the extant literature, that even SMEs can adop!
proactive environmental practices and that these practices
can lead (o superior financial performance via specific
capabilities based on the unique strategic charagleristics of
SMEs. Moreover. our research also contributes to the
resource-based view by showing that this perspective i
relevant for SMEs’ competitive stralegies generally.

As we had expected. SMES’ potential to adopt proactive
environmental practices is associated with specific organi-
zational capabilities based on their unique strategic
characteristics of shorter lines of communication and
closer interaction, the presence of a founder's vision,
flexibility in managing external relationships, and an
entrepreneurial orientation, These capabilities were shared
vision, stakeholder management, and strategic proactivity.

Our data clearly clustered SMES” environmental strate-
gies into reactive, pollution prevention. and leadership
categories. similar to findings for large firms (Buysse and
Verbeke., 2003) and firms with proactive environmental
strategies showed a positive and significant relationship
with performance for our sampled firms, similar te the
findings for larger firms (Aragon-Correa, 1998; Judge and
Douglas. 1998: Russo and Fouts, 1997).

The simultaneous influence of firm size and organiza-
tional capabilities on innovative-preventive environmental
practices suggests that size. a common proxy for organiza-
tional resources, is a relevant but nol a deterministic
condition for developing the most proactive environmental
strategies. Therefore, our findings contradict the traditional
assumption that SMEs cannot develop proactive environ-
mental strategies owing to scarcity of slack resources. Qur
results support the natural resource-based view perspective
(Hart, 1995) that indicates that erganizational capabilities
are critical for strategics of both large firms and SMEs.

Furthermore. our results have shown that the capabil-
ities promoting the development of environmentally
proactive approaches in the sampled SMEs coincide with
those found for large companies in previous research (e.g.
Marcus and Geffen, 1998; Ramus and Steger, 2000;
Sharma and Vredenburg, 1998). Although researchers
concerned with organizational size have stated that what
applies to large firms may not apply to small ones, recent
studies (e.g. Flannery and May, 2000) and our own results
show similar relationships for large and small firms.
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['raditional arguments in the small firm context may have
lo be restated from the perspective ol the resource-based
view, that is, large and small firms both require organiza-
lional capabilities for competitive strategies. However.
large and small firms may follow different paths and
senerate different sets of capabilities based on different sets
of characteristics. Therefore, although some features of
these three capabilities for SMEs may be similar to those in
laree organizations, the foundations for those capabilitics
may be significantly different for big and small-size
prganizations. While larger firms may deploy resources
such as sophisticated systems for knowledge management,
public relations campaigns, or significant investments in
R&D to develop these three capabilities, small organiza-
tions may build these capabilities based on their unique
strategic characteristics discussed above.

We also showed a positive and significant relationship
between innovative-preventive environmental practices and
cco-efficient  practices and [firm performance for the
sampled SMEs. The positive relationship between the most
proactive environmental practices and firm performance is
also consistent with those obtained for larger firms (c.g.
Judge and Douglas. 1998: Russo and Fouts, 1997). and 1t
shows thal a proactiveness in environmental strategy may
be an appropriate alternative for both small and large
firms.

It is especially interesting that our results show, in a
SME contexl, & positive and significant relationship
between firm performance and eco-efficient practices
analysed as u systematic pattern of simple but multiple.
consistent and co-ordinated practices that simultaneously
reduce environmental impacts and organizational costs.
This is relevant lor practitioners and policy makers because
aco-elficient practices have been oflen suggesied as first
steps for adoption by small lirms and others starting on the
path of environmental change. Viewed from a resource-
based perspective, this result may help to differentiate
between an isolated practice {e.g. switching ol lights when
not necessary) and 2 systemalic pattern of practices
demanding certain organizational capabilities (rather than
-esources or critical size). Partial analysis of our data
ndicates that certain eco-eflicient practices might indirectly
wevent the generation of organizational capabilitics that

Jppendix A -

are positively related to firm performance if implemented in
an isolated way by deterring innovation.

The main limitation of our study arises from our
modelling of environmental strategy as exclusively a
function of internal capabilitics. External conditions are
also  relevant o the development of environmental
iitiatives (Aragon-Correa and Sharma, 2003: Clemens,
2001: Newton and Harte. 1997). Future research needs to
complement the internil influences with the role of Soctal
and normative paradigms in the SMEs' environmental
behaviour. We attempt in our study to minimize external
influences via homogeneity ol the context of the sampled
organizations, Finally. we caution thal our results do not
allow definitive statement about the direction of the
causality in the analysed relationships and may have
limited generalizability due to the business and geographi-
cal peculiarities of our sample.

Overall. our study confirms that SMEs have an
important role to play in reducing the negative impacts
ol business on the natural environment. Considering the
absolute impact of the SME sector on global economies,
more research attention should be paid to the environ-
mental practices of SMEs. Although previous rescarch has
shown that larger firms are often environmentally maore
proactive than smaller ones. paradoxically many of the
capabilities needed to develop proactive environmental
approaches may be fostered by certain strategic churacter-
istics of small firms. Future longitudinal work could
confirm the direction ol causality between capabilities,
environmental performance, ‘and financial performance,
Research comparing large and small firms can show that
SMEs may be at a resource disadvantage but not 4
capability disadvantage when it comes to environmental
advances and this would have important implications for
policy makers and practitioners.
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The recults of standardized varimax rotation for innovative preventive practices are shown in Table Al. Exploratory
-incipal components analysis results are shown in Table A2 and A3.

& Performance

Please. rate your firm overall performance on each of the following objectives relative Lo others in their industry (1. much

arse o 5, much better) (o= 0.691);
1. Return on investment.
2. Barnings growth.

Please, could you provide the approximate return on investment lor your firm [or the last year.

& Shared vision (2 = 0.76):

[. The objectives of this organization are very well-known to everybody working here.
2. Everybody working in this garage influences the way to work and the objectives of the firm.
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3. Everybody in this organization freely contributes his/her points ol view about how to run it smoothly,
% Strategic proactivity (x = 0.77);
For each item. respondents positioned their firms on a 1-5 scale anchored by the responses given here.

1. The field within which the firm currently conducts our business is:

Narrow (related areas with prospect of change) 12345 Broad (diversified and continuing to develop)
2. The main focus of concern in relation to the garage’s technological process is:
Having cost-efficient technologies 12345 Having flexible and innovative technologies
3. Planning in this garage is:
Tremendously rigorous and predetermined 123453 Tremendously open, impossible to complete
before acting = -~
Table Al
Factor loadings ol exploratory principal components analysis for innovative preventive practices”
ltem Factor 1: Factor 2:
IPPF1 1PPF2
I. Sponsorship of natural environmental events (1PP1) 0.419
2. Use of natural environmental arguments in marketing (1PP2) (L.526
3. Natural environmental aspects in administrative work (IPP3) 0.4706
4. Periodic natural environmental wodits (IPP4) (.793
3. Systematic programme for walter recycling (IPP5) =
6. Program ol residue recyeling (1PP6) 0.435
7. Purchasing eriteria including ecological requirements (IPP7) 0.710
8. Natural environmental seminars for exccutives (IPP) (1.591
Y. Environmental training [or employees (1PP9) (.805
0. Use of ISO certifications on quality and/or environmental aspects (IPP10) 0637
Ll Insurance planning to cover polential environmental risks (1PP11) 0.524
12, Procedurey” manual including precise mstructions on environmental operations in the garage (IPP12) 0.546
13. Filters and controls on emissions und discharges (IPP13) 0.62%
14, Use of “Life cycle analysis™ (IPP14) (.665
Eigenvalucs 4.330 1-322
Cronbach alpha 0.754 0.733
Pereentage of variance explained 20.21 20.16
“Varimax™ rolation was performed.
Table A2
Factor loadings of exploratory principal components analvsis results of eco-efficient practices”
Ttems Fuactor 1; Factor 2:
ECOFI ECOF2
I. We always switch off those lights and machines which are not necessary (ECOPI) (1,862
2. All the water taps are always perfectly elosed when they are not in use (ECOP2) 0.723
3. When possible, we used recycled water to save water (ECOP3)
4. We systematically separate dangerous wastes of the rest (ECOP4) 0.630
5. We systematically separate all the different kind of wastes (ECOPS) 0.658
6. We are activale to participate in buying and selling in wasic markets (ECOP6) (.538
7. We always avoid wasting the chemical produets that we use in the garage (ECOP7) 0.629
8. We store boxes and papers to use again or recycle them (ECOPS) 0.790
9. We always try to avoid high level of noises with potential lo generate fines (ECOPY) 0.523
Eigenvalues 2.954 1.273
Cronbach alpha 0.720 0.610
Percentage of variance explained 2447 22.50

““Vaurimax™ rotation was performed.
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Table A3
Factor loading of exploratory principal components analysis results of
stakeholder management”

Item Faclors

Factor |: lactor 2 Faclor 3:

STAKHEL STAKHE2 STAKIIG

|, Compentors (STK1) 0876
2. Leaders in the sector (STK2) (1843
3 Customers (STR3) (1725

4, Suppliers (STK4) 0.766

3. Stockhoelders/owners (STKS) (672

6, Friends and relatives (STK6) 0613

7, Employees (8TRT) (780

5. Unions (STKE) 0,726

4, Environmental aetivists (STRY) {1879

1,521 1.261
{1515 0.695
15,738

Eigenvilues
Cronbach alpha
Percentage of variance explained

¥ arimax” rolation was performed.
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Abstract

Information on distribution and relative abundance ol species is integral to sustainable management, especially it they are (o be
harvested for subsistence or conmmerce. In northern Australia. natural landscapes are vast, centers of population few, access 15 difficull,
and Aboriginal resource centers and communities have limited funds and intrastructure, Consequently defining distribution and relative
abundance by comprehensive ground survey is difficult and expensive. This highlights the need lor simple. cheap. sutomated
methodologics to predict the distribution of species in use. or having potential for use. in commercial enterprise. The technique applied
here uses a Geographic Information System (GIS) to make predictions of probability of oceurrence using an inductive modeling
technique based on Bayes' theorem. The study arca is in the Maningrida region. central Arnhem Land, in the Northern Territory.
Australia. The species examined, Cyeas arnhemica and Brachyohiton diversifolius. ave currenty being “wild harvested” in conmercial
trials. involving sale of decorative plants and use as carving wood. respectively. This study involved limited and relatively simple sround
surveys requiring approximately 7 days of effort (or each species. The overall model performance was evaluated using Cohen’s kappa
statistics. The predictive ability of the model [or €. arahemica was classitied as moderate and Tor 8. diversifolius as fair. The difference in
model performance can be attributed to the pattern of distribution of these species. C. arnfremica tends to oceur in a clumped distribulion
due to relatively short distance dispersal of its large seeds and vegetative growth from long-lived rhizomes, while B, diversifolius seeds are
smaller and more widely dispersed across the landscape. The output from analysis predicts trends in species distribution that are
consistent with independent on-site sampling lor ench species and therefore should prove useful in gauging the extent of resource
availability. However. some caution needs to be applied as the models tend w over predict presence which is a lunction of distribution
patterns and of other vuariables operating in the landscape such as fire histories which were not included in the model due lo limited
availability of data.
¢ 2007 Elsevier Ltd. Al rights reserved,
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The Northern Territory covers approximately one sixth
of the Australian continent and has a population of about
211.000 people (ABS. 2001} at a density ol one person
every 6.4km”. In 2001, 28% of the Northern Territory
population was identified as being of indigenous origin
(Kinfu and Taylor, 2002) of whom 60.3% were recorded as
living in rural localities. Approximately half (53%) ol the
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and in the Northern Territory is under Aboriginal Title or
ander claim and most of this land is being managed by the
Aboriginal custodians, often for subsistence use (Altman,
1987). Aboriginal people have detailed knowledge of native
Tora and fauna and evidence suggests that their manage-
nent practice is important in sustaining contemporary
satterns of biodiversity (Yibarbuk et al., 2001).
Indigenous people in remote areas of northern Australia
1ave limited opportunity to engage in mainstream employ-
nent and there are many challenges m developing viable

resource-based industries. They confront the tyranny of

distance, limited infrastructure. lack of capital and
{ifficulties in raising capital on land held under inalienable
zommunal title. A Senate committee inquiring into
;ommercial use of native wildlile concluded that activities
mvolving wild plants and animals presenl important
sommercial — opportunity  for  Aboriginal  people
‘SRRATRC. 1998). The reasons given for this conclusion
were that: there are few alternatives on lands owned by
Aboriginal people; wildlife use and management makes
good use of existing skills and interest; communities
already manage a substantial customary economy based
in part on wildlife and that involvement with wildlife
losters customary connections to land that many are eager
to maintain (Martin, 1993).

Across the Top End of the Northern Territory over 30
Aborigina) land and sea ranger groups are involved in
natural resource management activilies using a combina-
tion of customary skills and formal science. These ranger
groups are increasingly secking opportunities to become
more actively involved in commercial use of wildhfe.

In order o make informed judgments regarding
sustainability of use and to fix conditions for commercial
use. the Traditional Aboriginal Owners and the Northern
Territory regulating authority, the Parks and Wildlife
Service. need to understand the distribution and abun-
dance of the species to be harvested. Collecting this
information in remote areas for which there is little existing
environmental data is both time consuming and expensive.
Limited cconomic returns [rom such small-scale ventures
cannot justify the expense ol the comprehensive resource
imventories that may be needed o support large harvests. A
methodology is needed that is congruent with the low levels
of uilization most often involved, easy to understand and
use. spatially explicit. has a visual.ewtput, and is not too
data intensive. e

Many methods have been developed for predicting
Liabitat suitability and species distributions. The ap-
proaches for modeling habitat suitability can be grouped
into seven categories (Guisan and Zimmerman, 2000).
These include multiple regression and generalized forms
(e.g. Generalized Linear Models (GLMs) (Guisan et al.,
1998, 1999) and Generalized Additive Models (GAMs)
(Yee, 1001); classification techniques (e.g. classification and
rearession (rees (CART) (Franklin. 1998; Franklin et al..
2000; Yee, 1991); environmental envelopes (e.g. BIOCLIM
(Bughy. 1991). HARITAT (Walker and Cocks. 1991)

DOMAIN (Carpenter et al., 1993); ordination techniques
(e.g. canonical correspondence analysis (CCA) (Hill, 1991);
Bayesian modeling (Aspinall, 1992); artificial neural net-
works (ANN) (Fitzgerald and Lees. 1992); and others
including combinations, e.g. discriminant [unction analysis
(DFA) (Frank. 1988: Lowell, 1991). ecological niche-factor
analysis ENFA (Hirzel. 2001). MONOMAX (a monotonic
maximum-likelihood function) (Bayes and Mackey, 1991:
Mackey, 1993) and SIMPLE (a spatial and inductive
modeling tool) (Walker and Moore, 1988). Since there are
already a variety of papers which provide overviews ol
these approaches (e.g. Guisan and Zimmerman. 2000;
Hirzel et al.. 2001; Wintle et al., 2003), it is not the
intention of this paper lo also review the suite of
methodologies available.

The approach used in this study to analyze habitat
associations and predict distribution was Bayesian prob-
ability modeling in a GIS environment (Aspinall, 1992)
which works by analyzing spatial patterns in the data, i.e. it
predicts distribution within one data set by combining a
number of data sets based on Bayes theorem. This
particular methodology can be justified because it offered
a conceptually simple approach that used basic spatial dala
and generated spatially explicit outputs in the form of
maps. Bayesian statistics have been widely used in other
discipline areas for decision-making under conditions of
uncertainty (e.g. Agterberg, 1989; Lusted. 1968) and have
been recognized for some time as having good potential for
analysis of spatial data (Cressie, 1991). A Bayesian
approach has also been used in a variety of applications
to successfully model species distributions (Aspinall, 1992;
Aspinall and Veitch, 1993: Aspinall et al.. 1998: Brzeziecki
et al., 1993: Skidmore. 1989) and has recently been applied
to map vegetation in the form of a weed species in northern
Australia (Ferdinands, 2006). A comparison of this
approach to other habitat modeling procedures can be
seen i (Guisan and Zimmerman, 2000). The predicted
distribution that results from the model generated by the
Bayesian approach (Aspinall, 1992) is expressed as the
probability of occurrence that can be treated as a measure
of habitat suitability. This probability of occurrence is
generated by comparing the attributes of the data set to be
modeled with attributes of prediclor data sets using a type
of inductive learning.

This approach was applied to two plant species currently
being harvested from wild populations in Maningrida
(central Arnhem Land). These were Cyecas arnhemica,
which is being harvested for collectors and (he landscape
gardening market, and Brachychiton diversifolivs, which is
commoenly harvested by Aboriginal artists 4s a carving
wood (Griffiths et al.. 2003).

To meet the requirements of management authorities an
appropriate modeling technique must provide reasonable
robust reliable predictions despite the available environ-
mental data being relatively coarse for much of the
landscape. Information deficits arc unlikely to be overcome
quickly because priorities for mapping environmental
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aariables are determined by demand for such things as
horticultural land and exploitable water resources, rather
than to assess availability of individual species found in less
productive. oflen agriculturally marginal land.

There is a demonstrable nced to improve capacity to
make broad-scale resource assessments that are sufficiently
reliable to inform management planning. This study
examines the utility of one readily available and easily
implemented application of Geographic Information Sys-
tems and associated statistical methods for describing
resource distribution.

2. Background and study site
2.1. Species

Cycads belong to an ancient family of slow growing,
diecious plants, dominant during most of the Mesozoic
peried. but which are now restricted to tropical and
subtropical regions (Whiting, 1963). Eleven species are
recognized in the Northern Territory and all are listed
under Appendix 2 of the Convention on International
Trade in Endangered Species of Wild Fauna and Flora
(CITES). Listing imposes management obligations on
Australia which are met through provision of the Environ-
mental Protection and Biodiversity Conservation Aect 1999,
The Northern Territory Cycad Management Plan
(PWCNT, 1997) allows for experimental harvest of C.
arnhemica (and other cycad species), limited to 500 plants
ol cach species per annually. A local indigenous organiza-
tion, the Bawinanga Aboriginal Corporation has acquired
a permil from the Parks and Wildlife Service to harvest
adult stems of C. arnhemica for commerce (Griffiths et al.,
2005: Gorman et al., 2000). Estimating the extent of the
cycad population will have an important influence on
future management plans and in particular setting of
harvest limits.

B. diversifolius is a semi-deciduous tree that grows to
7-15m in height. It is found in open forest and woodland
on a wide variety of well-drained sites extending to sparse
savanna woodland in drier regions. Aboriginal people use
the seed for food, the inner bark for medicinal purposes
and rope making. and the wood for fire sticks and spear
making (Brock, 1988) as well as for carving and paintings
lor sale. As the demand for carvings is growing (Griffiths et
al., 2003) improved information on the species distribution
and abundance in areas of use is increasingly important.

2.2, Study site

The study area is the Maningrida region of central
Arnhem Land, 500 km east of the NT’s capital city Darwin
(Fig. 1). The regional landscape is dominated by the
Arnhem Land sandstone escarpment to the south, ex-
tensive wetland systems nearer the coast. and gently
undulating lowland plains (Grilfiths et al., 2000). The
dominant vegetation is Eucalyptus savanna, interspersed
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Fig. 1. Map of Maningrida study site.

clsewhere with floodplain, wetlands and monsoon rain-
forest patches that are most common in the coastal/sub
coastal belt (Griffiths et al.. 2003). Elevation ranges up to
60m.a.s.l., mean annual rainfall is 1245mm of which
92.6% [falls between December and April inclusive
(Maningrida Airporl. Bureau of Meteorology). Maningri-
da township has a population that may reach more than
2000 people in the wet season when access to other areas is
difficult. and up to 800 people reside in 32 outstations or
homeland commumties serviced from Maningrida (Hall,
2002).

3. Methods

As mentioned above there are many approaches to
habitat suitability modeling, each with their own set of
advantages and disadvantages. The type of survey data
that is available plays a major role in determining the Lype
of modeling method that can be applied (Wintle et al.,
2005). A Bayesian approach was taken in this study, rather
than applying some of the other habitat modeling
procedures. This was because many of the other ap-
proaches that meet the criteria of being simple (o use and
easy to interpret spatially, like BIOCLIM (Nix, 1986),
DOMAIN (Carpenter et al., 1993), ENFA (Hirzel, 2001)
and GARP (Stockwell and Peters, 1999). are presence only
methods. whereas the Bayesian approach can also work
with presence-absence dala. Presence-absence models have
been noted as being superior to presence-only models
(Wintle et al., 2005). The method in this case is
implemented within a GIS running ArcView 3.3 (ESRI,
2002) and uses an extension developed by Aspinall (1999)
which is based on the Bayesian Modeling approach
described in Aspinall (1992). Additionally. some Aborigi-
nal rangers in the area are familiar with ArcView 3.3
soltware and the approach could be equally applied in
other versions of GISs by reproducing the code in the
relevant programming language. The model works by
calculating conditional probabilities [rom the relative
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[requency of association between a response variable (e.g.
presence or absence of a species) and attributes of a variety
of predictor data sets (e.g. environmental data).

3.1. Field observations

The objective of this study was to define, and test a
methodelogy that could provide a description of the
distribution of a plant population at a reasonable cost.

Presence/absence data were collected from quadrats
(5 x 4m for C. arnhéemica and 10 x 5m for B. diversifolius)
which were positioned at 5 km intervals along all accessible
roads and hunting tracks in each of the study sites (Fig. 2).
To try and minimize the influence of the roads/hunting
iracks the quadrats were positioned 50 m into the bush in a
random direction without regard for the presence of the
target species. The difference in quadrat size reflects the
demographics ol the species with C. wrnhemica growing
either vegetatively or with limited dispersal and therefore
tending to occur in clumps while B. diversifolius tending to
be more widely dispersed generally at lower densities. The
number of sample/quadrats for C. arnhemica was 126 (64
presence and 62 absence) and for B. diversifolius was 224
(123 presence and 101 absence)—the difference in number
ol data points being due to dilference in size of study areas
and accessibility. The coordinates of the middle of each
guadrat was taken using a Garmin GPS 12 XI. The
accuracy of this model of GPS is recorded in the manual as
having error of up to 15m. However, a satellite averaging
function, which reduces the effects of selective availability
upon position error, would have provided a more accurate
saved position,

3.2, Encironmental/predictor data sets
As discussed above. spatial data available lor the

Maningrida area is limited and most often only available
at a relatively coarse environmental scale. Data were

selected from available mapped environmental themes to
reflect the factors thought most likely to influence species
distribution, based on both a knowledge of the species
ecology from consultation with experts, and indigenous
knowledge of the species. A mixture of raster and broad
scale vector data was used. Spatial data used included
satellite imagery, maps of habitat and soil types, plus
coverage reflecting distance to walter. Despite the important
role that climate plays in the natural distribution of species
it was not treated as a significant environmental variable in
this particular study. This was because climate can be
considered to be the same across the study site, as
data is only captured al one recording station in the
vicinity. Instead ol climate, location relative to waler is
thought to play the most important role in delermining
species occurrence (particularly in the case of B. diversifo-
lius). Higher densities of B. diversifolius have been recorded
in coastal areas and adjacent Lo riverine areas, this is
thought to be associated with soil fertility (Jennifer
Koenig-Price., Unpublished data). As well as having little
climatic variabilitv, the study siles also have very little
variation in elevation. Again data for this area is not
available at a scale where differences i elevation (and
its derivatives of slope and aspect) would have much
influence on the output, so this data was not included in the
model.

A soil data set was extracted from a vector soil coverage
for the Northern Territory that was derived from the
Geology of Australia digital data set. This was the only soil
data set that was available Lo the researchers at the time of
analysis. Seil classes lor the Northern Territory consist of
321 different categories—=6 of which were found in the area
examined for B. diversifolius and 5 in the area examined for
C. arnhemica. Habitat types were taken from Griffiths et al.
(2000) which identified and characterized 15 distinct types,
i.e. dry rainforest, Eucalyptus open forest on laterised
plateau. Fucalyptus open forest on sand sheets, Ewcalypiis
open woodland on clay plains, Ewcalyprus woodland on
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Fig. 2. Hlustration of study site and distribution of sample data collected using roads and hunting tracks.
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clay foot slopes; floodplain complex, grassland on hills,
mangroves. Melaleuca cajaputi forest. open chenier ridges,
saline wetlands, stream complex, sandstone complex,
swamps, and wet rainforest (on springs). Of these habitat
types 12 where found to oceur in the area examined [or B,
diversifolius and 6 in the arca examined for C. arnhemica.
Both the soil and habitat data were treated as distinet
categorical dala sets.

The satellite imagery consisted of band 3 of a Landsat
TM image at 30 m resolution collected in the dry season in
1999. The raw unclassified data were used to reflect the
fine-scale variability in vegetation present across the
landscape which is nol captured by broad categorical soil
class and habitat data, This unclassified band was used to
represent a surface of continuous variation. The use of
continuous data of this Lype has been shown Lo be useful in
quantifying the structure present in helerogeneous north-
ern Australian landscapes (Pearson, 2002). This continuous
data set was thought to offset the limitations of just using
the categorical soil and habitat data by providing
additional finer-scale information within the boundaries
of the soil and habitat classes.

Topographic data in the form of water bodies generated
by Geoscience Australia at the scale 1:250.000 was used to
generate a surface of distance to permanent water bodies
using the GIS buffer function. Distance to water was
broken down into 8 categories <30m. 51-200m,
102-500m, 501-1000m, 1001-2000m. 2001-3000m, and
3001-5000m. All data were projected to UTM Australian
Map Grid Zone 53 and a datum of GDAY4. All analysis
was done in a raster data structure alter conversion of
vector data,

To reduce the error in the model that may arise in
application to large areas not being covered by the field
survey. a convex hull was placed round the survey points
for each species and this was used to reduce the area over
which modeling analysis was done. In mathematical terms
a convex hull is the minimal vector which contains all the
points sampled. The extent of the area over which C
arnhemica was modeled was 546.3km” and for B.
diversifolius it was 19152km” (Fig. 2). Confining the
model within a convex hull means that the predictive
output is not influenced by variables that lie outside the
area of interest during the extrapolation.

3.3. The model

The modeling procedure is described at length in
Aspinall (1992) and was implemented in an ArcView GIS
extension outlined in Aspinall (1999). The environmental
data described above and presence/absence data for each
species were combined within the GIS using the Bayes Arc
View extension Aspinall (1999). Conditional probabilities
are the input into the model and these are derived from
what Aspinall (1992) describes as ‘an inductive learning
process in which attributes of data set to be modeled are
compared with attributes of a variety ol predictor data

sets’. With the given combination of predictor data sels a
probability value is generated (or each grid cell within the
study site. allowing probability surfaces to be mapped for
gach species.

Model outputs were mapped and then grouped into
three categories: probability of occurrence 70-100% (high
probability of occurrence). 30-70% (intermediate prob-
ability of occurrence) and 0-30% (low probability of
occurrence) for ease of presentation.

3.4, Validation -8 -

Validation of the predictive maps involved independent
additional ground sampling. This involved surveying 271
and 235 quadrats (50 x 50m) within each of the C
arnhemica and B. diversifolius study sites, respectively,
and recorded presence or absence of the species.

We used Are View 3.3 to place a 200 m bulfer around the
roads and hunting tracks and generate random points in
each ol the three probability classes. At each study site a
number ol random points were chosen (or cach of the high.
medium or low probability categories (in total 22 for C
arnthemica and 16 for B. diversifolins) and these were used
as start points [rom which a further 12 50 x 50 m quadrats
were sampled every 100m, the 100 m mark being the center
of the smaller quadrat. The direction of the quadrats from
these starting pointls was randomly chosen (from degrees
written on paper and chosen in a hat) with possible
directions being between 07 and 180° [rom the road to
ensure transects did not cross over the road. Subsequently,
the individual 50 x 50 m quadrats fell in the same direction
as the larger quadrat. This method was used to survey
away [rom the road/track while still minimizing the time
spent collecting the validation data.

3.5. Testing the model

Cohen’s kappa statistics were used to lest overall model
performance and provide a simple, effective, standardized
and appropriate statistic for evaluating presence-absence
models (Manel et al., 2001). A description of this
methodology is available in Fielding and Bell (1997) so
will not be described in this paper. It has been suggested
that when calculating Kappa statistics, instead ol using an
arbitrary threshold of 50% to distinguish simulated
presence from simulated absence, a probability threshold
that maximizes the model’s performance should be
determined by evaluating %k at successive probability
increments (Huntley et al., 1995, 2004). In using Kappa
statistics to test the accuracy of the models generated in this
study we have adopted a similar approach (Huntley et al.,
2004).

4. Results

The coverdge of C. arnhemica and B diversifolius
predicted from the Bayesian models using the presence/
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ibsence field data are illustrated in Figs. 3 and 4.
espectively.

Landis and Koch (1977) suggest the lollowing agreement
neasures for categorical data using Kappa statistics. A
{uppa stalistic below 0.00 equates Lo o peor strength of
igreement:  between 0.00 and 0.20 equates to slight
igreement; between 0.21 and (.40 equates to fuir agree-
nent; between 0.41 and 0.60 cquates to moderate agree-
nent; between 0.61 and 0.80 equates to suwbstantial
igreement; and between 0.81 and .00 equates lo almost
wrlect agreement,

The evaluation of the models using Kappa statistics can
ve seen in Table I. The validation for the model generated
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for C. arnhemica gave a Kappa statistical peak at 0.56 with
a probability threshold of 50%. This has a classification of
moderate (Landis and Koch, 1977) and indicates thal Lhis
model is most reliable for mapping distribution of this
species at 50% probability of occurrence or above.

The Kappa statistic lor the model produced for B
diversifolius peaked a1 0.36 with a probability (hreshold of
90%. This has a classification of fair (Landis and Koch,
1977) and indicates that this model is mosl reliable using
the predicted output that falls between 91% and 100%
probability of occurrence. Below this threshold the model
for B, diversifelius appears to over estimate the presence of
this species.

The coverage of C. arthemica and B. diversifoliny vsing
the probability threshold associated with the Kappa
statistical peaks are illustrated in Figs. 5 and 6 respectively.

5. Discussion

The methodoelogies described above, mvolving GIS and
the Bayes Theorem. have produced predictions of species

Table 1
Colien’s kappa statistics using different probability thresholds Tor C
arsthentica und 8. diversifolius

Probakility threshold (%)

Kappu statistic

C armthemica

B diversifistin

kit (47 0,24
Sl 3,50 30
33 0,56 0,28
60 10.54 .31
70 0.47 032
73 047 032
L1t} 047 0.33
55 (.36 033
g0 (.24 .36
43 0.19 0.36
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Fig. 4 Map chowing predicted probability of ocevrrence of Bracyehiton diversifolivg using Bayesian modeling.
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Fig. 6. Map of most reliable probability distribution for Bracychiton
ditersifoling based on Kappa statistic.

distribution that match well with what could be expected
from the known species distribution patterns for both C
arnhemica and B, diversifolius. The Kappa statistics
evaluate the models as performing moderate and fuir for
C. arnthemica and B, diversifolius respectively. The fact that
the models were found to peak at different probability
thresholds for each species suggests the model outpuls
should be presented and used for management purposes
differently for each species. For example, the Kappa
statistic indicates that the predicted distribution of C.

arnthentica is most accurate when mapped at a probability
threshold of 350% and above, whereas the predictec
distribution of B. diversifolius can only reliably be mappec
at a probability threshold of 90% and above,

Although the variables used to generate the predictive
models were the same for both species the relative
importance of the predictor data sets was different. In the
case of B. diversifolius distance to water was the mog!
important variable in the model generated, whercas (o1
C. arnhemica the most 1mportant variable was the
unclassified satellite imagery. This confirms what we would
expect from expert knowledge of these species and theii
distribution patterns which occur relative to water for B
diversifolius and relative to (he fine scale variability in the
landscape for C. arnhemica.

The predictive ability and reliability of the models ean he
explained by the way these species reproduce and disperse
through the landscape. Cycads have been characterized as
slow growing and reproduction can occur from seed o1
vegetative sprouting (Watkinson and Powell, 1997). Dis-
persal agents and mechanisms of C. amhemica are pootly
understood but dispersal is limited, possibly due (o the facl
that the seed are highly toxic. Previous studies on similar
species of cycads have reported dispersal as being generally
less than 1 m in Cycas armstrongii (Watkinson and Powell,
1997) and up to 24 m in Macrozamia viedlei (Burbidge and
Whelan, 1982). These low dispersal mechanisms results in
cycad species occurring most commonly in clumped
agglomerations throughout the landscape. This predictive
capability of the Bayesian approach works well with this
clumped pattern of occurrence and this 1s indicated by the
moderate classification at a probability threshold ol 50%.
Additionally, the Bushfire Council of the Northern
Territory have actively been promoting cooler fires in
central Arnhem Land area and this stratcgy may have
benefited the recruitment and vegetative growth of C
arnfiemica resulting in an increase of occurrence.

The seed of B. diversifolius is attractive to both birds and
arboreal mammals and as a result it is well dispersed. At
favorable sites this species can be found in high density but
it i1s more often found in low density and scattered across
the landscape. This pattern can be seen quite clearly in Fig.
4 where the predicted occurrence is mainly in Category |
(low probability of occurrence) with much less area in
Category 2 and 3 (intermediate and high probability of
occurrence). The fuir classification for the prediction of B.
diversifolius with a probability threshold at 90% indicates
that the Bayesian modeling has over predicted the
occurrence of this specics and that the most accurate
prediction of occurrence is between 91% and 100%.
Possibly a greater number of sample points is needed to
increase the accuracy in this instance.

There are a number of factors that may influence the
accuracy of predictive models and these should be
acknowledged. Available data was a considerable limiting
factor in this study. The choice of predictor data sets was
drawn [rom what could be freely accessed at the time of the
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study. It is probable that the inclusion of other predictor
variables in the analvsis could have improved the predictive
sceuracy of the models. In particular. information such as
ire history could be important in influencing the distribu-
Jdon of these species as extensive areas of the landscape in
this region are burnt on a regular basis which influences the
patterns of vegetation present in the landscape (Whitehead
at al., 2003: Yibarbuk et al.. 2001). However. data on fire
history in the Maningrida region was not available for this
analysis. The scale of accuracy of the spatial data used to
predict occurrence based on species presence and absence
was also fairly course and this level ol accuracy will be
reflected in the modeled output. The pattern that was
chosen to validate the modeled predictions is classic pseudo
replication in that only a small subset of the validation
poinls were randomly selected and the others were
clustered around these random points. This methodology
can be supported as a trade off in meeting one of the main
objectives of this spatial analysis study, which was Lo keep
field costs to a mmimum. The level of access m remote
landscapes of the Northern Territory will always inhibit the
completeness and randommness of data collection and there
will often be a trade off between the amount and
thoroughness of fieldwork and the expected accuracy of
the end result. In collecting data in close proximity to roads
it is possible to incorporate a bias due to the environmental
characteristics o where roads are positioned (soils,
hydrology, slope, ete). Additionally, an ease of access
may accentuated this bias because of higher harvest rates
occurring along road sides. To minimize these influences in
this study we collected the verification data at random
points that were up to 300m away from roads/hunting
tracks.

Applving GIS. and an inductive modeling procedure like
Bayes' Theorem. can be seen to provide a simple
methodology for predicting species distribution which
involves limited data collection and verification. a visual
output which may facilitate the mcorporation ol local
knowledge, and an acceptable level of accuracy. 1t appears
that the way species are distributed throughout the
landscape, clumped or dispersed. may influence the
accuracy of predictions and the size of quadrats chosen
to measure oceurrence should take this into account. A big
advantage of this methodology 15 that il is easily replicable
and this is an importanl componenl-in measuring how a
resource chunges over time.

In remote locations and with a limited budget and
resolrce availability this methodology is capable of produ-
cing estimates of distribution that we ascertain would he
acceptable for initial assessments of resource availability. In
combinaton with linked assessments of variation in density
stratified by the measures ol habitat suitability provided here,
proponents of commercial harvest will be able to place their
propuosals in context. Namely to:

(1) compare the size of the proposed harvest with resource
availability in the regional landscape.

(i1) develop and provide details of spatially cxplicit designs
for harvest management. including specification of
harvested and protected sites,

(iii) develop designs for moenitoring impact of harvests that
are congruent with the scale of harvest relative to
resource availability,

(iv) develop proposals for ongoing refinement of under-
slanding of resource availability and dynamics, should
that appear necessary or desirable.

Regional management authorities in the Northern
Territory indicate that application of this approach will
be acceptable to support initiation ol trial harvests. where
the proposed scale of harvest is demonstrably minor in
terms of both spatial extent and the quantity of resource to
be taken. The need to refine estimates of distribution and
abundance would be determined as an clement of the trials.

6. Conclusion

The results of this study show that GIS and environ-
mental modeling technigues are useful for predicting the
distribution of species that may be of interest Lo Australian
indigenous groups wanting to engage in sustainable
utilization of wildlife and cnterprise development. As with
any tool that predicts distribution of a polential comnier-
cial commodity il is important that caution is applicd o
ensure over prediction does not lead to over utilization that
could allect the long-term viability ol the species. However,
the overall aim of having produced such a predictive model
is Lo ensure that regulating bodies such as the Parks and
Wildlife Service have a good starting point for under-
standing the extent of the resource and can monitor
impacts. Without such simple modeling procedures it
would be expensive and difficult to quantify the extent of
available resources over large and inaccessible areas. such
as those found i central Arnhem Land.
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Abstract

In Ireland. dairy farmyard washwater commonly comprises farmyard run-off and dairy parlour washings, Land-spreading is the most
widely used method for treating this wastewater. However, this méthod can be labour intensive and can cause, in some cases. the
degradation of surface and ground waters. mainly due 1o nitrogen contamination.

In this study. a horizontal flow biofilm reactor (HFBR) with step-feed was constructed and tested in the laboratory, to remove organie
carbon and nitrogen from a agricultural strength synthetic washwater (SWW). The HFBR had an average top plan surface arcd (TPSA)
of 0.1002m” and consisted of a stack of 45 polystyrene horizontal sheets 15 sheets embedded with 25 mm deep [rustums above 30
sheets with 10 nnm deep frustums. The frustums acted as miniature reservoirs. The sheets were alternately ollset to allow the wastewater
to flow horizontally along each sheet and vertically from sheet to sheet down through the reactor. Biofilms developed on the sheets and

lreated the waslewaler,

During the 212-d study, the total hydraulic loading rate based on the TPSA of the sheets was 351m>d™". SWW was pumped for

G

10min cach hour, in a step feed arrangement at a rate of 23.331m " d

on to the top sheet during Phases | and 2, and 11.671m ™" d

onto Sheet 16 during Phase | (days 1-92) and onte Sheet 30 during Phase 2 (duys 93 212). The subsirite loading rate during Phases |
and 2 was 94.8 g total chemical oxygen demand (COD)m ~d ' and 10.5¢ total nitrogen (TNYm =d . based on the TPSA.
At steady state in Phase 2. the unit achieved excellent carbon removal of 99.7% 5-day biochemicul oxygen demand (BOD-) and 96.7%

total COD. equivalent to TPSA removal rates of 67.5¢ BOD=m=d ' und 91 JeCODm
98.3% total ammonium-nitrogen (NH-N,) and 72.8% TN, which équated to TPSA removal rates of 4.8¢g NHy-Nm

TNm d'.

e ;
“d . The nitrogen removal pereentages were
d7 and 764

No sloughing of solids or clogging of media occurred during the study. The unit was siniple (o ¢onstruct and operale, with little

mainienance.
0 2006 Elsevier Ltd. All rights reserved.

Kevnords: Horizontal flow biefitm reactor: Step-feed: Organic carbon and nitrogen removal: Dairy washings: Agricultural wastewaler

1. Introduction

With the introduction of the Nitrates Directive 91/676,
EEC. which limits the amount of nitrogen (N) that can be
applied to land to 170kg ha ™' year ' (European Economic
Community, 1991). increased attention has been given to
the treatment of agricultural wastewaters in Ireland
(Department of Agriculture and Food. 2005).

Dairy farmyard dirty water or washwater. which is not
properly treated or managed. can be a major cause of point

*Corresponding author, Tel.: =333{0)91 492219:
Fax: F 333(0W91 494507,

E-mnail address: michael. rodgersi nuigalway.ie (M. Rodgers).

(301-4797/5 - see front matler ¢ 2006 Llsevier Lid. All rights reserved.
dor 10 1016/ jenvman 20061 1.027

source pollution (Dunne et al., 2004). This can lead o a
reduction in dissolved oxyeen (DO) levels, and subsequent
damage to aquatic organisms in receiving waters (Klees and
Silverstein, 1992). Generally, dairy washwater is stored
before being land-spread using spray irrigation. This
method can achieve complete biodegradable chemical
oxygen demand (COD) and phosphorus (P) removal on
suitable well-drained soils (DeBusk et al., 1995). However.
it may only achieve low N removal rates (Harter et al.,
2002: Rodgers el al., 2003), which can increase the potential
of eutrophication (Rodgers et al., 2005). Spray irrigation
can be labour intensive and unaltractive to farmers.

A process that replaces land-spreading and reduces the
concentrations of COD and N so that washwaters can be
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salely discharged into soil or can be re-used for selected
washing in the milking parlour, 1s preferable to the spray
irrigation method.

Constructed wetlands and reed beds have been investi-
galed as a possible solution (Sun et al.. 1998; Knight et al.,
2000; Pant and Reddy, 2003). They can have initial high
capital costs. Alternative methods for the treatment of
high strength wastewaters include a vertically moving
hiofilm system (Rodgers and Zhan, 2003), stratified sand
filters (Rodgers et al., 2005) and an alternating pumped
sequencing batch biofilm reactor (APSBBR) (Zhan et al..
2006).

The aim of this study was to develop a new horizontal
flow biofilm reactor (HFBR) system, with step-feed. that
has the potential to remove organic carbon and N from
dairy washwaters, is robust, inexpensive, and easy 1o
construct, maintain and operate.

2. Materials and methods

2.1, Design and construction of the horizontal flow biofilm
reactor ( HEBR)

The outer frame of the HFBR (Fig. 1), which was
constructed from timber sheets, was 350 mm wide, 350 mm
deep and 1900mm high. The reactor comprised 435
horizontal polystyrene sheets (Terram DC), stacked one
above the other and placed on 340 mm x 350 mm x 10 mm
high shelves, made of lightweight, rigid polypropylene
panels, which were supported by the frame. The system was
kept in a temperature-controlled room at 11°C.

The reactor comprised two sets of polystyrene sheets.
The top set had 15 sheets. each of which measured
315mm x 2Z85mm in plan with embedded 23mm deep
frustums, and was located above a set of 30 polystyrene
sheets, each 340mm x 310mm in plan with 10mm deep
frustums. The frustums acted as miniature reservoirs. The
sheets were placed horizontally and alternately offset so
that the wastewater could flow along the sheets before
falling to the sheet underneath and so on down through the
reactor (Fig. 2). Three of the four sides of each sheet were
turned up, acting as walls to direct the flow toward the
open end of the sheet, where the botloms of a row of
frustums were cut off, to allow the wastewater drop from
one sheet to the sheet below it.

The plan arca of each 25mm deep frustum sheet was
0.0898 m? and that of each 10mm deep (rustum sheet was
0.1054 m>. The total surface arca (TSA) of the sheets
was 4,509 m> ({15 % 0.0898 m*} + {30 x 0.1054m?}). The
top plan surface area (TPSA) averaged 0.1002 m” (TSA/
45). The frustwms increased the available biofilm plan
surfuce area and provided for solids accumulation. It was
assumed that the majority of the COD removal would take
place in the top sheets, and as a result, the 235 mm deep
frustum sheets were used to accommodate the expected
thick biofilm. It was thought the 10mm deep f{rustum
sheets would provide sufficient space for the thinner
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Fig. 1. Schematic of the agricultural horizontal fow biofilm reactor
(HFBR). Dimensions in mm.

biofilm associated with nitrification. To minimise the
degradation of total COD in the influent, the influent tank
was cleaned and the agricultural strength synthetic wash-
water (SWW) was prepared daily. and a small circulation
pump was placed at the bottom of the influent tank to
gently mix the feed wastewaler.

The following activities were also carried out daily:
cleaning of the pump tubing, influent flow checks and
emptying of the final effluent tank.

2.2. Sampling and analysis

Throughout the study, samples were taken trom the
influent feed tank, [rom individual sheets where the
wastewater dropped from one sheet onto the next, and of
the effluent from the last polystyrene sheet. On each lest
day. 10 samples were taken [rom the unit and tested for a
range of parameters, Lo provide a profile of the processes
occurring within the unit.
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Fig. 2. Vertical schematic section through HFBR showing the direction of flow.

The pH. DO and oxidation reduction potential (ORP)
values were recorded immediately after sample collection.
The pH was measured using a WTW SenTix 50 pH
clecirode and a WTW pH 91 digital metre, the DO using an
electrochemical membrane type electrode (WTW cellOx
325) and 4 WTW oxi 330 m, and the ORP using a Dolmen
23 redox combination electrode and recorded on a WTW
330 digital metre. All electrodes were calibrated before and
aller measurement in accordance with the manuflacturers’
instructions.

Samples were filtered through Whatman GF/C glass
fibre filters (pore size 1.2 um). COD, [iltered COD (CODy).
and total suspended solids (TSS) were tested in accordance
with Standard Methods (APHA-AWWA-WEF, 1995), and
BODs was measured using WTW OxiTop metres. TN was
measured using a DR/2010 spectrophotometer (HACH
Company). Ammonium-nitrogen (NH4-N). nitrate-nitro-
gen (NO4s-N), nitrite-nitrogen (NO>-N) and orthopho-
sphate (PO,-P) were measured using a Thermo Clinical
Labsystem, Konelab 20 Nutrient Analyser, which was
calibrated to the manufacturer’s instructions before testing.

2.3, Hydraulic and organic loading rates

The influent was pumped onto the unit at two points,
with a flow ratio of 2:1. for 10min every hour using two
Masterflex L/S Economy pumps fitted with Tygon
Laboratory L/S 14 silicone tubing. An electronic timer
controlled this intermittent loading. The influent SWW had
similar constituents, but higher concentrations (Table 1), to
that used by @degaard and Rusten (1980). The SWW,
which had average total concentrations of 2709mg
CODI1 ', 1933mg BOD 1!, 333 mg TSS1 ', 299 mg TN~
and 138mg NH-NI1"'. was designed to have similar
concentrations to dirty water from a 160 cow dairy farm.
which had an average annual COD concentrations of
3061 mgl ! and BOD of 1700 mg 1™ (Ryan. 1990) and to
dairy parlour wastewaler samples from a farm in Co. Cork.
[reland. which had average COD concentrations of
2920mgl "and BOD of EEIUmgI_l (Rodgers et al.. 2003).

There were two loading phases. In the preliminary phase.
Phase 1 (days 1-92). during the 10 min dosing period: 97 ml
SWW was pumped onto Sheet 1. giving TPSA loading
rates of 23.33Im *d~' and 63.2gCODm *d': and
48.5ml SWW onto Sheet 16, giving TPSA loading rates
of 11.671m “d ' and 31.6g CODm2d ", Initial results
indicated that nitrification of the top feed could be

Table 1 e
Wastewater constituents and concentrations

Constituents Coneentration
(mgl™")
Glucose 1600
Yeast 240
Dried milk powder u60
Urea 240
NH,CI 480
N, POy - 12H-0 800
KHCO; 40()
NaHCO; 1040
MgSO, - TH-0 400
eSOy - THA0 16
MnSO; - 1H-0 16
CaCls- H-0 24

increased by changing the step-feed location from Sheet
16 to a lower sheet. The new step-feed location in Phase 2
operated from days 93 to 212, with the same loading rates
as Phase | but with the location of the step-feed
(11.671m*d™') changed from Sheet 16 to Sheet 30.
Steady state behaviour for Phase 2 was reached 10 days
alter changing the step feed location (day 103).

Seeding of the unit took place on day | using biosolids
from a nitrifying wastewater treatment plant, at Movcul-
len. Co. Galway. The application of biosolids to the unit
occurred four times. at 2h intervals. Each application
volume consisted of 11 of biosolids poured on to Sheet |
and a hall-litre poured on to Sheet 16.

2.4, Biofilm characteristics

Biofilm solids concentrations were measured twice during
the study. once mid-way through the Phase 2 steady-state
period on day 139 and again just before the end of the study
on day 205. The volatile solids (VS) and total solids (TS) ol
the biofilm samples were tested in accordance with
Standard Methods (APHA-AWWA-WEF. 1995),

3. Phase 2 results and discussion

3.4 COD and BODs removal

During steady state, the average total influent COD of
2709.2mgl"" was reduced by 96.7% to an average total
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COD in the effluent of 89.7mgl™', The average influent
CODy was 22291 mgl ' and was reduced by 96.6% to an
average cffluent value of 74.9 mgl~'. Most COD; (91%)
removal took place in the top 7 sheets of the unit (Fig. 3).
where the TPSA and average TSA removal rates were 68.6
and 9.82CODym “d ', respectively.

The increase in CODy at Sheet 30 resulted from the
introduction of the step-leed SWW combining with the
elMuent [rom Sheet 29 Lo give a concentration considerably
lower than the concentration ol the step-feed wastewater.

The unit quickly (from Sheets 30 to 38) reduced the CODy

to the final effluent values of 74.9mel . The overall TPSA
removal rate was 754g CODym ~“d 'and the TSA
removal rate was 1.7g CODym ~d ™.

The average inflluent BOD5 of 1933.3 mgl ™" was reduced
by 99.7% to an average effluent BOD; of S.4mgl ' Witha
similar wastewater. Rodgery el al. (2005) achieved 99%
BOD removal using a 900 mm high stratified sand filter and
TSPA hydraulic loading rate of 201m =d ™', which was
lower than the 351m—d ' used in this HFBR study.
Schaafsma et al. (2000) recorded 96.9% BODs removal
from dairy farm wastewater with a BODs concentration

of 1914mgl™", in wetland cells that had a capacity of
166 m°. The HFBR had an average TPSA removal rate of

67.5g BODsm “d™! and a TSA removal rate of 1.5g
BOD:m “d ' This compares with Cronk (1996), whose
review on wetlands found that BODs removal rates varied
from 3.7 to 24.3em -“d ' und Geary and Moore (1999)
who reported o 3.6¢ BOD<m d~' removal rate from
duiry parlour waters using a treatment wetland, Due to the
stacking arrangement and flow contdact area. the HFBR
can have a smaller footprint than these systems.

3.2, Nutrient removal

The average total NH-N ol 138.4mgl” 'in the influent
was reduced by 98.3% o an average total NH4-N of
24mgl “Uin the effluent (Table 2). The average liltered
influent NH,-N (NHs-Np) of 117.5mgl ' was reduced by
98.1% to an average NHy-Npin the effluent of 2.2mgl™!
(Fig. 4). At Sheet 7. most of the carbon had been removed.
and the majority of nitrification occurred between Sheets 7
and 15, where NHi-N decreased and NOs-N levels
increased. Further nitrification occurred between Sheets
15 and 29. with an average of [8.5mg I~ NTL,-N; on Sheet
29, before the step-feed. There was an increase at Sheet 30

Tuhle 2
Average sheel effluent conventrations of NH=Npe TN NO =Ny und PO,
Py during Phase 2 (days 103-212). standard deviation shown in ()

Sheet number  Average sheet elfluent concentrations (mgl ')

NE4-IN; Ty WNO;-N, PO -1

] 117.5 (5.0 233.3(35.7) (1.2 40.7) 674 (25.5)
| 132.8 (24.8) 188.2 (34.9) 0.3 (2.2} 600 (20T
7 1154 123.4) 155.5 (28.5) 12423 5 (129
[ OR.6 (17.9) 1345 (24.3) 101 42.0) 394(13.1)
I3 TLa(19.2) 125.0(23.4) 334 420 (158)
24 S (148 1184 (22.2) 539 (2.7 399 (13.3}
29 NS94y 100.9(22,5)  T0Y(238)  373(11Y)
30 3.0 (19.5) 6.6 (26.40) 364 (8.9) S5.5(24.3)
R 11,9 (6.83) G8.2(20.6) 407 (114 44.2(16.3)
43 Z2({Z5) 607 (locly 379199 AULE (14.9)
"y Removal DR 74,2 402

CODyimg ')

1000

1500 2000 25010 3000

| P = Ly |

‘} I L L
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Fig. 3. Avernge CODy profile during steady state, stundard error bars shown.
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Fig. 4. Average TN NH-Npand NO3-Ng profiles during steady state.

due to the step-feed. Further nitrification occurred in the
bottom 7 sheets of the unit. The TPSA NH4-N; removal
rate was 4.0g NH;-Nm~—d ™! and from Sheets 7 10 29 the
removal rate was 349 NH,-Nm—=d~'. With a similar
wastewater and a loading rate of 20Im “d~', Rodgers
et al (2005) achieved 88% removal in NH;-N using u
stratilied sand filter.

NO;-N increased from Sheets 7 to 29, due (o nitrification
(Table 2). Denitrification occurred after the step-feed at

Sheet 30 (Fig. 4). NOs-N increased lo an average of

69.7mgl™" in the total effluent and 379mgl * in the
filtered efMluent. Healy et al. (2003) found that 60 mgl™"
NO;-N could be reduced by 97% when it flowed
horizontally through a tank of wood-chippings and sand.

Filtered NO5-N (NO>-Ny) increased from 0.7mgl ' in
the influent to 16.4mgl~" on Sheet 29. At the step-feed. the
NO»>-Npwas 11.0mgl™ " and decreased to 1.3 mgl ' in the
effluent. The concentration of total NO--N was 2.1 mg 1™
m the effluent.

Overall. the TN in the unfiltered samples was reduced by
72.8% from 299.0mgl ' in the influent to $1.3mgl™ " in
the cffluent. The TN in the filtered influent (TNy). with an
average of 2353mgl™" was reduced by 742% to
60.7mgl ' (Table 2). Tanner et al. (1995) observed that
TN removal was 48% when u planted wetland was used to
treal dairy farm wastewater which had a nitrogen loading
rate of 2.7g TNm ™ =d '. The TSPA loading rate for the
HFBR was 10.5¢ TNm “d .

The total PO4-P was reduced by 39.0%, from 77.2mg 1™
in the influent to 47.1mgl " in the effluent. The filtered
influent PO,-P (PO4-Py) with an average ol 67.4mgl ! was
reduced by 40.2% to 40.3mgl™" in the effluent.

3.3. DO, ORP and pH

Throughout the study pH, DO and ORP values were
recorded. For carbonaceous removal, the optimal perfor-
mance occurs near a neutral pH (Metcalf and Eddy. 2003),
During steady state. the pH increased from 7 to 8.5 in the
top 7 sheets where carbon removal was laking place.
Nitrification took place between Sheets 7 and 29, where the
pH decreased (rom 8.5 to 7.6. Nitrification reactions
depress pH and optimal nitrification rates occur between
pH 7 and 8 (Metcall and Eddy, 2003). The pH dropped to
7.4 on Sheet 30, where the step-feed was introduced. and
subsequently increased 1o 8.2 in the effluent.

Similar to the pH profile. the DO and ORP readings
indicated the location within the reactor where different
processes were occurring. During carbon removal on the
top sheets of the unit. the DO was close to zero and the
ORP had an average negative value of - 1264E,, mV.
From Sheets 7 to 29 where nitrification oceurred., the QRP
varied rom 208.5 10 226.8 £y mV and the DO lrom 5.05 to
S.85mgl ', At Sheet 30 which was the location of the step-
[eed and where denitrification occurred, the DO decreased
to 1.5mgl " and the ORP had negative readings (Fig. 5).
Both parameters subsequently increased in the bottom
sheets of the unit to 7.6mg DO ' and 360.7 EymV ORP
in the effluent.

3.4 Steadv-state TSS and biofitm measurements
The overall reduction in TSS was 86.2%. from

333.3mgl ! in the influent to 46.0mgl " in the effluent.
The average TS and VS concentrations of the biofilm.
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Fig. 6. Average TS and VS concentrations in the biofilm on selected sheets.

measured on the two biofilm sampling days. followed a
similar profile, down through the umt (Fig. 6). The highest
solids concentrations were recorded on Sheets -7, where
most carbon removal occurred and where TS and VS
average concentrations were 49.554 and 20911 mgl™ "
respectively, Lower concentrations were recorded in the
nitrification regions of the reactor. The average TS und VS
concentration values from Sheets 8 to 29 were [7.514 and

10,532 mg1 ", respectively. Alter the step-feed at Sheet 30,
the biofilm concentration increased with an average TS
concentration of 20.809mgl™" and VS of 13.573mgl
between Sheets 30 and 36. 11 subsequently decreased in the
remaining shects to average TS values of 13,131 mg 7! and
VS of 5777mel ' on Sheets 37-45. No leaching ol solids
occurred during the study; however, clarification may be
necessary in field conditions.
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4. Conclusions

During the study with TPSA loading rates of 331m -
d !, 9455 CODm ~d~' and 10.5¢ TNm—d~". the
45-sheel. step-feed HFBR unit performed excellently in

removing BODs (99.7%). total COD (96.6%). COD;

(96.7%), total NH;-N (98.3%). NHs-N; (98.1%). TN
(72.8%), TNy (74.2%). and TSS (86.2%). PO,-P removal
percentages were 39.0% in the unfiltered and 40.2% in the
filtered samples, The results compare favourably with other
proposed systems lor dealing with high strength dairy
wastewiler, such as wetlands. reed-beds and stratified sand
filters. The use of stacked horizontal sheets reduces the
footprint required in comparison with many other systems.

Based on the laboratory results. it is estimated that a
100-cow dairy larm. would reguire a lreatment unit
measuring 12m x 12m m plan and 45 sheets in depth.
based on a wastewater flow of 501 cow™'day ™' 1o give a
similar perlormance. 11 is appreciated that laboratory and
field conditions are different. The system would be
preceded by a settlement tank. which could be un existing
holding tank. and followed by a clarifier. The HEBR could
be manufactured in units that would treat a certain volume
ol washwater per day, allowing farm owners to buy the
nuniber of units they required, Since there is little hydro-
static pressure assoctaled with the system, a simple light
plastic tank formed in a mould could be used to contain the
HEFBR sheet stacks. The sheets could be specifically
manufactured for the HFBR system with 3 sides turned
up, and simply stacked in alternate dircctions on one

another. [t would also be possible to assemble a tower of

sheel stacks with a suitable wastewater distribution system
to reduce the footprint further,

Using the HFBR system. the current method of land-
spreading might be eliminated or greatly reduced. The
treated elMuent could be used to wash farmyards or it could
be passed through soil to further reduce the N and P before
entering 4 water body. The unit was easy to construct and
maintain, and there was no sloughing of solids or clogging
of the reactor.
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Abstract

The performance of an upflow anaerobic sludge blanket (UASB) reactor treating 2.4 dichlorophenol (2.4 DCP) was evaluated al
different hydraulic retention times (HRTs) using synthetic wastewater in order to obtain the growth substrate (glucose-COD) and 2.4
DCP removal kinetics, Treatment efficiencies of the UASB reactor were inyestigated at different hydraulic retention times (2-20h)
corresponding to a food to mass (F/M) ratio of 1.2-1.92¢-CODg ' VSSdav™!. A total of 65-83% COD removal efficiencies were
obtained at HRTs of 2 20h. In all, 83% and 99% 2.4 DCP removals were achieved at the same HRTs in the UASB reactor.
Conventional Monod., Grau Second-order and Modified Stover-Kincannon models were applied to determine the substrate removal
kinetics ol the UASB rcactor. The experimental data obtained from the kinetic models showed that the Monod kinetic model is more
appropriate for correlating the substrate removals compared to the other models for the UASB reactor. The maximum specifie substrate
utilization rate (k) (mg-COD mg lss day™"), hall-velocity concentration (K,) (mg COD 1Y), growth vield coefficient (¥) (megmg ') and
bacterial decay coefficient (b) (day ') were 0.954 mg-COD mg ' 8Sday ', 560.29 mg-COD 1~ ' 0,78 mg-8S ¢~ '-COD. 0.093 day " in the
Conventional Monod kinetic model, The second-order kinetic coefficient (k) was calculated as 0.26 day ' in the Grau reaction Kinetic
madel, The maximum COD removal rate constant (U, and saturation value (Kg) were caleulated as 7.502mg COD ~'day ! and
34.56111@"(111_\:‘"' in the Modified Stover-Kincannon Model. The (k)(mg-2.4 DCPmg '8Sday ). (K) (mg 2.4 DCPI ". (¥) (mg
SSme ' 2.4 DCP) and (k) (day™") were 0.0041 mg-2.4 DCPmg ' $Sday~'. 2.06mg-CODI ', 0.0017 mg-SS mg~! 2.4 DCP and
3.1 % 107 day ! in the Conventional Monod kinetic model for 2.4 DCP degradation. The second-order kinetic coetficient (k) was
culenlated as 0.30dayv™" in the Grau reaction kinetic model. The maximum 2.4 DCP removal rate constant (U,,,,,) and saturation value
(&Kp) were calculated as 0.01 mg COD 1" day™" and 9.8 x 10 mg1~"day ' in the Modified Stover-Kincannon model.

1 2007 Elsevier Ltd. All rights reserved.

Kevwords: 2.4 dichloropheno! (2.4 DCP): UASB: Monod: Grau second order; Modified Stover—Kincannon model

1. Introduction

Chlorinated phenols have been placed in the list of
priority pollutants of the United States Environmental
Protection Agency due to their—toxicity. carcinogenicity
and persistence in the environment (Notice of the first
priority list of hazardous substances that will be the subject
of toxicological profiles, 1987). The treatability ol chlor-
ophenols has been studied in both anacrobic (Boyd et al.,
1983; Boyd and Shelton, 1984: Ning et al.. 1997; Kim et al..
1908: Nitayapat and Watson-Craik, 2002) and aerobic

*Corresponding author, Tel: +902324127119; fax: + 902324531143
E-miail adidresy: delva sponzaforden edwtr (DT Sponza),

0301-4797% -gee front matter (© 2007 Elsevier Lid. All rights reserved.
doi:10.1016/j.jenvman.2006.11.030

reactors (Puhakka and Jarvinen. 1992: Armmenante et al..
1999), 2.4 DCP is on¢ non-volatile toxic organic compound
that is used in large quantities in industries for production
of wood preservatives, pesticides. herbicides. and plastic
materials (Ning et al., 1997; Krumme and Boyd. 1988).
Furthermore 24 DCP is released as an anaerobic
degradation product (Ning et al.. 1997).

Mathematical models are used in anaerobic processes
to determine the importance ol relationships between
the design data and experimental results. They are also
used to control and predict the plant design performance
for optimizing the plant design. Gu and Knaebel studied
the degradation kinetics of pentachlorophenol (PCP)
(Gu et al., 1995; Perkins et al., 1994). Ning et al. (1997)
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Nomenclature

U specific substrate utilization rale
(mgmg 'day ")

X concentration of microorganisms (mgl™')

k maximum specific substrate utilization rate (mg-
CODmg 'SS.day ')

0 influent flow rate (Iday ')

a constant in Grau order kinetic model (dimen-
sionless)

S. effluient COD or 24 DCP concentrations
(mgl ")

b constant in Grau order kinetic model (dimen-
sionless)

S, in[i]ut:m COD or 2.4 DCP concentrations (mg
10

T specific growth rate (mgSSmg~' COD day )

M Maximum specific growth rate
(mgSSmg ' CODday ')

V reactor volume (1)

SRT (@,.) sludge retention time (day)

Y growth vield coefficient (gSSg-COD ")

ky decay coefficient (day™ '}

X.. X elfluent microbial concentration {'mgl_’)
K, half velocity coefficient (mg-COD1 ")
HRT(&)(@},) hydraulic retention time (h)

E COD. 2.4 DCP removal efficienciencies (%)
ke sccond-order substrate removal rate constant
—1
(I day™")

Unnxs Rimax maximum substrate removal rate constant
(mg-CODmg ™' SSday )
Ky saturation value constant (mgl 'day ™"

investigated the degradation of 2.4 DCP using a modified
Haldane inhibition kinetic model to estimate the perfor-
mance of anaerobic sludge granules in an anaerobic
digester (Ning et al.,, 1997). Beitrame et al. showed that
the 2.4 DCP was degraded according to the Monod kinetic
model (Ning et al., 1997; Wik et al., 2000: Kesavan and
Law, 2005, Marcos et al., 2004). Monod-type kinetic
models have been widely used to describe the process
kinetics of anaerobic digesters (Beitrame et al., 1982).
Although there has been some suceess in applying Monod-
type kinetics to the anaerobic process, some research
workers found it difficult to apply them to their systems.
For instance. Grady et al. (1972) have shown that the
effluent substrate concentration, expressed as COD. was
not dependent on the substrate concentration entering the
reactor. In the equalion proposed by Stover—Kincannon
(Beitrame et al., 1982; Weiland and Manur, 1997; Yu et al.,
1998; Hammer and Sidney, 2002). the specific growth rate
was considered as a function of the growth limiting
nutrient, by using an empirical constant. which was related
to microbial concentrations. Chen and Hashimoto (1980)
developed a kinetic model for substrate utilization and
methane production and suggested that this kinetic model
would be more suitable than the Monod-type kinetic
models to predict the performance of a digester. Grau
found that the anacrobic reactors could be modeled using
his kinetic model (Sanchez et al., 2001; Grau et al., 1975).

Determination of kinetic constants of a UASB reactor is
useful to be able to describe and predict the performance of
the system. Recent literature surveys showed that the
kinetics of upflow anaerobic sludge blanket (UASB)
reactors fed with 2,4 DCP wastewater have not been
investigated. Therefore in this study the treatment perfor-
mance of a UASB reactor treating 2.4 DCP was evaluated
at decreasing hydraulic retention times and the kinetic
constants of the reactor were evaluated according to the
experimental vesults, In order to determine the most
suitable biokinetic model for the UASB reactor treating

2.4 DCP, some kinetic models, such as the Conventional
Monod. Second-order kinetic. and Modified Stover—Kin-
cannon models were applied to the experimental data. The
models and the kinetic constants were interpreted.

2. Materials and methods
2.1. Reactor model

In this study. a laboratory scale reactor was designed. A
continuously led stainless steel UASB was used flor the
experimentation. The schematic diagram of the UASB
reactor is given in Fig. 1 and it was operated at 37°C. The
UASB reactor employed in this study had 2.51 of effective
volume with an internal diameter of 6¢cm and a height of
100 cm.

2.2, Seed

Partially granulated anacrobic sludge was used as seed in
the UASB reactor and was taken from the methanogenic
reactor of the Pakmaya Yeast Baker Factory in lzmir.

2.3. Compaosition of synthetic wastewater

The anacrobic UASB reactor was inoculated with settled
partially granulated anaerobic sludge and fed with
synthetic wastewater containing glucose (3000mgl') and
10mgl' 2.4 DCP for 88 days. On day 88, the OLRs were
increased by decreasing the HRTs. The feed solution of the
UASB reactor consisted of glucose as the primary carbon
source and 24 DCP dissolved in Vanderbilt mineral
medium (Speece, 1996). Anaerobic conditions were main-
tained by adding 0.5mgl" of sodium thioglycollate into the
feed. The desired alkalinity and neutral pH were obtained
by addition of 6000 mg!~' NaHCO, into the feed media.
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Fig. 1, Schematic configuration ol UASB reactor.

2.4. Operaring conditions

The lab scale UASB reactor was operated with glucose
and 2,4 DCP during a 96-day period in order to investigale
the process kinetics at different hydraulic retention times.
HRT was decreased from 20 to 2Zh by increasing the
organic loading rates (OLR) from 6 to 34gCOD 1 "day™!
in the UASB reactor for 96 days of operation. The V8§
concentrations in the UASB reactor varied between 5 and
17g1™", The corresponding 2,4 DCP loading rates varied
between 1.2 % 1077 and 0:232 g1 "day™". The F/M ratios
were between 1.2 and 1.92gCODgVSS 'day ™' through
the operation of the UASB reactor.

2.3. Anafyiical procedures

Suspended solids in granulated sludge and in activated
sludge were regularly measured 2-3 times per week with a
hliration technique using membrane filters with a pore size
of 0.43 um. Soluble COD in influent and effluent samples
was measurcd 3 times per week using the closed Reflux
colorimetric method (APHA. 1975). Cumulative gas and

methane gas were measured daily by the liquid displace-
ment method (Razo-Flores el al., 1997; Bevdilli ct al.,
1998). Volatile fatty acids (VFA) were measured 3 times
per week by a two-stage titration method developed by
Anderson and Yang (1992). The temperature was meca-
sured daily automatically with a heater held in the UASB
reactor. The pH of the effluent was measured daily using a
pH meter. Samples were centrifuged at 14000rpm for
25min. 2.4 DCP was analyzed 2-3 times per week with a
spectrophotometer at 500 nm wavelength (APHA, 1973).

2.6. Anaerobic kinetic models

2.6.1. Conventional monod kinetic

For a UASB reactor without biomass recycle, the rate of
change of biomass in the system can be cxpressed as (Ning
et al.. 1997 Wik et al.. 2000; Kesavan and Law, 2005;
Marcos et al.. 2004):

0

. WY S .
F—-?.’\u— ijx".[j-f—ﬂz‘ f\”/\. [l}



24 D.T. Sponza. A. Ulwkdy | Jowrnal of Enviresmental Management 86 (2008) 121131

The ratio ol the total biomass in the reactor to the
biemass wasied in a given lime period represents the
average time that microorganisms spend in the reactor.
This parameter is called mean cell-residence time (f¢) and
is calculated below lor UASB reactors as

X
o =——.

CTox:
Assuming that the concentration of biomass in the
influent can be ignored. at steady-state dX/dr = 0, and the
HRT(fy) is defined as the volume of the reactor divided by
the low rate ol the imfluent. The relationship between the
specific growth rate and the rate limiting substrate
concentration can be expressed by the Monod as

- Hoax S

(2)

G -
Eq. (1) reduced to as [ollows:

%A’E = Xl — Ka), )

%%+M=m ©)

” =é+gd, (6)

e L K. (7)

K,+S ¢
This equation can be rearranged to prediet the effluent
substrate concentration under steady-state conditions as
lollows:
KKy +(1/0c))
luTHi!\ —Kaq — “/Hf':'
The rate of change in substrate concentration in the
system could be expressed as
ds . - X
S_0g O wX
de ¥V 14 }
Under steady-state conditions, the rate of change in
substrate concentration (—dS/ds) is negligible and by a
similar technique to that used for the substrate concentra-
tion. the above equation can be reduced to Eq. (10) by
substituting Eq. (6)
(So—8) X ( I
b S i (A Wy - 10
0 ¥ \Gc " 9 (10)
The above equation can then be rearranged to predict
the effluent biomass concentration under steady-state
conditions as follows:
_ e Y(Sy — S)
On(1 + Kalc)’
The kinetic parameters Y and K, can be obtained by
rearranging Eq. (10) as shown below:

S’ﬁ = S I 1 I
L ey e #R 55 >
X ¥ (Hc) i (12)

By plotting Eq. (12). the values of ¥ and K, can be
caleulated from the slope and intercept of the best fit line.

8= (8)

(9)

=

(11)

The values of iy, and K¢ could be determined by plotting
Eq. (13), which was derived by rearranging Eq. (7). The
value of Hy. can then be calculated from the intercept of
the straight line while K can be obtained from the slope of
the line as

e 5 |

= =i L (13)
I+ 0cKy oS M

2.6.2. Second-order Grau multicomponent substrate renmoval
model e ]

The general equation of a second-order Kinetic model is
tlustrated below as (Sanchez et al., 2001: Grau et al., 1975)

—ﬁzk,x(i)_. (14)
dr i

II' Eq. (14) is integrated and then linearilized. Fq. (15)
will be obtained as
Sofly Y
: - = fly -,
.S” -5 fig“l

Il the second term of the right part of Eq. (15) 1s accepted
as a4 constant. the equation will be obtained as
Soth
Sn —— S

(Sy—S)/ Sy expresses Lhe substrate removal efficiency. In
order to predict the effluent COD and biomass concentra-
tions Egs. (17) and (18) can be used as

Soll +a x 8,)
Se=———+7———

HC x hx ;\'1

(13)

= by + a. (16)

(17)

_ b0¢c(Sy — Se)
Bl +ale)

»

(18)

2.6.3. Stover—Kincannon model

In this model the substrate utilization rate is expressed as
a lunction of the organic loading rate using monomole-
cular kinetics for UASB reactors. A special feature of the
Modified Stover/Kincannon model is the utilization of the
concept of total organic loading rate as the major
parameter Lo describe the kinetics of an anaerobic reactor
in terms ol organic matter removal and methane produc-
tion (Yu et al., 1998b). The removal ol organic substrate in
the UASB process can be determined on the basis of the
substrate removal rate as a lunction of the substrate
concentration.

Equations of the modified Stover/Kincannon model are
as follows (Beitrame et al., 1982; Weiland and Manur.
1997; Yu et al.. 1998a; Hammer and Sidney, 2002):

dS_ Rm;t.x(QSIIXV)

kil Ol et T A Y 19

di = Ku+(0S0] V)’ o

where dS/d7 is defined as

s o .
R S o)

T T (Sp—S5). (20)
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Eq. (21) is obtained from the linearization of kg, (20) as
ollows:
I Kp V I
_ Ky 4

1_){ Sl_l o S) - Rm:lw QSIJ

This cxpression can be solved (or etther the effluent
sbstrate concentration (Eq. (22)) or the required volume
of the UASB reactor (Eq. (23)) by substituting the kinetic
sonstans O, and Kg:

— . (21)

Rma:\

{-"!nr.t.\ X SH
Kg+ (0So/V)

(22)

Se = 5

. QXSU (23)

(Upax % S/ Sy — Se) —Kg :

b. Results and discussion

Lo Reactor perforimance

In order to obtain the kinetic coefficients three difTerent
idinetic medels were used for the UASB reactor based on
leeradation of COD and 2.4 DCP al six different HRTs
hrough 96 days of operation. The results obtained for
iteady-state conditions during the reactor operation al $ix
Jifferent HRTs are summarized in Table 1. A total of 83%
20D removal efficiency was obtained at a HRT ol 20h.
Fhe COD removal efficiencies decreased to 26% ata HRT
M 20 The 2.4 DCP removal efficiencics decreased from
0%, to 83% as the HRTs decreased from 20 to 2h. The
nethane percentages were 73.8% and 30.8% for HRTs
raryving between 5 and 20h. As the HRT decreased [rom 20
o 2h. the pH and B.Alk levels decreased 1o 6.79 and
000mg CaCO; ] ! from 7.41 and 37{1(}mgl_' while the
VEA concentrations increased to 1900 lrom 603 mgl

Fable |
Leactor performance under steadv-state conditons at six different HR'Ts

respectively. Although the pH remained in the oplimal
working range for anaerobic conditions (6.5-7.5) the VFA
concentrations inereased to 1900mg CH,COOH!1™'
through the operation at a HRT of 2h. The optimal pH
could be explained by the neutralization of hydrogen
anions being released from the volatile fatty acid together
with the carbonates dissociated from the carbonic acid with
the bicarbonate alkalinity inside the UASB reactor (Raze-
Flores et al.. 1997: Beydilli et al.. 1998). The VFA/B.Alk.
ratios mncreased to 0.39 [rom 0.19 as the HRTS decreased
from 20 to 3 h. indicating the reactor stability. 1t wus found
that this ratio was higher than 0.4 for HRTs ol 2 days
showing the moderate instability of the UASB reactor
(Behling et al.. 1997). In order to obtain the UASB reactor
performance the reactor system was operated at six
different hyvdraulic retention times. The optimum HRT
and SRT for maximum COD and 24 DCP removal
efficiencies and methane percentage were 20h and 646 days
for the UASB reactor. respectively, The optimum HR'Ts
varied between 5 and 20h for optumum COD removal
(£ =64 82%). 24 DCP removal (£=90-99%) and
methane percentages (50-73%).

High alkalinity in effluent indicates that the alkalinity
supplied Lo the reactor is not used at high HRTs. In other
words the system is under steady-state conditions and there
is- no need for the additional alkalinity. The VFA
concentrations in the elfluent increased after a HRT of
Sh indicating thut the methane bacteria do not convert the
VFA to methane. AL HRTs of 2 and 3 h the methanogenic
archae lost their activity and methanogenesis decreased
significantly. The methane percentage also decreased from
50% to 30% after « HRT of Sh. The VFEA/B.Alk ratios
also indicate the reactor stability. These results showed that
the UASB reactor was operated with high 2.4 DCP, COD
removals and methane gas percenlages for HRTs varying
between 5 and 20 .

=4,
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Conventional Monod kinetic model

To determine the vield (Y) and decay constant (kg).
the inverse of sludge retention time (1/SRT. day ') was
plotted agninst the specific substrate utilization rate
(L. mgCODyg 'SSday '). ¥ was determined from the
slope as 0.78 mgSSg ' COD and b was determined [rom
the intercept ol the y-axis as 0.093day '(see Table 2).

Similarly. K, and & were determined by plotting the
inverse of the effluent substrate concentration (1'S.)
against the inverse of the substrate utilization rate (1/U).
The hall-saturation concentration K, was calculated from
the intercept of the y-axis as 560.69mg COD1 ', and the
maximum substrate utilization rate (k) was caleulated from

Tahle 2
Kinetie parameters of UASD reactor treating COD as primary substrate
Kinetie models Kinetic Values Rigression
prraeLers ey uation angd
coctficients (R7)
Canventiona] Yoime .78 = 0T8y0.093
Monod S8 mgCOD™ )
1.49%2
ka (day ") (LU3 0.9x2
iy Ny Yty
k teday 1 0934 =360y =10.954
1,943
e by ™) ;213 (hu43
Ky (mgl™ ! S0 0.943
Gl seeomdd order o dimensionless)  0.029] =001 L+ 0,02
;942
A (dimensionless) 00113 (942
K (day ™) 0,26 1,942
Muodilied Ky (mg (Lduyy ') 34507 = 34560+ T30
Stover Kimeainon
ag
Ll fnig T7.501 [ARYISY |

COD(day)™")

lahle 3
Kinetic parameters ol L'ASB reactor treating 24 DCP

DT Sponza, A Ulykday ) dournal of Envivonmenral Mandgeneny 8o 20080 f24-{31

the intercept of the p-axis as 0954 dav™' ...

caleulated by multiplying F'ooby £ Lo
0.74 mg SSmg ' COD day .

The K, and & values were 206mg 2.4 DCPI™' and
0.0041 day ' through the degradation of 2.4 DCP in the
UASB reactor while pu,., was 0.42 da}-_l. V was deter-
mined as 0.0017mg 24 DCPmg 'SS and L, was
determmed as 3.1 x 10 <du} ~!(see Table 3),

These results demonstrate that the growth yield coelfi-
cient was higher and the death rate constant wuas lower.
This can be explained-by the long hydraulic and sludge
retention times having a positive effect on microbiologieal
erowth, A high K, value indicates the affinity of methano-
gens to COD. From these results the design cquations can
be written as follows:

The effluent COD concentrations can be predicted using
Eq. (8) based on Monod kinetics:

was
be

5600009 + | /)
T0213 —0.093¢1 /fe)

The microorganism concentration in the effluent can be
predicled using Eq. (11) Tor COD removal based on
Monod kinetics:

e e LTSy = S)
(] + 0.0900)

The efMuent 2.4 DCP and the microorganism concentra-
tions can be predicted using Eqs. (10) and (11) as

_2.06(3.0 % 107+ 1/6¢)
041 =31 x 107 — 1/l

- (e % 0.0017(85 — 5)
Ou(l 4 3.1 x 10738¢)”

Kmetic models Kinetic parameters Vitlues Regression equation and
coetticients (R:]
Conventional Moo Yoo S8 me COD ) 0007 po= 0.017% + 3E=03
(931
K (duy™") x0T (.95
piday ') Yy
6.97 < 107"
kotday ') 00041 = (0041 v+ 2.06
ft day ™) .41 0902
Ke (mel™") 202 (1902
Crran second order o (dimensionless) (1341 = ORIy | ().3413
{.949]
h dimensionliess) 9% 0.4991
ks (day 'y 0.30 0.99]
Maodificd Stover Kincannon Ky (me (lday)™ H Y& 1077 b= 09829 - 331
(,ua2
U tmyg €CODday) ) AR fhy92
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3.3 Graw second-urder model applicarion

From the plots between HRT/E and HRT. « and b
constant values were found with high correlation coelfi-
cient (R = 0.94) from the intercept and the slope ol the
hest fit line. The Second-order substrate removal rute
constant s (a = Sp/(k-X). and the ¢ and b constants were
calculated as 0.26 day ', 0.0291 and 0.0113 (dimension-
less), respectively through COD degradation (see Table 2).
Thie Second-order substrate removal rate constant /s, and
the @ and b constants were calculated as 0.30 day ', 0.541
and 0.9% (dimensionless). respectively through anacrobie
treatment of 2.4 DCP in the UASB reactor (sce Table 3).
From these results the design cquations can be written as
follows;

The effluent COD and biomass concentrations can be
predicted using Eqs. (17) und (18) as

T Dex0.0113 % 0.267

~ - ”.l:‘i I_-;H(__‘{l")‘r.l = S}
Tyl 002910
The ¢fluenl 2.4 DCP and biomass concentrations can be
predicted using Egs. (17) and (1X) as
g Soll | 0541 2 H¢)
ET e x 098 % 030
- O8MRHA(Se — Se)
ot 05400

3.4, Muodifted Stover—Kincannon iodel application

The removal of substrate in the anaerobic UASB reactor
cann be determined by the substrale removal rate as a
function ol the substrate concentration. The straight line
portion of the intercept 1/ U, and the slope of Ky/ Uy,

a
2500

= |y =0.9959% + 157.74 —
o SOMRT RZ = 09845
£ '.
8 1500 ]
@]
o]
g
S 1000 +
=
&
=5
= 500 - S
[73]

|

0 } T T T T
0 500 1000 1500 2000 2500

S, (observed COD mg '/

12%

from the graph plotted between (Kp/ Upgyy) and £, and
Ky were lound to be 7.501 und 34.56501 11151]"(111_\_-" b
respectively, [rom the experimental data given in Table 2
with a high regression coefficient (R = 0.991). The max-
imum 2.4 DCP removal rate constant ( {,,.) and saturation
value (Ky) were caleulated as 0.01 mg COD I~ day " und
9.8 % 10~ megl "day ' from the Modified Stover-Kincan-
non model (see Table 3).

The effluent COD and the volume of the LTASB reactor
can be predicted from Egs. (19) and (20} as

?:S”l * S‘U

S‘.- = Sr_] e T e mae
3456+ (OS /1)

0 x 5
(7.501 x 8/85)— S¢)
The effluent 2.4 DCP and the volume ol the UASEB
reactor can be predicted Irom the equations given below:
001 = Sy
9.8 x 107 (@S, /7y

V= .
34.56

Se=8) —

[ — Q xSy
(001 % S4/80—8:) —98x 17

Fig. 24 and b mdicate the relationship between the
observed effluent COD and 2.4 DCP concentrations Irom
the experiments carricd oul under six different HRTs and
predicted COD and 24 DCP effluent concentrations
calculated by using Eq. (8) based on Monod Kinelics.
Fig. 3a and b indicate the relationship between the
predicted and observed effluent COD and 24 DCP
concentrations and predicted effluent COD and 2.4 DCP
concentrations were caleulated using Eq. (19) on the basis
of the Grau second-order kinetics. Fig. 4a and b indicate
the relationship between the observed effuent COD and
2.4 DCP concentrations from the experiments carried out
under six different HRTs and predicted COD and 2.4 DCP
effluent concentrations calculated by using Eq. (19) based
on Modified Stover Kincannon kinetics. There 15 a linear

2500
_ .
T ,g00 | Y= 1.082x +21.059
g R*=0.9311
8 15004+ =
(] |
b= |
<]
T 1000 - —
=
e {
£ 500 -
O
w
0 T T T T
0 500 1000 1500 2000 2500

S, (observed COD, mg I

Vg, 2. The relationships between observed ind predicted COD contentrations () and 24 DEP concentrations (h) for Monod kinetie molel
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Fig. 4. The rekitionships between observed and predicted COD concentrations (a) and 2.4 DOP concentrations (b for Modified Stover Kincannon

kinetic model.

relationship between the observed and predicted COD and
24 DCP concentrations with a high R° (regression
coelficient). From these figures il can be seen that the
regression coelficients between the predicted and observed
COD and 2.4 DCP concentrations are ligher for Monod
kinetics (R” = 0.98 and 0.95. respectively). compared to the
regressions between observed and predicted values lor
Modified Stover-Kincannon kinetics (R° = 0.82 and 0.86.
respectively) and second-order Grau Kinetics (R = 0.67
and (.82, respectively).

3.5 Evaluation of the kinetic models

The kinetic data showed that the Monod substrate
removal kinetic model was a more appropriate model
compared to the Grau and Modified Stover-Kincannon
models [or predicting the performance of the lab scale
UIASB reactor treating 2.4 DCP with glucose-COD as co-
substrate.

The vield value is higher compared to the decayv constant
and A is lower compared to the initial COD concentration
of 3000 mg 1~" in Monod kinetics. The maximum substrate

utilization rate (&) in Monod kinefics is lower than the
second-order substrate utilization rate in Grau kinetics
through 2.4 DCP degradation. However, the k& value in
Monod kinetics is significantly higher than the £- value in
Grau kinetics for COD degradation.

The predicted and observed COD concentrations in-
dicate that there is a high regression coefficient between
these parameters in Monod kinetics compared Lo the other
two models (see Figs. 2ua. 3a and 4a). The plot of the best fit
line between predicted and observed 2.4 DCP concentri-
tions showed that the 2.4 DCP was removed according Lo
Monod kinetics (see Figs: 2b. 3b and 4b). The regression
coellicient between predicted and observed values for COD
and 2.4 DCP were high (R* = 0.98, 0.95, respectively) in
Monod kinetics compared to the Stover-Kincannon and
Grau second-order kinetic models. The kinetic coefficients
caleulated from the Monod kinetics are more significant.

The maximum second-order removal constant for 2.4
DCP was signilicantly lower than that observed in
Modified Stover Kincannon kinetics. In Monod kinetics
the vield values are lower through degradation of 2.4 DCP
sinee the SS used for caleulating the vield contluins both
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COD and 2.4 DCP removing anaerobic methanogens. In
this study the K, values are lower (2,02 mgl_'}tlum those
fromi another study treating 2.4 DCP (K, =649 mel b
initial 2.4 DCP was 12mgl™") under anacrobic conditions
indicating the consumption of 10 mgl™' 2.4 DCP by
anaerobic archae (Majumder and Gupta. 2007). The lower
K_ value indicates the affinity of anaerobic microorganisms
for the substrate. Therefore. it can be suid that no 2.4 DCP
accumulation was observed in the UASB reactor, The fiy,«
value is significantly higher than that g values for 2.4 DCP
in Monod kinetics (see Table 3).

Since the effluent COD and 2.4 DCP concentrations
varied with HRT, these two parameters arc the mosl
important variables in the UASB reactor. Therefore the
observed ¢ffluent COD and 2.4 DCP concentrations and
predicted effluent 2.4 DCP and COD concentrations for
every HRT were compared for the three kinetic models (see
Figs. 5 and 6). The HRT versus observed and predicted
effluent COD and 2.4 DCP concentrations showed that the
predicted efMluent COD and 2.4 DCP concentrations are
closer ta the observed values when the caleulated Kinetie

(R =098 095 for COD, and 2.4 DCP, respectively).
When the UASB reactor was operated between HRTS ol §
and 20 h the COD and 2.4 DCP removal efficiencies were
64-82% and 90-99% . respectively. The COD and 2.4
DCP in the UASB reactor could be removed with high
efficiencies according to Monod kinetics for long-term
steady-state operations at HRTs varying between 5 and
J0h. The k& values obtained in this study for Monod
kincties are much higher than the data obtained by Sponza
(20014, b), Unal (1999) and Sponza and Atalay (2005). The
ls value found in this study is much lower than the &,
values calculated by Biliviikkamaa and Filibeli (2002)
(10.82day ') (and Oaztiirk ¢t al. (1998) (1.65 and
[3.6day ') in which they used molasses and glucose as
carbon sources without any toxicant in a hybrid and UASB
reactor, respectively.

The kinetic constants obtammed from the Modified
Stover—Kincannon kinetic model are much lower than
the U, and Kp values obtained by Biiyiikkamacr and
Filibeli (83.3 and 186 217" day ™', respectively) (Sponza and
Atalay, 2005) and Yu et al. (83.3 and 8552l 'day "

constants were placed in the Monod kinetic model Oztiirk et al., 1998) in a hybrid and anacrobie filter reactor
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lreating only molasses and sovbean, respectively. This
could be atiributed to the 2,4 DCP loading rate as high as
0.116 mg-2.4 DCP1 'day " applied to the UASB reactor
in this study. However the alorementioned kinetic con-
stants are significantly lower than those obtained by
Sponza and Isik treating a simulated textile wastewater
(8.5g}" da}-‘") (1stk and Sponza, 2003),

4. Conclusion

The results of this study showed that synthetic waste-
water containing 2.4 DCP can be effectively treated at
HRTs between 5 and 20h in a UASB reactor. The COD
removal efficiencies decreased from 83% to 63% when the
HRT was decreased [rom 20 to 2 h while 83% and 99% 2.4
DCP removals were achicved, respectively. The COD and
methane percentage decreased significantly at a HRT of
2h. The 2.4 DCP removal efficiencies were not signilicantly
affected at HRTs of 2 and 3 h. For maximum COD and 2.4
DCP removal efficiencies and methane gas production the
optimum HRTSs should be between 5 and 20 days.

The ¥ value constant was significantly higher than the
K, value indicating that the 2.4 DCP degrading anaerobic
microorganisms were active and the death of these was at a
low level based on Monod kinetics, The p value was lower
than the ¢ max value based on Monod kinetics indicating
that the maximum specific growth rate of anaerobic
methanogens is higher than the specific growth of
methanogens during COD removal in a UASB. The &
value based on Monod kinetics was higher than that based
on Grau second-order reaction kinetics. The K, values [or
COD and 2.4 DCP degradations for Monod kinetics were
lower indicaling no accumulation of substrate in the UASB
reactor. The low K, values indicate the affinity of
methanogens lor the substrate.

There was good concurrence between observed and
predicted concentrations both for COD and 2.4 DCP for
Monod kinetics, meaning that Monod kinetic constants
can be used to design a UASB reactor for 2.4 DCP and
COD removals {rom wastewaters containing chlorinated
organics,

The results ol kinetic studies based on the anaerobic
removal of 2.4 DCP and COD in a lab scale UASB reactor
can be used to predict the treatment performance of a full-
scale UASB reactor using the Monod Kinetic model.
Furthermore. the kinetic constants can also be used for
optimizing the UASB design. It was shown that the Grau
and Stover-Kincannon models are not very appropriate
for predicting the performance of a UASB reactor for
degradation of 2.4 DCP,
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Abstract

This paper provides baseline information about the total annual dust fall, and its constituents and seasonal variation. from a sub-
Lropical opencast coalmine aren in Bina. India. Dust samples were collected monthly for 2 years (June 2002 May 2004) from five
sampling sites in the region and analyzed in the laboratory for witer-soluble and -insoluble matter. Water-insoluble components
constituted the major fraction of the total annual dust [ull, Two-way ANOVA indicated stgnilicant variations in dust fall at different
sites, over the months and in their interactions. The dust deposition rate was highest during summer (March June). lollowed by winter
(November-February) and lowest in the rainy season (July—October). Maximum dust £all was observed near the coul handling plant (at
site 2) lollowed by he receiving pit of the coul hundling plant (site 3), tiear the main sub-station (site 4). Jawahar colony (site 1) and
Gharasari village (site 5), An inverse and significant relation was observed between dust [all and precipitation. Our studhes have shown
that the main residentiul arcas are experiencing higher levels of dust fall which makes them unsuitable Tor living. We suggest that

restdential arcas should be moved larther away (rom the mining area in the opposite direction of prevalent winds.

172007 Elsevier Lid. All rights reserved.

Keywords: Dust [ull; Seasonul varialion! Sub-tropical; Coulmine: Waler-soluble and -insoluble matter

1. Introduction

The economies ol China, India and other nations in Asia
are now largely coal driven (Eliot et al.. 1999) and coal-
derived energy will continue to dominate for vears Lo come.
Consequently. the number of coalmines is increasing day
by diy. However. the emphasis is more towards opencast
coal mining to achieve bulk production and increased
productivity. In India. opencast mining today conslitutes
nearly 70% of the total coal production. Opencast coal
mining using large-scule mechanization results in the
release of huge guantities ol dust and guses. which uare
changing the environmental impacts of coalmines. and
adversely affecting human heulth (Dhar, 1994). Given our
new understanding of the significance of deposited dust in
air quality. it is one of the main causes of complaints about
air pollution (Vallack and Shillito. 1998),

The effects ol dust clouds and deposition are both visible
and tangible in communities around industrial activities or
construction sites (Hall et al.. 1993; Fuglsang, 2002). Dust

“Corresponding author. Tel: +91 542 2368419: fax: + 91 5422368174,
E-mail addresy: bdinpathi1948 s vahoo.co in (B.D. Tripathi).

03014797 % - see [rant matter « 2007 Elsevier Lid. All niahts reserved,
dot 10, 1016/] jenvman. 2006, 11,032

emission is the foremost problem of opencuast coalmines
and results from blasting and drilling operations, trans-
portation of coul and overburden on haul roads, from coal
handling plant operation, loading of overburden and coal
by shovel dumpers. from crushing, conveying and handling
ol overburden by draglines. running of other vehicular
tralfic on the unpaved road and from vehicular emission,
Dust fall rate and its chemical constituents are required
measurements - the quantitative as well as qualitative
study of dust pollution in a region (Harrison, [1986). The
distinction between monthly and annual means is impor-
tant because fugitive dust emissions are often episodic due
to plant/site operational failure, varying meteorological
conditions or both (Vallack and Shillite, 1998). Numerous
workers have reported on various aspects of dust pollution
i.e. Brooks and Schwar (1987). Irvine ¢t al. (1989). Rybicka
(1989), Tripathi et al. (1996). Adanis (1997), Wanquan
et al. (2004) and Reynolds et al. (2003). A good example of
dust deposition modeling comes from Gao et al. (2003).
Ghose (1989) reported menitoring of air borne dust and
its abatement measures whereas Ghose and Sinha (1990)
gave informalion en an air pollution control plan for
opencast coalmines. Ghose and Banerjee (1995) highlighted
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the air pollution status in opencast coalmines. Banerjee
et al. (1996) discussed the air pollution problem and
abatement measures in Indian opencast coalmines. Ghose
and Banerjec (1997) conducted a study on the physico-
chemical properties of air borne dust in coal washeries of
India. Ghose and Majee (2000a. b) assessed the impact of
opencast coul mining on the air environment. Ghose and
Majee (2001) suggested abatement measures for air
pollution caused by opencast coal mining. Ghose (2002)
and Chaulya (2004) discussed the air pollution problem in
Indian opencust coalmines. However. still there is a paucity
of data regarding seasonal variation of dust fall and its
chemical constituents in opencast coalmines.

This paper reports on the total quantity of dust fall and
its constituents. combustible matter. water-soluble matter,
water-insoluble matter, ash and tarry substances, chloride
and caleium and their seasonal variation in a sub-tropical
Indian opencast coalmine. The present study was con-
ducted in the Bina opencast project, one ol the biggest
coalmine projects of Northern Coal Fields, Limited (NCL).
India. in Soncbhadra district.

2. Details of the study area
2.1. Location

Bina opencast coalmine lies in the Marrack block on the
south and Kakari OCP in the north situated between

latitudes 24°08'12" and 24°09'52" and longitudes 82°44'25"
and 82745'41" (Fig. 1). The Bina coalmine is located on a

hilly terrain forming a plateau on the west and southwest.
whereas towards the east and northeast the area is gently
undulating. The elevation in the mining area varies from
275 to 400 m above the mean sea level.

2.2. Mereorology

The climate of the area is characteristically monsoonal
with three distinctive seasons, i.e. summer (March—June),
rainy (July—October) and winter (November February)
with discernible variation in the temperature and rainfall.
This area receives on average approximately 1000 mm of
rainfall annually and the maximum and minimum tem-
peratures are 48 and 4°C. The average annual relative
humidity was 63% during the investigation period. The
first hall of the summer season was associated with strong
hot dry westerly winds and high temperature (up to 48 "C).
whereas the second half was humid. The mean monthly
temperature ranged from 24 to 36 “C in summer, The rainy
season accounted for almost 90% of the annual rainfall
during which the relative humidity ranged from 79% to
90%. In dry months, the relative humidity ranged from
36% to 85% and 10% to 82% in winter and summer,
respectively. Winter was characterized by 10-25°C day
temperature and during the night sometimes the tempera-
ture dropped below 4 °C,

The basic meteorological parameters determining the
horizontal transport and dispersion of air pollutants are
the mean wind speed and the wind direction (Ziomas et al.,
1995). Fig. 2 shows seasonal and annual wind rose plots for
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Fig. 2. Wind rose plots of Bina coalmine ared developed rom 2-veur
climatological data (vears 2002 20(14).

the area developed from 2-year climatological data
provided by CMPDI. The average calm percentage (below
1.5kmh 1) was recorded to be 36%. The highest calm
percentage was in Lthe winter season (48%) followed by
summer (40%) and least in the rainy period at 33%.
Northwesterly winds were the most predominant through-
oul the vear, but more so in summer followed by the rainy
period and least in winter. After northwesterly winds. the
most common were southeasterly, which were experienced
more olten in winter. Northwesterly winds were most
inconsistent in terms of velocity in the summer season
ranging from 1 to 15kmh™'. Easterly winds were mainly
conlined to the rainy season.

2.3. Sampling sites

Five sampling sites (Fig. 1) were selected for detailed
study based on micrometeorological conditions. nature of
activities and feasibility of handling instruments. Site 1.
Jawahar colony. is a residential area, without tall buildings
or trees in the vicinity. Site 2. the Bina coal handling plant
site. 15 situated near the maintenance building of the coal

handling plant and is affected by the dust generated by the
coal handiing plant operations. Site 3, the receiving pil of
the coal handling plant, 1s mostly affected by coal
unloading activities. Site 4, near the main sub-station, 1s
mainly affected by transport activites. Site 3. Gharasari
village. is residential surrounded by little forest,

3. Materials and methods

Dust fall collection traps were cylindrical glass contain-
ers filled with distilled water, These containers were
mounted on iron tripods at a height of 10m above the
ground at all of the study sites (Mark and Hall, 1994) and
exposed to the atmosphere for 1 month. These devices.
placed at sites free from nearby obstructions, measured the
lalloul rate ol coarse particulates i.c. generally above 10 pm
in size. Because the period of collection was 1 month, there
was a chance ol collected substances undergoing chemical
changes. In order to prevent this 0.02N copper sulfate
solution was added to the collection bottle. Dust Fall
measuring devices used in the present study are useful for
identilying mnuisance sources or monitoring potential
sources of dust emissions (Vallack and Shillito. 1998:
Schwar, 1998). Five samples {rom five sub-sites were
collected at monthly intervals rom every sile. Hence, 600
samples were collected during the study period (June
2002-May 2004), and analyzed in the laboratory. Fig. 3
illustrates the general protocol for the analvsis of collected
dust. Residual water in the conlainer was filtered and
the residue after drying and weighing was chemically
analyzed (Stern. 1976) for water-insoluble and -soluble
matter. The accuracy of these determinations was approxi-
mately +3%. After the total dust fall determination
was made. the amount of water-soluble matter wus
measured by washing down the inner sides of the
sample contamner with a jet of hot distilled water. The
wash water and insoluble residue were filtered through ash-
less filter paper (Whatmann No. 42). Filtrate was collected
in a weighted evaporating dish. was subsequently evapo-
rated and dried for | h at 110°C. The mass of this residue
was determined by weighing the evaporating dish and
obtaining the mass of residue based on the difference. For
extracting the tarry substances, after drying and weighing
the water-insoluble matter on the filter paper acetone
extraction was carried oul, The acetone residue weight is
the tarry matter content. The extracted insoluble matter
was then heated forcefully in an electric oven at 800 "C to
determine the ash content. The le[tover matter was the ash
content and the loss in the weight was equivalent to the
combustible matter. Caleium (Ca® ) and chloride (C17)
ions were analyzed using ion chromatography. The ion
chromatography instrument was a Dionex DX-120, AS14,
25-ul loop. Data on dust fall and ils constituents are
represented as a  2-year average and expressed in
tonkm = month~', Correlation and exponential regres-
ston analysis was conducted using Microsolt-Excel and a
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two-way full factorial analysis of variance (ANOVA) was
conducted in SPSS 10.

4. Results and discussion
4.1. Seasonal variations in dust fall

Fig. 4 summarizes the average monthly variation in the dust
fall during June 2002-May 2004. ANOVA showed significant
temporal variation in the concentration of dust fall over the
months (Fy, 20 = 117.861.56). Maximum dust deposits were
encountered in the summer season and ranged from 32.8+ 1 to
2789429 tonkm “month~', when dusty winds and low
humidity arc a common attribute in tropical areas. The dust
levels rose further by surface eresion and dust resuspension
due 1o prolonged high winds (upto 15kmh™") and thermal
turbulence caused by high temperature. The Jowest values
oceurred during the rainy season and ranged from 16.2+ 1.2 to
[11.3+3.2ton km " month ', because heavy rain washed out
the dust during these months. The capture of aerosol particles
by falling rain takes place with Brownian and turbulent shear
diffusion, inertial impaction, diffusiophoresis. thermophoresis
and electric charge effects (Chate and Pranesha, 2004). The
winter season demonstrated intermediate values with a range
of 64.2+3.0-226.3+ 3.8 ton km ~ month '); this is attributed
wo climatic inversions and constantly changing wind directions
{Lyong and Seott. 1990).
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[ Receiving pit of CHP £ Near main sub station
B Gharasari village

Rainy Winter season
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300

o]
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(=]
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(=] (=]
A 1
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Fig. 4. Monthly variation (Z-year average, 2002-2004) in dust fall
deposition in Bina opencast project.
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4.2, Spatial variations in dust fall

After the ANOVA test. it was also observed that spatial
variations were significant (Fy 39 = 116.397.40) over the
sites. The amount of dust received among the sites (Fig. 4)
wag highest (278.98+2.98 ton km “month ' in April) at
site 2. Lhe coal handling plant. due to operations like
crushing, conveying, loading and unloading of the coal.
The most prevalent wind direction during summer ie.
northwest (Fig. 2) clevated the dust load at site 2. Site 3. the
receiving pit, also showed a higher value of dust
(246.1 +4.5 tonkm “month ' in May) due to unloading
of coal. The dust load at site 4, near the main sub-station,
mainly consisted of resuspended road dust from heavy
vehicles. Site 1. Jawahar colony. exhibited relatively lower
values of dust deposits (139.8435.9tonkm>month~' in
May), since the area is mainly residential. but residents still
experience high pollution levels. The least amount of dust
recorded (32.8+ 1 ton ki ” month™" in June) was at site 5.
Gharasari village. as expected because the area is distal
[rom mining activities and covered by moderate forest. It
lies southwest ol the main mining area (Fig. 1) so small
amounts of dust are brought through by winds (Fig. 2). A
two-way ANOVA demonstrated significant variations (Fyy,
120 = 132.62) also in the site x month interactions.

4.3, Annual average of total dust fall

Fig. 5 summarizes the annual average value of total dust
fall and its individual constituents at all the sites. The averaged
values in different seasons were acquired from monthly
values. Annually the maximum total dust fall (96.2+
3.6tonkm “month™') was observed at site 2. the coal
handling plant. This rate is higher than that reported by
Wanquan et al. (2004) in Gansu province (a desert area) of
China where it ranged from 18.23 to 69.34 tonkm ~month ',
in northern China (central Takelamagan desert) by Xuan et al.
(2000) (maximum level of 1.5tonhayear™") and in the sub-
Saharan region by Middleton (1997) (ranging from 3.5 to

O Tarry substances

120 -
B Combustible matter
100 Ash substances
B Water insoluble
801 matter
B Total dustiall

tones km™ month™

60 1 @ Water soluble
mattar
40+ B8 Calcium
O Chioride
20 1
B

Jawahar Bina coal Near VTC Near main Gharasari
Colony handiing building sub station village
plant

Site

Fig. 3. Annual variation (2-year average. 2002-2004) in the dust fall and
its constituents in Bina opencast coulmine area,

200tonkmyear™'). Another study regarding dust fall
measurements in India is by Shah and Shah (1964) in which
they have studied the dust fall and sootfall in the Ahmedabad
region (an urban area) and reported a  range of
9-31 tonkm “month ! of total dust fall. Dust deposition
rates depend mainly on the rate of dust supply from the
sources, rainfall and air turbulence, and at a given location,
depend chiefly on climatic conditions in the source area and
climatic conditions in the deposition arca (Rechels and Kihil,
1995; Ziomas et al.. 1995). .

Fig. 6 shows the _selation between dust fall and
precipitation at different sites. An exponential regression
showed a significant regression paltern between dust
deposition  and  precipitation (¥ = 98.603e "0
R*=—0.76 at site 1, y=201.89¢" "4 RI— _0.78 at
site 2, y=184.03¢ % RZ— _0.83 at site 3, y=
163.23¢ 096 R7P=_085 at site 4 and yp=
81.776e VMY R? — .73 at site 5) However, there was
no relation between temperature and dust deposition.

4.4, Chemical constituents of dust fall

Chemical components of dust fall also exhibited the
highest values at site 2 (the coal handling plant) due to coal
handling operations, loading and unloading of the coal
and heavy vehicular transport. The waler-insoluble
matter was comparatively higher (range: 21.54+1.4-69.44
1.9tonkm “month ') than the water-soluble matter
(range: 9.6+ 1.1-26.3+1.6ton km—> month_'J at all of the
study sites (Fig. 5). The ash content of dust was highest in
winter months due to burning of low-grade coal by local
laborers. It was moderately high in summer, because of
dusty winds having the lavorable direction. The combus-
tible fraction of water-insoluble matter also showed higher
values. which is the result of frequent running of heavy
vehicles and movement of heavy earth-moving machines.
Tarry matter deposition was the lowest among (he
water-insoluble matter. It was in the greatest amount in
winter at all the study sites. and relatively lower in the
summer months. because of the high frequency of ground

160
y = 98.603e0-0047x
140 R?=0.7585
Site 2 : R* = 0.7772
120 Site 3 : R? = 0.8351
100 Site 4 : R =0.8475

Site 5: R* = 0.7337

Dust deposition rates
(tones km? month™)

0 50 100 150 200 250 300 350 400
Month wise precipitation (mm)

Fig. 6 Exponential regression plot of dust deposition versus precipitation
in Bina opencast project al all the study sites,
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inversions i winter and high wind velocity in summer. The
analyzed water-soluble components {_C'dl' and Cl ) were
found to have low concentrations. No significant fuctua-
tions were observed with respect to months and sites
(Tripathi ct al.. 1991}, However. they were observed to be
the lowest at Gharasari village and the highest at site 2. the
coul handhng plant.

5. Concluding remarks

Our studies have shown that site 2. the Bina coal
handling plant, was the most polluted site followed by site
3. the receiving pit of the coal handling plant. site 4. near
the muin sub-station. site 1. Jawahar colony, and finally
site S, Gharasar village. There are no pollution standards
in India orabroad fordust Lall. [Uis important to recognize
that the whele arca sulfers rom high levels of pollution.
when we compare it to studies published in other regions.
as previously mentioned in Section 4. Site 1. the main
residential arca ol the coalmine, had a higher dust fall rute
in comparison 1o sile 5. Exposure to elevated concentra-
lions of air pollutants causes adverse human health effects
(Hall. 1096), therefore the local inhabitants are living in
unhealthy conditions that could vesult in health problems
(Maoreralt and Laxen, 1990). The pollution control
measures used by the mining authorities are madequate.
and urgent action is required to remediate the pollution
problem. The residential ureas around coalmines should be
shifted farther away in the opposite direction of prevalent
winds.
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Abstract

The effect of short-term reservoir flushing on downstream water quality in the Geum River, Korea was studied using field experiments
and computer simulations. The reservoir release was increased from 30 to 200 m?/s within 6h For the purposc of this experinient. The
flushing discharge decreased the concentrations of soluble nitrogen and phosphorus species considerably. but the experimental results
revealed a negative impact on organic forms of nutrients und biochemical oxygen demand (BOD). A dynamic river water quality model
was applied to simulate the river hydraulies and water quality variations during the event. The model showed very good performance in
predicting (he travel time of flushing flow and the variations of dissolved forms of nitrogen and phosphorus constituents. However. it
revealed a limited capability in simulating organic forms of nutrients and BOD because it does not consider the re-suspension mechanism
of these constituents from sediment during the wave [ront passage.

@ 2007 Elsevier Ltd. All rights reserved.

Kevwords: Reservoir flushing: Water quality control: Unsteady water quality model; KORIVI-WIN: Ammonia nitrogen

1. Introduction

The river water quality below Daecheong Dam, which is
located in the Geum River of Korea, deteriorates every
drought season from December to February due to loading
from polluted urban passing tributaries, The most sig-
nificant water quality problem is the large increase in
ammonia nitrogen (NH;-N) concentration which reaches
as high as 2.0-5.0mg/L and exceeds the regulated water
quality standard (0.5 mg/L) for drinking water during that
period (Chung and Kim. 2004). The occurrence of high
NH:-N concentrations continues until it arrives at a
drinking water intake site, although it is located 68 and
S0 km downstream from the confluences of the tributaries.
because the natural flow from the watershed dramatically
decreases and walter temperature drops during winter.

Since the self-purification capacity of the Geum River is
significantly influenced by the amount of upstream
reservoir release, it is important and necessary to have
integrated operations of the river and reservoir systems,

*Corresponding author. Tel.: +8243 261 3370: fux: + 82432723370
Fomail address: sehungia chungbuk.ac.kr (S.W. Chung).

(03001-4797/% - see [Tont matler © 2007 Elsevier Lid. All rights reserved.
doi 10,1016/ jenvman. 20061 1.031

taking into account not only water quantity but also
downstream water quality and ecosystem health (Ko et al.,
2003, 2004). Some previous studies (Tanaka et al., 2004:
Green, 1998: Malatre and Gosse, 1995; Barillier et al.,
1993; Martin et al., 1986) reported that flushing discharge
could improve the hydrological and ecological regimes as
well as water quality below a reservoir. Thus a flushing
discharge from Daecheong dam has been suggested as an
operational alternative that may improve the downstream
water quality and mitigate the ammonia nitrogen problem
during drought season. However, the impact of reservoir
flushing on its downstream water quality may be diverse
depending upon the specific environments of the targeted
river, water quality constituents considered. and different
reservoir operation scenarios. Furthermore, there have
been very limited studies and science-based information
about the effect of reservoir flushing on the downstream
water quality in most of the rivers in Korea.

Field experiments can provide useful data to evaluate the
effectiveness of flushing discharge, but they are costly and
difficult to implement under various flushing scenarios,
Meanwhile, unsteady river water quality modeling techni-
ques can be effectively used to support the dam and river
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svstem operations through providing useful information on
the relationship between dam outflow and downstream
water quality variations (Bedford et al.. 1982: Martin.
1986: Martin and McCutcheon, 1999: Martin and Wool,
2002). It is expected that a better water quality assessment
could be made in the Geum River below Daecheong Dam
if relations between reservoir flushing rate and river water
quality are adequately determined. Thus the objectives of
this study were: (1) to investigale the elfect of short-term
reservoir flushing on the downstream water quality
variations through field experiments in the Geum River:
and (2) 1o apply and evaluale an unsteady river water
quality model that was developed for supporting reservoir
operations hy providing simulated information on the
downstream hvdraulics and water quality changes under
various flushing scenarios.

2. Materials and methods
2.1, Deseriptions of site and water quality problem

Daecheong dam 1s a multipurpose dam that has been
operated lor water supply. hyvdropower generation, and
flood control since 1981. It supplies 922.000m° of
municipal water per day to about 2 million residences in
Daejeon. Cheongju. and surrounding cities (Fig. 1). Since
there is no selective withdrawal facility in the dam. the
water release for hydropower generation is withdrawn at
the middle layer (EL. 52.0m) of the reservoir where the
penstock inlet is located. During the experiment, the
sampling of reservoir release was conducted at the actual
outflow in the re-regulation reservoir. As presented in
Table 1 the water quality of the reservoir release is very
good. but a significant water quality degradation was
noticed in the downstream river reach after the confluence
of the Gap and Miho tributaries which receive large-scale
wastewater treatment discharges from the urban areas in

the vicinity including Daejeon (700,000 m™/d) and Cheong-
ju (250.000m?/d). Currently. the regulated outflow water
quality standards for the wastewater treatment plants are
20mg/L for 5-day biochemical oxygen demand (BOD).
60mg/L for total nitrogen. and 8mg/L for total phos-
phorus. The occurrence of high ammonia concentrations in
the tributaries during the winter season was found to be
induced by inhibition of nitrification processes due to low
water temperature.

In particular, a seasonal occurrence of high NH;-N
concentrations has hampered chemical treatment processes
of a water treatment plant (S-WTP in the Fig. 1)
whose river water intake is 78 km downstream from the
dam. Fig. 2 shows the trend of daily ammonia nitrogen
concentrations measured at the intake tank of the S-WTP
for selected years. The plant operators have experienced
greal difficulties with the chemical treatment process
because more chlorine should be applied to treat the
ammonia [or breakpoint chlorimation. which may cause
creation of carcinogenic byproducts such as Tri-halo-
methane and Halo-acids. 1t was suggested that some degree
of water quality deterioration can be attenuated by optimal
scheduling of reservoir release from Daecheong dam if the
relationship between outflow and downstream water
quality is adequately identified.

The dam was not designed to supply minimum base flow
for downstream water quality. The reservoir release oceurs
only through the penstock for hydropower generation
during peak-time demand., and spillway discharge lor flood
control. The released water is typically stored in the re-
regulation reservoir so that it can be constantly supplied to
the downstream. The monthly operation schedule is
determined by the Reservoir Operation Cenler ol Korea
Water Resources Corporation based on the current
reservoir water level and projected inflow amount. The
amounts ol typical reservoir release lor the past 24 years
are presented in Table 2. The amount of reservoir release is

M\f M;ho

Stream

@® Sampling sites
& Water intake site
T3, Wastewater treatmen

tplant

]

Fig. |. Study area map and location ol sampling sites.
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Tuble 1
The Dow and water quality data observed durmg the flushing event for reservoir relense and tributary streams
Site Mean flow Value Temp. BOD; Org-N NH - N)-N Ora-P PO,-P
{m's) &) {mg/L) imgl) tmg L) fmgil) img L) tmg/L}
Reservoir releass 2000 Mean 14.27 0.76 071 (030 1.951 (171 0006
M. 1485 (.92 1,332 0.060 097y 0.178 0.010
Min. 13,64 032 0,394 0040 0.934 0163 0008
Stdev: 049 (.15 (L.327 0,008 LS (L0073 0.002
Trbutary Gap stream LT Meun o 2RO 0221 h.630 3673 0270 (L673
M. 1070 388 1059 7120 3.4 0.337 0,784
Min 7.30 2.2 0103 3,800 3000 0,163 0,626
Stdev. (T 0,749 0,508 (1459 0.067 {1066 0,066
Tributary Miho stream 13.6 Muean T3 RIS Lasl 2203 2010 (3,283 0,275
Max. 9.10) 4,00 2014 2390 2,085 (407 0.321
Min. 640 3.07 1.733 1920 1.972 0,233 0149
Stdev. 0196 0.34 (1,095 0.1506 0,041 0,064 0.063
6.0 1 ammonia nitrogen (NH-N). nitrate nitrogen (NOs-N).
(BT, Ve =N gl - BHE organic phosphorus (Org-P). and soluble reactive phos-
90 phate (PO4-P) were measured through laboratory analyses
N bused on the standard methods (APHA. 19985).
=) The water quality concentrations measured at the dam
g’ 20 outflow and tributaries including the Gap and Miho
o streams during the flushing event are presented in
z 20t Table 1. The water quality concentrations observed at the
{ributaries were much higher thun those of the reservoir
1.0 discharge (see Table 3),
00— i : S omm + _ ;
181 61 01 121 151 181 211 241 271 301 331 361 2.3, Unsteady river water quality model
Julian Day

Fig. 20 Scasenal variations ol NHw-N measured at S-W TP intake site in
the Geum River,

relatively small during January and February when the
ammonia nitrogen concentration i highest in the down-
stream (Fig. 2). This is the major reason why we did this
study and suggested that reservoir fushing could be
employed to mitigate downstream water quality problems.

o0
Lv s

Field experinrents

The field experiment for assessing the impact ol short-
term reservoir fAushing on the rivecwater quality below the
dam was conducted on November 22, 2003, The dam
outflow was increased from 30 to 200 m*/s within 6h for
the purpose of the experiment. The reservolr water was
withdrawn at the mddle laver of the reservoir. EL. 32.0m
where the penstock inlet is located. During the passage of
the Rushing Row, water samples were taken every hour or
two hours at the outlet of the re-regulation reservoir,
Mucpo and Geumnam gauge stations (Fig. 1). The water
quality variables including pH. water temperature. and DO
were measured on site using @ portable water analysis
system (YSI 6600). Other constituents including biological
oxyeen demand (BODs:). organic nitrogen (Org-N).

An unsteady river water quality model KORIVI-WIN
was used as a tool for evaluating the impact of reservoir
fTushing on the downstream water quality (Chung, 2004).
KORIVI-WIN is @ user-friendly one-dimensional hydro-
dynamic and water quality model that was based on the
version 2.0 of CE-QUAL-RIVI (Environmental Labora-
tory. 1993). The model can simulate hydrauhes of unsieady
river flows and the interactions ol 10 water qualily
variables including waler temperature, nitrogen species.
phosphorus species. dissolved oxygen. carbonaceous OXy-
gen demand. algae. iron, manganese. coliform bacteria and
two arbitrary constituents. Although the water quality
algorithms for the pollutants simulated by the model are
relatively comprehensive. in companson with other avail-
able river water quality madels. there are a number of
limitations. In particular. the model does nol include
sediment transport processes such as scour and deposition
and their impact on water quality.

3. Results and discussion
3.1, Hyvdrodynamic results
The hydrographs and peak times of reservoir (lushing

release, and observed fow al the downstream Macpo and
Gongju gauging stations are presented and compared with
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Tuble 2

Statstie summeary of monthly water release ol the reservolr for last 24 veurs
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F2008 ) d3y—a7

Mamth

1 2 3 4 3 6 7 bt a 1 11 12
Mean ¥7.) W2 46,1 353 786 1020 1937 0.5 (610 Gl N 6.3 465
WX, 753 79.3 1083 1424 [32.6 3040 7142 6444 4120 141.7 1492,0 9.3
Min 2.0 14.1 127 2001 13.1 4.5 1406 2004 206 127 (1.0 1Y
Tahie 3 -

The whservad tapvel tmes of Tushing discharge al selected saugimg stations

Timi Description Chiuging stanon
Macpo (9. 77 km}! Geumnam (28,83 km ) Crangu (43.68 km)
L lime when Hushing front arrived 1122 07:00 11:22 12:00 FE:22 100
T Time when peak Oow veeurred 1220100 1122 15:00) [ 122 2000
T; I'ime when Hushing tail passed 11733 22:00 1123 03:00 TEA3 F)

istance from Dam.

350.0
‘ —— Uy Ol
300.0 | 1122 11200 Chservad st Maspo
5 ZbU.U}' s ¢ i ®  Obssoved st Gong)u
g 1% N — Simuiatac athlaspo
8 200.0 A == S saanngu
E L P
= 150.0 e
=2 e
NS ) |
100.0 Teas |
50.0 | S5iad
O.U i i i i 1 i
1-22 1122 11-22 11-22 11-23 11-23 11-23 11-23 11-24
00:00 06:00 12:00 18:00 00:00 0800 12:00 18:00 0000

Time

Fig. 3. Comparisons ol ohserved and simuloted hyvdrographs at selected
SaUging sLons.

simulated results in Fig. 3. The travel times [rom the dam
to Maepo and Gongju were approximaltely 2 and 21 h,
respectively (Table 3). Apparently the hvdrodynamic
model showed very good performance i predicting the
wave propagation such das dampening and spreading out of
the hydrograph, and travel time of flushing flow. However,
it 18 noticed that the magnitudes of peak flow and total
amounts of fushing How that arrived at both control
points were somewhat over estimated by the model. The
reason for such deviations is that some portion ol the
fushing flow was lost in the channel by detention and
mfiltration due 1o dry riverbed conditions.

3.2 Effects of flushing on the viver water quality and model
performance

The observed and simulated water quality variations
during the experiment are shown in Figs. 4-6, The two

dashed lines show the arrival time of the wave [ront and the
end time of the flushing event. respectively. The solid line
shows the time when the peak Mow occurred. The model
performance wus evaluated using absolute mean error
(AME), correlation coefficient (r), and coefficient of
determination (r7) between the observed and simulated
values: these are presented in Table 4.

The effects of short-term flushing from Daecheona dam
on the downstream water quality were quite dilTerent
depending on the specific constituent, The wave front
passage ol flushing How caused a sharp increase in BOD
and a shight decrease in DO concentrations i the river,
possibly due to the re-suspension ol organic matterfrom
the river bottom sediments (Fig. 4). Barillier ¢t al. (1993)
also found similar results from their experimental reservoir
water release in the upper Seine River where the water
front caused an increase in particulate organic matler
concentrations and biomass of the organisms. The waler
temperature was increased from 10 C to 13 14 C because
the reservoir release water was withdrawn (rom the middle
laver of the reservoir.

The simulated results are compared with observed data
with =+ 20% errar birs (o take account of the uncertainty
ol diverse inpul variables. Apparently. the model showed
satisfactory performance in water temperature and DO
simulations. However it revealed poer perfoermance in
simulating the dynamic changes m BOD concentrations
during the event because the re-suspension of crganic
matter was nol adequately aceounted for in the model. The
current version of the model is not able to simulate the re-
suspension ol organic materials by turbulent scour and its
impact on water quality as most avdilable river water
quality models cannot.

The concentration changes of nitrogen species, Org-N,
NH:-N. NOs-N, and T-N are presented in Fig. 5. The
results revealed that all nitrogen concentrations excepl
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Fig. 4. Comparisons of observed und simulated water temperature. BOD: and DO at Muepo and Geumnam

organic nitrogen are fairly sensitive to the reservoir flushing
low. The level of NH =N concentration wuas most sensitive
tor the flushing event and considerably decreased from 1.8
and 2.0 mg/L at Maepo and Geumnam respectively before
the Hushing to a value less than 0.5mg/L during the
passage of the flushing Mow. However, the dilution
effeetiveness continued only for the time when the reservoir
water was heing passed.

The water quality model showed satislactory perlor-
mance in capluring the effect of the flushing event on the
dilutions of NH-N. NO-N. and T-N concentrations and
its duration of effectiveness. However. a large deviation
was found between observed and simulated concentrations
of Org-N. As observed for BOD, the Org-N suddenly
increased when the wave [ront ol Qushing Aow arrived al
Maepo station due to the disturbance of the river bottom
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Fig, 5. Comparisons of observed and simulialed nitrogen species al Magpo and Geumnam.

sediments. This caused a great deal of Auctuationin Org-N
concentrations during the flushing event. The degree of
fluctuation was decreased a1 Geumnam. and even a notable
reduction in Org-N concentration was observed after the
peak flow passed.

The observed and simulated concentration variations in
phosphorus constituents including Org-P. PO,-P. and T-P
during the flushing event are presented in Fig. 6. It can be
seen Lhal the dissolved form ol phosphorus, PO-P. was
much more sensitive and was significantly decreased by the
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Fig. b, Comparisons ol observed and simulated phosphorus species dt Muaeps and Crenmnam.

fiushing flow. The POs-P concentrations decrcased [rom
0.2mg/L to less than 0.05 mg/L at Maepo. and from 0.24 to
0.1mg/L at Geumnam. Unlike the large fluctuations of
Org-N concentrdtions. (he variation of Org-P concentra-
tons during the Nushing passage was relatively small
possibly because the major phosphorus component s in
dissolved form rather than particulate form in the river
system, The unsteady river water quality model simulated
the dilution atfect on soluble reactive phosphate quite well.

And the observed concentrations of all phosphorus specics
were mostly located within the £20% error burs of the
simulated wvalues.

F 3

3.3 Effect of alternative flushing rates on animonia nitrogen

coneentiarions

Although the unsteady model revealed o himited

capability in replicating the re-suspension ol sediment
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Pable <
Stutistios summary showing the evalwition results of model performanee

Sile Index Temp BOD DO Ore-N NN NO-N O P POL-P
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during the passage of the wave front. it showed rélatively
good performance in simulating the water quality varia-
tions of dissolved forms of nitrogen and phosphorus over
the period of the flushing evenl. Thus the model was
applicd to assess the ellect ol various alternative Hushing
rates on the mitigation of ammonia nilrogen concentri-
tons using the field data obtained m March. 2002, Fig. 7
shows the alternative cases of ushimg Now discharge rom
the Daccheong dam. The control was u real condition with
no fushing in which the amount ol reservoir release was
12m'/s. The other three alternative cases consisted of
different dischurge intervals and Nushing rates. while the
total amounts ol release were all the same (12millionm’).
Linder cases | und 2. the flushing discharges were supplied
for 48 and 96 h with constant amounts ol 69.4 and 34.7m"
5, respectively, An ntermittent flushing discharge ol
0H9.4m ‘_.-5 with 12 h mtervals was assumed in case 3. The
initial NH3:-N concentration was 3.3mg/L in the river
78 km from where the S-WTP intake site is located. The
boundary NH3-N concentrations for reservoir release. Gap
stream. and Miho stream were 0.86. 8.08, and 3.33mg/L,
respectively,

Fig, 8 shows the time sercs of simulated NH3-N
concentrations 78 km  downstream  [rom  the dam in
response Lo the four different flushing alternatives. All
cases showed increasing concentrations because it took
more than 10 days for the NH+-N to reach steady state
conditions.  Without supplving the fushing discharge

—— case 2 case 3

-~ contol — case

NH-N (maiL)
(4]
o

2.5 T f ; T
31 32 33 34 35 36

Date

| :
37 318 38 3410

Fig. 8. The dynumic variatons of NH-N concentiations in response o
alternative flushing fow cases.

(control), the NH;-N concentrations mcreased up to
J8mg/'L on March 9. 2002, For cases | and 2 the NH;-
N concentrations were mamntaimed at 2.7 mg/L for 68 h and
3.0mg/L for 106 h. respectively and recovered smoothly up
to the level of the control. The intermittent [ushing
discharge (cased) caused smusoidal vamations in which
the NH;-N concentrations were between those for the
control and case 1.

In addition. the amount of reservoir discharge necessary
to keep the NHa-N less than 2.0mg/L. which is the level
expected by the plant operators for proper waler treatment,
al intake the site was determined under the assumption of
steady state bounduary conditions. The simulated NHs-N
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Fig. 9. Downstream NH:-N concentrations for different reservoir releases
under steadv-state conditions.

concentrations with different amounts of reservoir release
aleng the distance from the dam are presented in Fig. 9. It
is apparently required to supply more than 50 m'/s to
maintain the NH;-N at less than 2.0 mg/L.

4. Conclusions

The effects of short-term reservoir flushing discharge
from Daecheong dam on the downstream water quality
during drought season were found to be quite different
depending on the type of constituent. It was very effective
in reducing the concentrations of dissolved forms of
nitrogen (NH:-N and NO3-N) and phosphorus (PO4-P)
species, while it had an adverse impact on organic matter
and BOD. In particular, the flushing flow caused an
increase in BOD concentration in the river, possibly due to
the re-suspension of organic maltter from sediments. The
unsteady river water quality model. KORIVI-WIN.
showed very stable performance in simulating the wave
propagation and travel time of the reservoir release under
various flushing alternatives. It also satisfactorily captured
the effect of reservoir flushing on the reductions of
dissolved lorms of nitrogen and phosphorus concentra-
tions. However, the model needs some improvement to
incorporate the re-suspension mechanism of organic matter
from bottom sediment during the wave [ront passage for
better assessing the flushing impact on the Geum River.

In conclusion. the suggested flushing using the surplus
reservoir water can be an effectiye -management technique
for reducing nitrogen concentrations downstream al a
drinking water intake during a short duration period in the
dry winter months. Although the available amount of
flushing water is totally dependent on the hydrological
conditions, it is currently sufficient because the water
demand is about 40% less than the water supply capacity
of the reservoir.
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Abstract

Santiago, Chile has the distinction of having among the worst urban air pollution problems in Latin America. As part ol an
atmospheric pollution reduction plan, the Santiago Regional Metropolitan government defined an environmental policy goal of using
urban forests Lo remove particulate matter less than 10 pm (PM o) in the Gran Santiago area. We used cost elfectiveness. or the process of
estublishing costs and selecting least cost alternatives for obtaining a defined policy goal of PM |, removal. to analyze this policy goal. For
Lhis study, we quantified PM , removal by Santiago’s urban forests based on socioeconomic strata and using ficld and real-time pollution
and climate data via a dry deposition urban forest effects model. Municipal urban forest management costs were estimated Using
mandgement cost surveys and Chilean Ministry of Planning and Cooperation documents, Results indicate that managing municipal
urban forests (trees. shrubs. und grass whose management is under the jurisdiction of Santiago’s 36 municipalities) to remove PM ; was a
cost-effective policy for abating PMy, based on criteria set by the World Bunk. In addition, we compared the cost effectiveness of
managing municipal urban [orests and street trees (o other control policies (e.g. alternative fuels) to abate PM, in Santtago and
determined that municipal urban forest management efficiency was similar to these other air quality Improvement measures.

(2007 Elsevier Ltd. All rights reserved.

Keywords: Cost-efTeetive analysis: Urban forest management: Air pollution abatement: Street trees: Ecosystem services

1. Introduction

Urban forests (trees, shrubs, and grass) provide many
ecosystem services that benefit human well-being (Beckett
et al., 1998; McPherson et al., 1999; Nowak et al.. 2002:
Scott et al., 1998; Ulrich, 1986; WRI, 2001; Yang et al..
2005). Some of these services include improved human
health, community empowerment. climate modification,
recreational benefits, wildlife habitat. wood. food. and
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aesthetics (Dwyer et al.. 2003; Gutiérrez, 2000: Intendencia
Region Metropolitana, 1987; Murray, 1996a,b:; Ulrich,
1986: World Bank, 1994). Several Latin American cities,
among them Santiago, Chile; Mexico City, Mexico; and
Séo Paolo, Brazil, are integrating trees and other vegeta-
tion as part of urban environmental improvement pro-
grams. policies, and measures.

Santiago, Chile has the distinction of having among the
worst urban air pollution problems in Latin America
despite having a steady improvement in air quality over the
last 10 years (SESMA. 2000; World Bank, 1994, 1997). The
city is located 450-900m above sea level in a basin
surrounded by 2000m  tall mountain ranges. These
geographic conditions contribute to thermal inversions
and restricted air low through the basin that aggravate air
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quality problems. The Gran Santiage airshed comprises a
study area of 967 km” located in the northernmost section
ol a basin referred to as the Valle Central and contains well
over 5 million residents—nearly 40% of Chile’s population.
The Gran Santiago Metropolitan Area is Chile’s adminis-
trative. cultural. and industrial center that encompasses
residential areas, industrial and commercial districts.
transportation networks, agricultural lands. espinal
shrub-lands, and Andean piedmont. Santiago’s semi-arid
climate and urbanized environment also poses a major
limitation for the establishment of trees in Santiago
(Escobeda. 2004: Escobedo et al., 2006). As a result, the
current urban lorest cover has to be attributed to active
management by its human inhabitants (Escobedo. 2004).

Santiago has an existing Plan de Prevencion y Desconta-
minacion Atmosférica (PPDA; Atmospheric Prevention and
Decontamination Plan) that is part of the Chilean
Environmental Commission’s Ley de Bases Generales del
Medio Ambiente (Law of General Environmental Base-
lines) that defines a policy goal of using street trees and
green areas to reduce the emissions of particulate matter
less than 10pum (PM ) in the Gran Santiago metropolitan
region (CONAMA, 1997. 2001: CONAMA-RM, 2002)."
Street trees are trees within the right of way or easement of
any major or minor thoroughfare. Green areas refer to
parks, plazas, large medians, squares or any vegetaled
public or open aceess area administered by the municipality
or other public entity. Laws and ordinances have
estublished the administrative infrastructure for the man-
agement of Santiago’s street trees and green areas under
the jurisdiction of Santiago’s 36 comuna's. departments of
Aseo y Ornato (Waste management and landscaping)
(Ceballos Ibarra, 1997: Escobedo, 2004; Escobedo et al..
2006). A comuna is an autonomous municipality with its
own mayor, council. budget and department of Aseo vy
Ornato. As there is no legal definition of an urban forest in
either of these laws or ordinances, for convenience we will
describe a municipal urban forest (MUF) as trees, shrubs,
and grass (i.e. street trees and green areas) whose manage-
ment is under the jurisdiction of Santiago’s 36 comunas and
an urban forest as all trees, shrubs. and grass within the
Gran Santiage metropolitan region.

The 36 comunas are currently allocating part of their
municipal budgets to manage their MUFs. However, we
found no published analysis examining whether MUF
management in Latin America is mn fact a cost-effective
policy (or reducing PM . McPherson et al. (1998) reported
that planting residential shade trees for air quality benefits
is not cost effective-in California; UUSA. However. Nowak
et al. (1998) rebut this conclusion based on the limited scale
of analysis and methods used in McPherson et al. (1998)
study. The focus of this study was on municipal urban
forests hecause private expenditures on tree maintenance
were not readily available given the time frame and budget

I'The PPDA policy dees nol mention any other pollutants, henee only
P will be analyzed,

of this research. Thus, the research question investigated by
this study is whether managing Santiago’s MUFs are cost
elfective in reducing PM | concentrations.

2. Materials and methods
2.1. Policy analysis model

To analyze the effectiveness of urban forest management
for air quality improvement, any analysis model must
compare urban forest management with other public
investment alternatives. By using this type of approach as
a component of the urban forest-decision making frame-
work: economic. social, pelitical, and environmental
factors can be weighed against one another and in doing
s0 assist the decision maker in selecting the best alternative.
The cost-effective analysis policy model used in this study
is a specific type of approach in which the goal of a policy is
defined, the threshold costs of obtaining that goal are
established, and then the most efficient alternatives are
selected (Field. 1997: Larson et al., 1999). As opposed to a
cost-benefit analysis, a cost-effective analysis by its more
limited [rame of reference permits an analyst Lo compare
and advocate policies by quantifying costs in monetary
units and effects in units of lunctions or services (Dunmn,
1981 Poister, 1978; Portney, 2000). In doing so the analyst
determines fiow the resources should be used and nol
whether they should be used to meet a policy objective in a
technologically efficient manner (Larson et al, 1999;
Poister. 1978).

Estimating the cost effectiveness of Santiago’s policy to
use MUFs to remove PM,, will require developing a
quantitative relationship between the urban forest’s ability
to remove PM | and its management costls. Determining a
direct relationship between MUF management and air
quality can be difficult (Brimblecombe, 2001; Krupnick
and Portney, 1991). However, a vegelation cover-atmo-
sphere process can be used as a link between MUF cover

and air quality, The amount of pollution that vegetation

cover removes per unit time is a function of dry deposition
velacity (Vg meters per second (m/s)) or the rate at which
vegetalion cover “removes” a pollutant from the atmo-
sphere given an ambient pollutant concentration (C grams
per cubic meter (g/m*)). By calculating the dry deposition
velocity of MUFs and determining ambient pollutant
concentration, pollutant flux (F) or removal can be
caleulated (F= V4C (g/m?¥/s)) (Davidson and Wu. 1990:
Fowler, 2002: Lovett, 1994; McPherson et al., 1998;
Nowak et al., 2002: Scott ¢t al,, 1998). Therefore, given
that the existing MUF cover in Santiago is the result of
purposeful management. by quantifying Santiago’s MUFs
structure and modeling its ability to remove PMy,
combined with the management costs of maintaining that
cover we will be able to estimate the costs ol abating PM (.
If this cost estimate is less than a threshold deseribed by the
World Bank (1994), then managing Santiago’s MUFg are
cost effective in reducing PM, concentrations.
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Tii 1:||.c 1
Santiago demographics

i i 3
Socioeconomic slrala Area (ko)

Averdge annual per capitd

Population (2000)" Population density (pop,

income (LISS2000) Jem™)
High 164.9 10000 773633 40492
Medium 370.3 4000 1924767 5108
Low 431.9 1230 2823864 6338
Total 967.1 5522264 5710

Sowrce: ICCOM-Novaction (2004) and Instituto Nacional de Estadistica-Chile statistics.

“Includes both rural and urban inhabitants within the commmnas.

Santiago’s 36 comunas are sell-governing municipalities
with their own mayor. council. municipal budgets, and
MUF management programs. Their demographic and
socioeconomic characteristics are different. Consequently,
they were divided into three socioeconomic strata based on
1CCOM-Novaction (2004) classifications (Escobedo et al..
2006). Comunas with 25% of their households in the
highest three classifications were defined as the high
socioeconomic stratum. Comunas with 30% of their
household in the middle two classifications were defined
as the medium socioeconomic stratum. Comunas with 25%
of their household in the lowest two classifications were
defined as the low socioeconomic stratum (see Table 1 and
Fig. 1) (Escobedo, 2004).

2.2, Quantifving urban forest structure

To quantify Santiago’s urban forest structure 200,
0.04 ha random, permanent. circular plots were distributed
among the three socioeconomic strata proportional to tree
cover area: 74, 62, and 64 plots were allocated to the high,
medium, and low socioeconomic strata., respectively
following standard UFORE methods (Escobedo. 2004;
Escobedo et al., 2006). This resulted in a sampling intensity
of less than 1% ol each stratum’s urban lorest cover. The
plots centers were located by applying a random number
generator of x and y coordinates per stratum using a
geographic information system (GIS: ARCVIEW 3.2 with
spatial analyst extension) and 1:10000 black and white.
digital ortho-photographs across public and private
property within the study area.® When plot access
permission was not given or the plot was inaccessible
(approximately 3% of all plots), the plot was relocated in
the immediate area within the same land use and general
surface cover characteristics. Specifically. the next parcel
in a clockwise direction was selected until access was
possible and marked on ortho-photograph. The plot was
relocated in the same relative position on the parcel as the
original plot.

The urban forest field data were collected during January
and February 2002. The data recorded from each plot

“Because no ortho-photographs were available for 2 of the 36 commnas.
only 34 comunas were used for this analysis. The 2 comunay were in the low
socioeconomic siratum.

included land use, percent grass. and other ground cover.
Shrubs were identified Lo the species level and measured lor
height, percent ol shrub mass volume occupied by leaves,
and percent of total shrub area occupied by the shrub
mass. Trees whose stem center was located within the plot
and had a minimum diameter at breast height of 2.54 cm.
had the following information recorded: species. number of
stems. height, height to base of live crown, crown widths
along a north-south axis and an east—wesl axis, percent
dieback. percent foliage density, and indication if the tree
was located on a street or green area and hence managed
by the municipality or other public entity (Nowak et al.,
2003: Escobedo et al., 2006). Tree, shrub. and grass cover
were quantified independently thereby accounting for
spatial overlap.

These data were incorporated into the Urban Forest
Effects (UFORE) model to quantify urban forest structure
(e.g. leaf area. leaf cover. leaf area index, evergreen leaf
composition, and leal biomass) (Nowak and Crane, 2000).
The UFORE model was developed by the USDA Forest
Service to quantify urban forest structure and function and
aid in urban forest management. In general, the urban
forests in the high socioeconomic stratum were in better
condition than those in the medium and low socioeconomic
strata. The medium and low socioeconomic strata were
characterized by relatively larger, older. isolated trees in
generally poor condition (Escobedo, 2004).

The model estimated tree density, leal area index. leal
biomass and other parameters (Escobedo et al., 2006). For
this study however. the urban forest structure paramelter
of interest is leaf area (m”)’. Table 2 gives the MUF
cover by socioeconomic strata. The low and medium
socioeconomic stratum’s MUF cover is greater than the
high socioeconomic stratum’s even with the medium and
low socioeconomic stratum’s urban forests in poorer
condition than those in the high socioeconomic stratum.
This dilference is because the low and medium socio-
economic strata encompassed nearly 80% of the study area
(Tables 1 and 2).

*Because leal area (m”) can easily be measured, leal” area index, tree
density, and leal type which are important parameters in polluton
deposition, are not discussed i the analysis because they are already
incorporated into the model (see Escobedo (2004) for discussion of the
role of these parnmeters in pollution remaoval).
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| Low income
| Medium income
| High income

Puente Alto

Fig. |. The Gram Santiage's 36 comunas and three dilferent socioeconomic strata.

Table 2
Municipal urban forest covers by sociocconomic strata

Socioecomomic strala Tree cover® (m7)

Shrub cover” (m?)

! 2 3 Bl
Grass cover” (m7) Total MUT cover® (m7)

High 12517620 10487 640
Medium [ 7414804 14315760
Low 32B30110 13 R20800

26388 000 49393 260
55992400 87922964
40076 60% 86727318

UTFORE caleulated cover based on actual field measurements.

"The proportion of municipal shrub and grass cover was not measured in the field. Using professional judgment. municipal shrub and grass cover was
prop P B g2p P £
assiuned to be 40% of total shrub wnd grass cover as caleulated by UFORE based on field measurements.

“MUF is municipal urban forest (trees, shrubs, and grass whose management 15 under the jurisdiction of Santiago’s 36 municipalitics) cover.

2.3, Muodeling PM, removal rates

Annual PM,, removal rates for the period July
2000-June 2001 were calculated by UFORE based on the
MUF structure. hourly weather data, and hourly ambient
PMy concentrations.” The weather data were obtained
from the La Platina weather station in the commna of La

*During periods of precipitation. pollution is removed via wel
deposition and dry deposition s not oceurringy therelore, pollution
removal by urban forest cover was sel 1o zero durng penods of

Pintang. The MACAM-2 monitoring network (SESMA,
2000) was used to obtain hourly pollutant concentration
data stratified by socioeconomic stratum. Missing hourly
PM p concentration data were estimalted using the monthly
average for the specific hour and particulate matter
resuspension accounted for (Nowak and Crane, 2000).
Hourly ambient PM j, concentrations lor the high socio-

(foamuote continued)
precipitation. The model assumes a 50% resuspension rate of PM;q back
1o the atmosphere based on Zinke (1967).
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Table 3a

Annual PMy removal rates for mumcipal urban trees, shrubs, and grass by socioeconomic strata us caleulited by UFORE (July 2000 June 2001)

3 . Pt JACR0
Sociocconomic strata Tree removul rates (g/m™/yr)

Shrub removal rates (g/m”/yr)

- i )
Grass removal rates” (g/m=/vr)

Hish 753 (2.9-11.75° 8.5
Meditum T4 (2.3-11.5) 5.7
Low 5.0 (3.1-12.4) 3.8

(3.3-13.3)° 1.3 (L2-4.7)
(2.2-8.8) 1 (0.9-4.6)
(2.3-9.1) 1.8 (1.2-5.0)

] 1,
Toim=fyr denotes 2rams per square meler per year.

PRanges are based on reported low and high deposition velocities from the literature (Nowak et al., 2002),
“The orass removal rates caleulated by UFORE. are based on the lowest. tree dry deposition velocity from the literature (Nowak et al., 2002). The
runged arc the low and high tree removal rates divided by 2.5 based on research by Shreffler (1978) for grass SO, deposition veloeities,
"

Tahle 3b
Total annual PM g removal rates for municipal urban forests by
socioeconomic strata ay caleulated by UFORE (July 2000-June 200] )

Socioeconomic strata Total removal rates (g/m"/yr)

High 17.3 (7.5-29.7)°
Medium |4.8 (5:4-24.9)
Low 15.0 {6.6-26.5)

“Ranges are bused on the low and high deposition velocities given in
Tible 3a.

economic stratum were obtained from the Las Condes and
Providencia MACAM-2 monitoring stations; lor the
medium socioeconomic stratum were obtained (rom La
Florida, La Paz. and Pargue O'Higging MACAM-2
monitoring  stations; and for the low socioeconomic
stratum were obtained from the Pudahuel, Cerriflos. and
El Bosque MACAM-2 moniloring stations. The mean
annual ambient PM; concentrations for the study period
were 59.1. 78.9, and 84.4 micrograms per cubic meter (ug/
m’) for the high, medium, and low socioeconomic stratum,
respectively. As a point of comparison, in 1995 the cities of
Santiago. Sdo Paolo, Bogota. and Mexico City had average
PM o levels of 109. 105, 70. and 87pg/m’. respectively
(World Bank. 1997).

The annual PM,, removal rates for MUFs by socio-
economic strata are shown in Tables 3a and 3b. Unfortu-
nately. there are no grass PM, deposition velocities
reported in the literature. However, the estimates ol grass
removal rates. as reported by the UFORE model arc based
on tree dry deposition velocities. Shreffler (1978) states that
“observations and predictions indicate the deposition
velocity over a forest will be 2-3 times as great as over
grass.” Therefore, the grass removal ranges are the low and
high tree removal rates divided by 2.5.

Annual PM, removal rates for MUF in the high
socioeconomic stratum were grealer than for MUFs in
the medium and low socioeconomic strata. There
was however variability among tree. shrub. and grass
removal rates for the three strata. Differences in cover.
density. leal area index. composition. and pollution
concentrations among the strata also accounted for
differences in pollution removal. Escobedo (2004) discusses

the role of Santiago’s urban forest structure in pollution
removal.

2.4, Estimating municipal urban forest management costs

The MUF management cost data were collected from
January to April 2002. Since all of the 36 conuwnas could
not be visited. three representative comunas per socio-
economic stratum were selected based on existing working
relations and contacts with MUF managers of those
comunas. These comunas were also representative of the
MUF management, social. and cconomic characteristics of
each of their respective socioeconomic stratum. The MUF
managers of the nine econwmas were interviewed 1o
determine budgets and expenditures and management
and maintenance activities of MUF. Expenditures included
annual variable and fixed investment in the management of
MUFs as reported by the managers; such as the direct and
indirect costs of capitol, labor. and operation activities
such as administration, personnel, equipment, tree main-
tenance activities (e.g. pruning. planting, transplants).
shrub and twrl maintenance, watering, lertilization, infra-
structure improvement, hazard tree damages, and sidewalk
construction and tepair (see Escobedo et al. (2006) for
detailed list and discussion of the cost items included in this
analvsis).

During the interview, the managers filled out a self-
administered questionnaire with the interviewer (Poister,
1978). The questionnaire was lell with the manager to
permit the acquisition of additional accounting informa-
tion. However, most questions were answered during the
mterview. A final visit was scheduled o complete the
questionnaire. Total municipal budgets were determined
using data from nine separate Chilean Ministerio de
Planificacion y Cooperacion (Chilean Ministry of Planning
and Cooperation) documents (MPC, 2000).

Table 4 gives the average percent of the sampled
comuna’s annual budget allocated to MUF management
by socioeconomic stratum. Due to different cost account-
ing methods, inconsistent definitions of costs, and differing
bureaucratic levels reporting expenditures, the accuracy ol
cost estimates cannot be determined. For example,
concurrent interviews with one comuna's central adminis-
trative office (Secretaria de Planificacion Comunal) and the
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Tahle 4

Socipeconomic strata’s 2000 budget allocated to municipal urban [orests management

Sociceconomic strata

Municipal urban forest management expenditure (%)

Munigipal urban [orest maniagement expenditure (USS/

m’y
High 1,6" (14-42)" 0.19 (0.08-0.23)4
Medium 3.8 (1.442) 0.12 (0.04-0.13)
Low 3.0 (1.4-4.2) 012 (0.06-0.17)

“The average percent of the lotal comuna’s budget allocated to street Lrees and green areas.
PLow and high ranges represent the lowest and highest percentages reported on the survey.
EA 2000 dverage monthly “Reference Exchange Rate™ of 550 ChS = | US$ was used (Banco Central de Chile, 2005).

UBased on the lowest and highest percentages reported on the survey.

MUF management department (Aseo v Ornato) resulted in
different line item expenditures and thus different reported
expenditures for MUF management activities. To address
this problem, ranges based on the low and high budget
expenditures were also defined (Table 4).

2.5, Cost-effective analysis

The World Bank (1994) conducted an economic analysis
of environmental problems in Chile. In their analysis of the
benefits to health in Santiago from PM y, reduction policies
and measures, their results indicated that controls reducing
PM ,,; emission at a cost below USS (1994) 18 000/ton/PM (4
“should be considered worthwhile and a reasonable
threshold wvalue for evaluating air pollution controls™.
Adjusting this value for inflation to the year 2000 results in
a PMy control threshold value of 25000 USS/ton/PM
(Banco Central de Chile, 2002). Therefore. MUF manage-
ment costs of less than 23000 US$/ton/PM;, will be
considered cost effective.

Caleulating each socioeconomic siratum’s MUF man-
agement costs per ton of PM,, removed (USS$/ton/PM ) is
a three-step process. First. each stratum’s budget allocated
to MUF management in USS is estimated using

S
F.\' == Z -B.".\'l{,fr ( 1)
=1

where F, is the budget allocated to MUF management
(USS$) for sociocconomic stratum s (Le. high, medium, and
low) By the ith comuna’s total Budget in socioeconomic
gtratum s. S the number of comunas in each socioeconomic
stratum, and f, the percent of the socioeconomic stratum’s
budget allocated to MUF management (Table 4). Second.
the MUF management cost per square meter of municipal
tree, shrub, and grass cover by socioeconomic stratum is
estimated using

s

(= : -
TG+ ST+ GC

for all s, (2)

where C, is the annual MUF management cost per square
meler (USSrmJ] of municipal tree shrub and grass cover by

Table 3
Cost per ton of PM;, removed by municipal urban forests by
socioeconomic strala

Sociocconomic strata  Municipal urban forest (US§/ton/PM )

High 11183 (4350-13030)" (6315-26 150)"
Medium 8147 (3002-9005) (4843-22 330)
Low 7861 (3669-11006) (4628—18 581)

*Ranges based on low and high urban forestry budget allocations given
in Table 4.
PRunges based on low and high deposition velocities given in Tuble 3h.

socioeconomic stratum s; 7C,, SC. and GC; are the
municipal tree. shrub, and grass cover in square meters by
socioeconomic stratum, s. respectively (Table 2). Finally.
each socioeconomic stratum’s MUF management cost per
ton of PM, removed is estimated using Eq. (3):

&1
Ay = ] K gy 3
4, (TR_‘+.S‘R_§.+GR.)( for all (3)

where A, is the MUF management costs per ton of PM g
removed (US$/ton/PM ) for socioceconomic stratum s
TR, SR,, and GR, are the annual PM, removal rates by
municipal trees shrubs and grass by socioeconomic
stratum. s, respectively (Table 3a); and # converts grams
to metric tons.

3. Resulis

Table 5 shows the cost per ton of PM; removed by
MUFs for each socioeconomic stratum, The low socio-
cconomic stratum’s MUFs were the most cost effeclive al
7861 USS/ton/PM;, and the high socioeconomic stratum’s
MUFs were the least cost effective at 11 185 US¥/ton/
PM,,. This difference was due primarily to the MUF
cover (Table 2) used in calculating the MUF manage-
ment cost per square meter (Eq. (2)) and the stratum’s
PM ; concentration used to estimate annual PM g removal
rates used in Eq. (3). The medium and low socioeconomic
stratum’s MUF cover was approximately 1.8 times
larger than the high socioeconomic stratum’s MUF cover
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(Table 2). This caused the MUF management cost per
square meter for the medium and low sociocconomic
afratum’s to be less than that of the high socioeconomic
stratum even though the high socioeconomic stratum
allocates o larger percent of their municipal budget to
MUF management expenditures (Table 4). Finally, na-
tional and regional government work and trec planting
programs and subsidies might be lowering overall costs in
the lower socioeconomic stratum (Escobado. 2004).

The MUFs management cosls per lon of PM, removed
in cach sociocconomic stratum were below the $25000
threshold set by the World Bank. Due to the inaccuracies
in the MUF expenditure information summarized in Table
4, we also calculated the ranges of MUF management cost
per ton of PM,; removed (Table 5). Again. the MUF
management cost per ton of PM;; removed in each
socioeconomic stratum was below the $25000 threshold
set by the World Bank. In addition, we calculated the
MUF management cost ranges per ton of PM;, removed
based on the low and high annual PM,, removal rates
given in Tables 3a and 3b. Using the lowest PM,, removal
rates, the high sociocconomic stratum’s MUF management

Table 6
Cost per ton of PMy, removed by street trees by saciocconomic strata

Socioeconomic sirila Street trees (USS/lon/PM )

High 7125 (2441-13636)" (4567 18426)"
Medium 9889 (3209-17909) (6364-25233)
Low 8100 (3352-18711) (5226-20903)

"Ranges based on low and high sireet tree budget allocations
(Escobedo. 2004).
"Ranges based on low and high deposition velocities given in Table 34,

cost per ton of PM g removed by MUFs was greater than
the World Bank threshold indicating that MUF manage-
ment might not be cost effective in this socioeconomic
stratum il the removal rate was at the lowest end of its
expected range.

Escobedo et al. (2006) also summarized manugement
expenditure and cover information for street trees. Using
this information and Egs. (1)—(3). we examined if managing
for municipally owned street trees was cost elfective in
reducing PM concentrations. As shown by Table 6, the
management of street {rees was cost effective in removing
PM . The only exception was in the case of the medium
socioeconomic stratum based on the low annual PM |,
removal rates indicating that street tree management might
not be cost effective in this socioeconomic stratum il the
removal rate was at the lowest end of its expected range.

A variety of Chilean PM, control devices measures and
policies” based on studies conducted by FEskeland (1997),
O'Ryan (1993) and the World Bank (1994) were compared
against MUF management costs to determine if MUF
management’s cost elficiency waus similar to these other air
quality improvement measures and technologies (Fig. 2).
MUF management costs in all of Santiago’s socioeconomic
strata were within the costs of these measures. Only (he
regulation of light duty gas vehicle emission standards had
costs greater than the threshold value of 25000 USS$/ton/PM,,,.

4. Discussion

The procedure developed for this analysis presents an
innovative, simple, straightforward approach to cxamine
the effectiveness of managing MUFs for air quality
improvement within the confines of existing policies. The

Urhan Ferests Loty Socloeconomic Stam
Urhan Foresrs Mediim Seipeconomic Strm
Urban Forests High Socioeconirmic Strila
Street Trees Luw Soeiceconomics Sty
Streer Trees Medivn Sueloecinomic Strata
Street Trees High Sociocconamic Strats
Fuel substitonon

Frmisslon enntral devices

Euel oil conversion

Buses ONGroamversion

Hewwy Duty trucks

Ligght Tauty gas vehicle

T T
4] SAN0 TELDOG TSE00 20,000 25000 30,000 35,000 40,000 450K 50,000 35,000

LS5 (2000)

Fig. 2. Cost effectiveness of several PM |, abatement policies in Santiago, Chile. Source: World Bask (1994) and O'Ryan (1993). ONG., compressed
hatural gas: heavy duty trueks. regulation of heavy-duty truck emissions: light duty gas vehicles, regulation of light-duty vehicle emissions.
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analysis indicates that managing MUFs and street trees are
a cost-effective approach for abating PM; in Santiago,
Chile according (o the PPDA. There are. however. two
main caveats, First. the conclusions are based on UFORE
estimates of MUF structure and annual PM, removal
rates (Tables 2, 3a. and 3b). The UFORE model has been
used in previous studies to estimate urban tree and shrub
effects on air quality (Nowak et al., 2002: Yang et al..
2005). However, the effect of grass on PM,; removal has
not been well studied. Consequently, the PM;; removal
rates and ranges for grasses. while based on the best
available information. are more subjective than those for
trees and shrubs. Even so. the estimated PM,, removal
rates for MUFs are likely conservative as urban trees have
other effects (e.g. reducing air temperatures, building
energy use, and other air pollutants) not accounted for in
this analvsis. Second, the conclusions are based on the
estimates of MUF management costs (Table 4). Given the
nature of the cost data, the cost estimates probably
overestimate the actual MUF management costs (Escobe-
do, 2004). Thus, the cost-effective estimates in Tables 5 and
6 are conservative. We have attempted to address both
these issues by including a range analysis of both the
removal rates and the cost data. Given these caveats. the
conclusions of this study are tenable,

The results from this study indicate that in the case ol

Santiago, Chile urban forests are a cost-effective air quality
improvement policy, That said, even il urban forests were
not cost effective. urban trees can provide additional
environmental benefits, for example, in their potential to
sequester carbon and modify climate at no additional
management costs (Escobedo, 2004). Urban vegetation
also has additional environmental costs. Trees and shrubs
can emit biogenic, volatile organic compounds (e.g.
isoprenes, monoterpenes. and other organic compounds)
that in combination with nitrogen oxides and under certain
climate conditions, can contribute to ozone [lormation
(Chameides et al., 1988). Urban vegetation also produces
pollen which can aggravate allergies and emits carbon
dioxide through maintenance activities and decomposition
(Escobedo, 2004). Accounting for these additional envir-
onmenlal and economic benelits and costs was beyond the
scope of this analvsis,

5. Conclusion e

Previous experiences from other parts of the world
indicate that as low-cost options for air quality improve-
ment are implemented, the costs of further reduction will
merease (Hall, 1995; Mayvnard, 2001). Once these current
technologics and policies have been implemented and
exhausted, then the burden will fall on individual's
hehaviors and other more diffuse sources, thereby compli-
cating air guality improvement programs (Krupnick and
Partney, 1001).

As Chile integrates citizen participation in its environ-
mental policies (¢.g. the management of privately con-

trolled urban forests), the opportunity presents itself for
applying the pollution removal function of urban forests to
encourage the political integration of its eitizenry and local
governments in the improvement of environmental quality.
The metrics and methods from this study could provide
comunas flexibility in satisfyving environmental ordinances
in a cost-effective manner. For example. one possible
approach to incorporate urban forest cover within an air
quality control program would be to develop a system of
tradable permits based on each comuna’s urban forest
PM, abatement potential (Main et al.. 2000). Remote
sensing protocols for determining urban florest cover could
be used to enlorce attainment of urban forest cover goals.
Pollution removal rates lor urban forests, as calculated by
UFORE in this study. could be used to determine PM
reduction effects. According to the World Bank (1994),
sector arrangements could even be immplemented to
counteract the negative ellects ol urbanmized commas
trading permits with that ol peri-urban comunas and in
doing so account for the discrepancy in pollution emission
dynamics in urbanized central areas being treated as
equivalent to pollution dynamics in outer non-urbanized areas.

Finally. many of the controversies involved with non-
existent policies, valuation of benefits, time-dependent
assumptions, and the complexities of atmospheric physics
and chemistry and individual homeowner behavior were
circumvented in this analysis. Variables and the methodol-
ogy used were adjusted for the socioeconomic, environ-
mental, and policy realities of a major Latin American city.
Removal rates as quantified by UFORE were based on
actual field measurements and real-time meteorological
and pollution data. The procedure applied and the results
from this study indicate that MUF and street tree
management are cost effective in abating PM, within the
conlext of the PPDA and Chile’s existing environmental
and economic policies. [t is hoped that this same procedure
can be applied to examine the cost effectiveness of
managing urban forest to mmprove air quality in other
cities.
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Abstract

In this article. a4 methodology for evaluating the effect of land usc/land cover on the quality of nearby stream water in 4 semiarid
cnvironment is described und tested on o large watershed in Southeastern Brazil, The approuach aims at identifving the width of the
riparian dred having the strongest effect on different water quality parameters. The land use/land cover data were generated from
remotely sensed data while water qualivy point data were supplied by a government agenecy. Testing was conducted for bath the rainy and
dry seasons in an effort to understand the direct effect of surface runoll. The approach combines cartographic modelling using «
geographical information system (GIS) and statistics to establish the strength of the relitionship between water quality, land use and the
distance from the stream. Results suggest a strong relationship between land use tand cover and turbidity, nitrogen and tecal coliforms,
They also suggest that cach of these parameters has a unigue behavior when distance [rom the stream is considered, Finally, although it
was expected that the models would apply better during the wet season. some parameters had the opposite behavior and displaved a
better fit during the dry scason.

2007 Elsevier Ltd. Al rights reserved.

Kevwordds: Water quality: Non-point pellution: Stanstical modelling: Remote sensing

In a natural densely vegetated walershed. most rainlall is
absorbed by the fand surface and vegetation and released
over a long period of time and there is relatively litte direct
surface runofl with few nutrients being “lost™ to the stream
(Karr and Schlosser. 1978 McCulloch and Robinson,

1. Introduction

A watershed is u natural spatial entity lor land use
planning and environmental management. Given a long
time scale (geological), almost everything within the

watershed will be deposited in the stream (hat drains it.
Even on a scale of a few hours (a precipitation event).
surface runofl can wash unconsolidated sediments down-
stream and, with it nuirients and chemicals that will
directly affect the quality of the receiving waters. As such.
surface runoff is a major source of non-point pollution and
is primarily responsible for the relationship between land
use/land cover (LULC) and water quality (WQ).

=h(_'._\|'1'c--_',11nnd|':[g author. Tel: 5331 34993427, Fax: -+ 3531 34995410,
E-mail weledvesses: philippe:aeartage. ulmee, br (P, Muaillard).
psnadia yahoo com b (N AL Pinheiro Santos).

0301-4797/8 - see [ront matler ¢ 2007 Elsevier Ltd. Al rghts reserved.
dot 10 10 L6 genvman 2006, 1 2,004

1993). The removal of the natural vegetation and its
replacement by agricultural or pastoral land promotes
surface runoff and sediment transport (Bruijnzeel, 1990:
McCulloch and Robinson, 1993). The conversion of
natural vegetation to agriculture and pasture is inlense in
Brazil. This is especially true for the cerrado (wooded
savana), the second lurgest biome in Brazil having a rate of
“conversion” exceeding that ol (he Amazon forest (Ratter
et ul., 1997),

The impact of this conversion 1o agricullure. pasture and
other uses such as eucalyptus plantations, open mining and
urbanization can be considered severe in the Velhas river
watershed (Eueclydes and Ferreira, 2002). It had drastic
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consequences on the quality ol water and has caused the
disappearance ol most fish species downstream ol Belo
Horizonte (the capital of the state of Minas Gerais)
(Polignano et al., 2001). Many point pollution sources
are the cause of the problem and local authorities are
taking measures such as the implementation of sewage
water treatment plants and stricter control of polluting
industries but comparatively little is done with regard to
non-point source pollution. One initiative has taken the
form of a pilot project for the restoration of riparian
vegetation of tributaries of the Sdo Francisco river by
EMATER (2005). and the Velhas river is one such
tributary. The exact effectiveness of riparian vegetation
to reduce diffuse pollution and sediment transport still
needs to be further studied. The combination of the level of
degradation of the Velhas river and the initiative to restore
riparian vegetation has triggered a lot of interest and
motivated the present study.

2. Research objective

The objective of this study is to develop and test a
simplified methodology to determine the effect of LULC
on WQ on a large scale walershed in a semiarid
environment, The work is based on the analysis of the
Velhas river watershed in Minas Gerais—Brazil. Since it is
known that the effect of LULC is greater closer to the
stream in the so-called riparian zone. the approach
incorporates this spatial relation through analytical
cartography (in a GIS environment) by creating buffer
zones corresponding to riparian zones (RZ) for euach
sampling point of WQ, It is hoped that this approach
will help determine the effect of distance on different
WQ parameters. The methodology is also bi-seasonal:
wet and dry. The dry season data are used as a means
of control since it is expected that the relation between
LULC and WQ should decrease when no precipitation
has been recorded for some time and there is no surface
runofT.

The approach adopted is a direct consequence of the
difficulty and cost of acquiring data over such an extensive
area. As in most ol Brazil, topographical maps of the
Velhas river watershed are only available on a scale of
1:100 000 and have not been updated for over twenty-five
years. On such a coarse scale, slope analysis would be
strongly biased. especially if only the riparian zones are
considered. It is hoped that developing a simpler approach
that still provides reliable results would promote more
studies on the effect of non-point pollution sources on the
WQ of Brazilian streams. The approach is also based on
the assumption that each WQ sampling point can be
treated as independent from the others when processed
appropriately. This is also an elTort to disregard point (e.g.
gowerg, indusiries) and linear (e.g. roads) pollution sources
based on the fact that rural areas are much more extensive
than urban ones. Therefore. only a few water sampling
points are directly affected by point pollution sources and

do not strongly bias the majority of the sampling points
located in rural areas.

3. Background
3.1 Water quality and land use

Land use plays a complex multi-faceted role in the
hydrological cycle (Karr and Schlosser. 1978; Olsson and
Pilesjo, 2002). The vegetation intercepts. and re-evaporates
(evapotranspiration) part of the precipitation and has an
effect on other hydrological parameters such as percolation
and surface runoff (Tong and Chen, 2002). Cleared land
and some agricultural practices can promote overland flow
and erosion (Nisbet, 2001). The construction of impervious
surfaces also causes erosion and prevents replenishing ol
the water table (Cornish. 2001). All of these effects
eventually influence the water quality of the nearby streams
and rivers. It has been well reported that the use of
agricultural fertilizers can result in an increase of levels of
pitrate and phosphorus (Karr and Schlosser. 1978; Foster
et al., 1989; Meybeck et al,, 1989: Mattikalli and Richards,
1996: Basnyat et al.. 1999). Similarly. stock grazing and
dairies may increase the presence ol [ecal bacteria in the
water (Moore et al., 1989), provoke erosion problems and
increase the turbidity of stream waters (Stout et al.. 2000:
Evans, 20035).

3.2, GIS and remote sensing in water quality studies

The use of GIS technology for integrating LULC data,
WQ data and even hydrological models 1s increasingly
popular in the scientific community and numerous articles
on WQ issues can be quoted to that effect. In many of these
projects. remote sensing is used for mapping and monitor-
ing LULC. Mattikalli and Richards (1996) combined land
use data from maps and remotely sensed images with an
“export coefficient model”™ and a GIS 1o evaluate nitrogen
loss and compared them with measured values in the River
Glen watershed (UK). Although their estimates generally
agree with real measured values, significant diflerences
were reported. Fisher et al. (2000) used a GIS as a means of
spatially grouping WQ stations and correlated their results
with agricultural activities (poultry, dairy and beef
production) and conservation practices. In their discussion
they showed that levels of nitrogen, phosphorus. turbidity
and fecal coliform bacteria could be directly associated
with the localization of certain agricultural activities.

Basnvat et al. (1999) went [urther and proposed the
integration of GIS. ecological modelling and remote
sensing as an ecffective decision support tool for land
management. Thev computed two multiple regression
models based on the proportion ol different LULC classcs
to explain nitrate (NO5) levels in a medium-size watershed
(138 km”) which was divided into eight different basins
where WQ data were collected over a two-year period,
While the frst model had a relatively low determmation
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coefticient () of 0.186 becuuse it integrated whole busins,
the second model only considercd a1 model-based riparian
zone and showed u strong 1 of 0:959, Many aspects ol the
current study were nspired by Basnyat et al. and. for
Condisleney redsons. some terms (e.g. LULC. contribution
cong) were also borrowed from their study.

In another study (Wang, 2001), twentv-two
calchments near headwaters were used as independent
processes to which were associated the proportions of land
use and therr relative position to water treatment plants,
He used Pearsen’s correlation and multple regression o
reveal the relationship between biological indicators (fish
and macro-invertebrates) and land use. Multiple regression
results were conclusive for the fish bio-indicator with urban
and wooded areas as strong predictors. Gardi (2001) used
GIS and a crop simulation model (CropSyst) to character-
ize the relationship between cropping practices, land use.
soils and nitrate loss as well as concentrations ol herbicides
in the water. Although ht was not able to establish the
relationship hetween nitrate loss and cropping practices. he
demonstrated that the practice of row crops had a negative
cffeet on concentrations ol herbicides and pesticides in the
Centonara watershed (Htalv). In an integrated study Tong
and Chen (2002) found a significant correlation between
land use and a series of WQ variables on a regional scale
(the State of Ohio). They then used these correlations o
calibrate a hydrological model (BASINS) which was used

TIVET

in combination with a GIS o simulate runoff and levels of

various WQ parameters on a local watershed scale.
3.3, Ripearian vegetation

All the studies quoted above (except the study by
Basnval et al. (1999)) used the whole watershed as an
imput. Although using the whole of the watershed processes
to explain the hydrological and ecelogical condition of the
stream 18 valid, the oparan zone his a disproportionate
mlluence (Petersen. 19920 Schult et ali. 1999: Paula Limy
(de) und Brite Zakia, 2001). In particular. riparian forests
have the following effect on streams. they:

e stabilize river banks through their intertwining root
svstem,

® scrve us a buffer zone and hlter between the hicher
watershed and the aquatic ecosvstem, absorbing nu-
trients and other chemicals from surlace runofT,

® decrcase and filter the sediment load ol surfuce runoff.

e help maintain the thermal stability of the water by
mtercepting parl of the solar radiation and.

e supply organic matter for aquatic organisms.

As an example of the importance ol rmipartan [orests.
Sparovek et ul, (2002) showed that [rom an economic poimt
of view, to maimtain soil loss at a “sustamable™ level
(blocking 0% of the current sediment vield value). in a
Southeastern Brazilian watershed. a4 minimum width of 32
meters of forest should be maintained on cach side ol the
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river (eurrent legislation requires only 30m). [n an atempl
to tuke the importance of ripartan zones into daccount.
Schuft et al. (1999) have proposed @ methodology for
ektracting o series of landscape melrics (0 characlerize
riparian stream networks to accommodate the dichotomy
ol WQ point data and spatial LULC mlormation. Their
approach is bused on defining sampling arcas around cach
observation site. Firsl, concentric cireles ol equal arca
(1 km7) are drawn. then linear buffer zones are defined on
each side of the stream scetion within the rings. The
sampling areas are defined by the intersection of the buffer
somes and the concentrie cireles. A similar, vet different
sampling upproach has been adopted in the present article
and is deseribed in Section 4.3, The idea of isolating the
land use i riparian zones is an effort o help determine the
width of riparian lorest that should be preserved (in a
legislative sense) to reduce non point pollution sources in
agricultural areas.

4. Material and method
4.1 The Velhas river watershed

With 27.867 square kilometers, the Velhas river wa-
tershed is one of the most important in the state of Minas
Gerais (Fig. 1), Situated in the central part of the state it
also hosts the capital Belo 1lorizonte and the greater
metropolitan area with over three milhon people. Having
sulfered repedted degradation for the past 400 vears. it 1s
the subject of various restoration projects. Point and non-
point pollution sources are unevenly distributed in the
watershed. The upper walershed concentrates very im-
portant urban areas and equally important mining opera-
tions, but agriculture and grazing are also found. The lind
use in the middle and lower Velhas river i mainly
dedicated to agriculture and grazing. Although cucalyplus
plantations are found evervwhere. the majority of the
activities ure concentraled in the middle section. While the
headwater region is characterized by a rugged topographv
(average altitude: 15300 m) and receives aboul 2000 mm of
rainfall each year. the river mouth is mostly Qat (at an
altitude of 300 m) and reecives only about 1100 mm of rain.

d. 20 Date and datea generdtion

In this study. data were obtained (rom lour dilTerent
sources: (1) Landsat images. (2) digital topographic maps.
(3) in situ field survevs and (4) water quality data. The hrest
three sowrces were used 1o produce LULC digital maps,
The LULC map was generated [rom a mosaic ol five
Landsat 7 ETM + mmages. Digital maps and in sitn (feld
data were used both as ground truth and o complement
the classified mosaic with elements that could not he
extracted from the images. The five Landsal images were
geometrically rectified and registered to a UTM carlo-
graphic projection. Table [ shows the orbit/scene relerence
of each image along with its date of acquisition and rop|
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mean square (RMS) registrution error. The scenes were
first radiometrically corrected using the “improved dark-
object subtraction technique™ to correct for atmospheric
dilTerences (Chavez Jr.. 1988)._The results from this
correction were not completely satsfactory and further
wd Noe radiometric adjustments were necessary Lo reduce
spectral response differences between the images. These

IThe durle object subtraction fechmigue consists ol subiracting a
comstanl value from all the pixels i w bund of an imige. The constant
ig determined by identifving an object that shiowld either absorb all
electromagnetic ciengy (e clear water lakey or not recerve any direc
light (e ek i very steep slope), 10 such an object his.a value of 20, then 2075
subtracted fram all the prcels in thal bund, The process is repeated for all
the other bands. In the improved version. the constants for all the hands
are not independent bt computed From o look-up table and an estimate of
the guality of the nhmosphere:

Table |

Pisting of the arbitseene reference (WRS) Tor the five Landsa 7
ETM + seenes with thar respective dute of avgusiion. RMS registration
crror und standard devidtion (q)

WRS urhil seene Diile of acquisition RMS erpor (m) = {m)
2| BiTR 22 (retaber 2002 2450 13.21
21873 06 Ocraber 20102 49,50 24 96
%74 (6 October 2002 .27 24,57
219172 13 Cletaber 212 .24 2613
o 10 e {3.0¢t0ber 2002 16,56 1200

additional corrections were small linear histogram adjust-
ments, The mosaic was constructed by juxtaposing the five
images while always leaving the image with the least
atmospheric effect on (op for overlap. The resulting mosaie
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was sufficiently uniform to classify as a single data source
using training data acquired in situ and. in some
exceptional cases, from maps, The thermal and panchro-
matic bands were excluded from the classification process.
Lirban areas were first extracted from topographic maps
and then visually updated using the Landsat mosaic. The
maosaic was over 89%, cloud free, Clouds were treated as
“no data™ and removed [rom the analysis. The watershed
limits were used as a mask lo clip onto the classified
mosaic.

Classification was performed using maximum likelihood
[rom the Purdue/NASA MultiSpec software package that
is available at no cost from the MultiSpec website (http://
dynamo.ecn.purdue.edu/biehl/MultiSpec/). The MultiSpec
classification scheme makes it possible lo classify any
combination of the training arcas, testing areas and /or the
entire image and reports the results with a wide range of
statisties. Biehl and Landgrebe (2002) give a complete
description of the MultiSpec package. The LULC map
accuracy was tested using only i situ data which were
collected using a near-random sampling scheme. A total of
250 random sampling points were defined within the
watershed to guide field work. Using a global positioning
system (GPS) the sampling sites were then visited (by the
authors) on the basis ol the “nearest accessible site”™ within
a one kilometer radius of the randomly generated
coordinates. Each site generated a bundle of pixels (from
9 1o 25 depending on the homogeneity of the terrain) that
were used either as training (about 20%) or as test areus.
Although sub-optimal. this approach had the benefit of
cxpediency and avoiding land owners’ authorization
problems. The hydrographic network was extracted from
the topographic maps and manually adjusted where needed
(and possible). The LULC classification system used was
ingpired by the Anderson system (Anderson et al.. 1976)

Table 2

and adapted for Brazil according to Sokolonski's “*Sistema
de Classificacdo de Uso Atual da Terra” (Sokolonski.
1999). The classified mosaic was merged with the adjusted
hydrographic network. the updated urban areas and the
“no data™ zones to produce a single LULC map. Overall
accuracy was of 89.8% (kappa x = 0.883). Table 2 shows
the two-level class system used in this siudy and gives the
producer’s and user’s accuracies for each LULC class
along with sample size. For statistical modelling purposes
the classification system was simplified to the following
classes: riparian forest. forest. savanna, planted forest.
agro-pastoral and barren (the class wrban was extracted
from maps and/or interpreted from the imagery and was
not tested for accuracy),

The WQ data were obtained from the Projeto A guas de
Minas ol the Instituto Mineiro de Gestdo das Agum
(IGAM) with 29 water collecting stations for which 13
physical, chemical and biological parameters have been
measured on a quarterly basis since 1992. Based on the
known relationship between the parameters and LULC,
five of these were retained [or the statistical analysis:
turbidity. nitrate, nitrite, phosphorus. and fecal coliforms.
The DELPHT water quality index (Bollmann and Marques,
2000) was also used even though it incorporates some
parameters that are more related to point pollution than
non-point. The index was computed by [GAM using the
following formula:

. 9
wor =[[_ 4"

where ¢ is the parameter and w is the parameter weight as
defined in Table 3.

Or the 29 stations, only 16 were directly from the
Velhas river (and not from a tributary). Only data from
2002 were used as this was the vear corresponding Lo the

The LULC classification system adapted from Anderson et al.(1976) and Sokolanski (1999) along with the sample size and producer’s and user’s accuracy

values from the image classification

Level | Level 11 Samples Aceuracy (%)
Producer’s Lser's
| Urban +
2 Agro-pustoral 21 Agriculture ¥
22 Pastoral 382 81.7 76.5
3 Vegetution 31 Primary fores! —
32 Secondary lorest 667 47.5 us.6
33 Wooded savanna 269 77.0 739
34 Grassland savanni 67 612 100
35 Dry decidupus forest 272 746 90.2
36 Riparian forest 237 T6.8 711
Planted forest Eucalyptus plantation 441 74.4 8.2
Barren Exposed soil 197 G54 82.5
Open soil +
Rock outerop 857 99.4 976
Water 124 899.2 100

Note that the samples were based on bundles of 9 (3 x 3) to 25 (3 % 5) pinels
+ . interpreted; *, interpreted and/or merged with pastoral; —, none observed.
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LULC data. As a relerence, Table 4 shows total precipita-
tion for the month of January and July for the year 2002. It
should be noted however that we have no knowledge of the
exact day in the month when the water samples were
collected. Table 5 shows the five WQ parameters and the
WQ index for cach of the 16 Velhas river stations and for
both the wet and dry seasons.

4.3. Determining contributing areas

Since 4ll the WQ data are from the same watershed and
most are located on the same stream (the Velhas river). they
are statistically highly correlated and. to some extent, all the
upstream points contribute (o the measurements of any
observation point. This is statistically undesirable and would

Table 3
Parameters and purameter weights used in the caleulation of the DELPHI
waler quality index

Parameter Parameter weight
Dissolved oxvgen (%) 0:17
Fecal coliform (NMP;100 ml) 0.15
PH 0.2
Brochemical oxygen demand (mg/L) 0,10
Nitrate (mg/LNO3) 0.10
Phosphorus (mg/LPOy) 0.10
Temperature variation (C) (.10
Turbidity (UNT) 0.08
Total solid (mg/L) (LOH

Table 4
Total precipitation (mm) for the months of January and Inly of the year
2002 for the Vellias river watershed

Maonth High Mid Low
January 06,8 398.4 2269
July 8.0 6.3 0.0

The duta are presented for the high-. mid- and low-watershed.

Table 5

163

produce strongly biased results. To solve this problem, the
water quality data from the sampling point upstream were
subtracted [rom each point. For the approach to be
consistent, the first sampling point near the watershed source
had to be eliminated (no sampling point upstream) and only
the sampling points directly on the Velhas river could be
used. Of course. this resulted in producing some negative
values for the water quality parameters. For each remaining
point (15 in all). a series of riparian zones (RZ) of various
widths were defined. To do so. a sub-watershed was defined
that contributes exclusively to each water sampling point.
Then each sub-walershed is successively overlaid on riparian
buffer zones of varyving width to produce the exelusive
contribution zones (ECZs). Bulfers were created lor a
maximum width of 5310 m and all were multiples of 30m 1o
match the LANDSAT image resolution. This approach
produced 17 buffer zones which were then reduced to five
using a process of elimination. The first two buffers were
eliminated (30 and 60m) for being too close to the stream
and possibly affected by positioning errors. Ten of the
remaining 15 buffers were climinated for being uninforma-
tive (linearly distributed) based on analyzing the plots of
coefficients of determination (see Section 5). Fig. 2 illustrates
the process of creating the RZs. Since the topography of
riparian zones does not vary as much as in the whole
watershed. this procedure also had the effect of reducing the
impact of relief variations: an important hydrologic variable
for watershed modelling that is not considered in the present
study. Although incorporating the reliefl would probably
improve the models, the only available medium scale
topographic maps (1:100.000 and a few 1:50.000) could not
vield enough precision within the restricted riparian zones.

4.4. Statistical modelling
With only 15 sampling points. a thorough statistical

analysis is difficult. Still, considering the high cost of
collecting water samples systematically and performing

Water guality parnmieters measured in the 16 Velhas river stations for the wel (top) and dry (bottom) scason of 2002

W Velhas river station: WET season: January 2002

Parameter 1 2 3 4+ 3 fi 7 b 9 10 B 12 13 14 15 16
Turhidity (NTL) 048 G030 SILO S0S0 4360 4150 10880 9150 73RO0 6270 6440 9230 7260 690.0 3660 4340
Nitrate (mg/L NOy) 0.00 0.04 004 022 024 0325 028 046 066 034 057 067 043 052 D48 058
Nitrate (meg/ L NO1) G005 0004 0005 0010 0.007 0010 0105 0121 0000 0051 0014 0.000 0008 0,007 0,005 0.0006
P (me/L PO, 0.02 0,22 000 001 003 014 0.05 004 031 001 005 003 008 005 000 021
Fecal col. (NMP/LOOL)  — 500 5000 900 1600 1600 30.0 700 300 17.0 2.2 2.8 0.7 1.7
WOl 7.3 574 617 413 419 381 30,0 289 300 386 375 398 465 443 40 T
DRY season: July 2002

Turbidity (NTLU) 6.3 §17 929 122 983 349 71.0 353 K24 353 688 2007 205 LL6 T2 383
Nitrate (mg/L NO;) {16 024 029 038 04l 027 (02 002 003 018 L7 290 1.B3 182 1L.87 L02
Nitrite (mg/L NO3) (.003  0.022 0023 0048 0046 0,027 0.006 0.006 0.005 0,022 0223 0245 0015 0.019 0.032 0.008
P img/L POy) 0.02 004 003 008 006 LSO 095 105 086 034 019 014 042 041 004 (04
Fecal col. (NMP/10OL) (.00 T.0 30 7.0 80 160,00  160.0 1600 160.0  13.0 0.13 0000 0.05 003 001 002
WQl 70,1 626 632 603 613 196 157 146 163 362 597 660 395 5% 793 J7A
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Fig. 2. Hlustration of how the riparian zones are defined: (1) the water quality sampling points, (h) definition of the exclusive contribution zone for each
sub-wittershed. (¢) overlaying the riparian buffer zones of different width, and (d) illustration of the riparian zones for point 1,

chemical analyses, the practice of statistical modelling with
few samples has been considered acceptable and many
other studies have adopted a similar approach. For
example. Mattikalli and Richards (1996) and Fisher et al.
(2000) used 17 and 10 water sampling sites respectively
while Basnyat et al. (1999) and Wang (2001) used § and 22
small catchment watersheds respectively for their analysis.
To compensate for this weakness and strengthen the
results; the analysis was carried out for two different
months: January (wet season) and July (dry season). The
argument to support this approach was the following:
during the wet season. surface runofl is more often active
and LULC should have a stronger influence upon WQ
than during the dry season. There are however some
problems with this statement which will be considered in
due time. One such problem is that farmers rarely use
fertilizers and nutrients during the wet season because
much of them will be washed away by the rain. Another
problem is that the soil is more exposed during the dry
season and therefore more susceptible Lo erosion.
Multiple regression using the least square rule has been
chosen for the present study. Multiple regression produces
linear models in the form Y= by+h X, + b X>+ ...h, X,
where

cients and # is the number of variables. It was preferred to
correlation because LULC is made up ol a mosaic of
different classes in all the exclusive contribution zones ol
the WQ sampling sites. Taken one at a time. the LULC
classes would not have a significant impact on the WQ.
This is also consistent with the [act that together these
classes make up 100% of the contribution zones (except for
a few clouds classified as “no data™). All the models were
caleulated using proportions of each LULC and not actual
areas in units of measure. Only models with coefficients of
determination (r°) superior to 0.6 were retained. To further
test the validity of the models, a level of significance p= 0.9
has been considered. Finally. an analysis of variance was
‘‘‘‘‘‘ ) 1o test il they are equal to

______ o =07 Hl: b5 F0). Alevel of 90% (0.1)

was also used [or this inference test. These precautions also
made sure that the results were valid despite the small

sample used. Scatterplots of the residuals were also
produced to make sure these were randomly distributed.

5. Results and discussion

Tables 6 and 7 show the coefficient$ of determination of
the various models. The tables were formatted to include
mformation on the models that were rejected on the basis
of their low coefficients of determination (italic) or on not
being able to reject the null hypothesis (£/0) of the analysis
ol variance stating that the betas are equal to zero at 90%
(values with asterisk). This was the case [or the following
WQ parameters: phosphorus (P) and water quality index
(WQI). Valid models are in bold type. These include nitrite
for the wet season and turbidily and fecal coliforms for the
dry season.

Models with a plus sign (+) mean that the H0 of the
analysis of variance could be rejected at 85%. Nitrite and
nitrate during the dry season are such models and will be
discussed. Although WQI has some valid models (HO
rejected at 85%). it was not retained for discussion, because
it is an index and not a measured value, und its
interpretation would. therefore. be too subjective. Fig. 3
shows a series of plots of the coefficients of determination
and how they vary with the buffer width (RZ) for the WQ
parameters retained for discussion. The results for these
parameters are discussed separately in the (ollowing sub-
sections.

3.1. Tuwrbidity

High turbidity is normally associated with the wel season
when surface runoff transports sediments from the soil and
carries them to the stream. During the wet season the high
waters are also much more turbulent and do not allow the
sediments to settle on the river bed. Suspended sediments
can therefore travel long distances and all the tributaries
also contribute to the turbidity. This is also the case here
and turbidity 18 much higher during the wetl season (see
Table 5).

For modelling purposes, turbidity values were log
transformed to obey a more linear behavior. The January
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Caellicients of determination (7)) of the wet season multiple regression models for the live water quality parwmeters and for the dilferent fipamin zones

(RZ) including the whole esclusive contribution zong (FCZ. Tust coltimn

Witler quality WET season: Tonuwry 2002

Parameters R7s ECZ
Him L S0m 210 3t m S0 m

Turbidily 04 {1 1o8 1) o4 (1198 o4 {1 122
Nitrate (Y E} (.30 (1482 0457 (<431 {507
Nitrite 1823 0.823 0.820 0815 L.803 0.822

P {1690+ 0.647% 0,647% {1 5800 (343 f). 345

Feeal col. (= 1000} 1).755% (L.735% 0.725% (.70 oo™ (.78
Wl (1433 (461 {1436 [T (LANT {132

Bold: »° =006 hetas=t0 (B0%) r‘l_‘-_".”.l'w |1L'£_;-[.\__.’"(_] (B3

=7 2000 betas = O, italic: ¢ =0.0,

Tahle 7

Coelficients of determintution (771 of the dry season multiple regression models for the five water quality putameters anid for the different vipariin zones

(RZ} imeluding the whole exclusive contobution zone (ECAL Lust column)

Water quality DRY season: January 2002

Purameters RZs ECZ
Gim 13m 210m M0 m ST
ity (L874 0.906 0.918 1925 {1.80S 831
Nitrate 0726+ 0,752 0.779 0.509 11.8306 1.708
Nitre W73+ 0.729 + 0.744 (.70} 0772 a2l
p 1307 .85 {513 {1 (i f 343
Lot wal. (= 1000y 0,850 8449 (.834 (L80 0,726 0.621*
WOl 0.677* 0.673* (L6647 .649* 0.616% (.474

Bold: 77 2006 betis 20 (0001 =5 (L6 hetas 20 (850),
Fopt 200 hetas = 0 talics ¢ <00

{wet) model was not conelusive with # values below 0.3 for
the RZ bulfers and below 0.4 for the ECZ, This is
understandable for the wet scason since suspended sedi-
ment intake before the FCZ are wenerally high and may
come from a long way upsiream. The contribution of the
immediate neighborhood of the water sampling points 1s
therefore relatively too small to affect the model. This is
somewhal confirmed by the lact that the r is larger for the
ECZ than the RZs.

During the dry season. the regression model is quite
conclusive with high coefficients- of determination. The
analysis of variunce on the betas also made it possible to
reject HO: betas =0. In that period, relatively little
sediment is taken in. and. when this occurs. it is nol
trunsported very far. This is also the season during which
farmers irrigate their fields and when soils are mosl
vulnerable to crosion. The RZ model shows the strongest
relationship (0.925) at a buffer distunce of 300 m declining
ta 0.805 at S10m and 0831 for the ECZ (Fig. 3a). The
actual model (Table 8) shows that the class that contributes
muost 1o increased turbidity is barren land followed by agro-
pastoral and planted forest. Here the class forest 1s
abnormally counted as a conuibutor but with a much

lower weight than barren soil. The strongest inhibitor 1s
predictably riparian forest. Savannu is also an inhibitor but
with a rather low weighting factor. Although imperfect, the
model sull maintains a predictable behavior for most
classes (except forest) and appedrs o be a valid predictor
Tables 9.10.1 L.

5.2 Nitrate and nitrite

In the aguatic environment. nitrogen can be found in
various  forms: molecular nitrogen. organic nitrogen.
ammonium nitrogen, nitrite and nitrate. Domestic and
industrial sewers along with animal excrement and
lertilizers are the main sources ol nitrogen. Nilrile 18
usually associated with active biological processes influ-
enced by organic pollution (IGAM. 2002). Nitrate 1s more
associated with the use ol organic and inorganic lertilizers
(Mevbeck et al., 1989; Mutiikalli and Richards, 1996
Basnyat et al.. 1999). Although these two nitrogen sources
are often treated together, since they were meusured
separately. two different sers of medels were created.
Except for lour sampling sites in the middle of the
watershed. nitrite and nitrate are gher i the dry seasen
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Fable §

Multiple regression model for turbidity (dry season/300m. n = 15)

Varable & RIE B S E AP PF U

B —3.U85 —3.9BE-03 0180 —4.75E-04 T.T40E-02 B.RORE-N2 RA433E-02 5.728E-02
Std. err. 2230 0.029 0.038 0.024 0:629 0037 0.024 0.022

C = constant: RF = Riparian Forest; B = Barren: § = Savanna: F = Forest; AP = Agro-Pastrol: PF = Planted Forest; U = Urban.

Table Y

Multiple regression model for nitrate (dry season/310m. # = 15)

Variahle = RF B S F AP PF L

B —3.294 —2.53E-02 2 ARGE-02 1.O32E-02 3. 234E-02 ROT4E-02 6.804F-02 2.976E-02
Sid. err. 1918 0.022 0,030 0.018 0.022 0.027 0017 0.016

€ = constant; RF = Riparian forest: B = Barren: S = Savanna; F = Forest: AP = Agro-Pastrol: PF = Planted forest; U = Urban.

Table 10

Multiple regression model For nitrale (wet season/90m. g = 15)

Variable C RF B 5 E AP PF U

B 1. 1RGE-02 1.18E-04 1.756E-04 —6:32E-04 —342E-D4 4.045E-04 —7.82E-04 9.974E-04
Std. err. 0,090 (00t 0.001 (.06 0.001 0001 0.001 0.001

€ = constant; RF = Riparian forest: B = Barren; 'S = Savanna; F = Foresl: AP = Agro-Pastrol: PF = Planted fores; U = Urban.

Table 11

Multiple regression model For nitrite (dry season/S10m. n = 15)

Varjable 3 RF B 8 F AP PF L

B —0,313 —4.28E-04 —3A0E-03 4.368E-04 6.766E-03 8.894E-03 T.RIE-03 3,259E-03
Std. err. 0.248 0,003 0.005 0.003 0,003 0.004 0.003 0.002

€ = constanty RF = Riparian forest; B = Barren: S = Savanna; F = Forest: AP = Agro-Pastrol: PF = Planted forest; U = Urban.

(Table 5). The reason lor these generally higher concentra-
tions™ can partly be explained by the fact that high waters
of the wet season dilute these chemicals more. Another by
no means negligible reason for this seasonal behavior is
that farmers do not use much fertilizer during the rainy
season as most of it would be washed away.

The models for nitrite show a consistent behavior for
both seasons but with a stronger relationship in January
(wet) that culminates at 300 m. The dry season models are
weaker and less significant in temns of analysis ol variance
results. The curve shows a steady increase from 90 to 310 m
suggesting that it might have continued (o increase if a
larger buffer had been considered. These results suggest
that runoff during the rainy season might be responsible
for bringing an increased amount of organic matter from
the riparian zone into the stream.

In all three models riparian forest acts as an inhibitor
confirming its essential filtering role. For the nitrate. all the

*The concentrations in Table 5 ure considered acceptable for human
consumption (<3Sme = L) bul are <gnificantly higher than would be

found in & natural environment.

other classes have a positive contribution. The facl that
forest and savanna have positive weights is not an expected
result and probably comes from the various sources of
error and the simplified model approach. The wel scason
nitrite model has, in decreasing order of importance,
planted forest, savanna. forest and riparian forest as
inhibitors. Here the distance from the siream appears Lo
be less important since the determination coefficients do
not decrease much with the increased distance. This 18
perhaps why the riparian forest is the weakest inhibitor.
Urban is the strongest contributor followed by agro-
pastoral and barren soil. During the dry season. the model
behaves in a less understandable way but the strongest
contributors (agro-pastoral, planted forest and urban) are
consistent with the expected behavior. Since this model has
a weaker coefficient of determination (maximum of 0.772
at 510 m). it is therefore less reliable.

5.3. Phosphorus

Consumption of phosphorus does not appear Lo affect
human health but high phosphorus levels in the water can
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have dramatic elfects on aguatic life. Concentrations of
over 003 mg/Ll. can provoque cxcessive plant growth,
increase demand of oxvgen and reduce fish stock (MOE.
1984). Most concentrations presented in Tuble 5 are over
0.03 mg/L and can be considered excessive. Phosphorus in
surface water can come from a variety of sources both
point and non-point. It 8 associated with sewers, animal
excrement, lfertilizers and some detergents.

Unlike nitrogen. the dilTerence in levels between the wet
and dry seasons are small. However. the model for the dry
seuson could not be considered reliable with coefficients of
determination well below the 0.6 mark and a level of
signilicance below 90% . The wet season model on the other
hand, can be considered acceplable for the first three buller
widths (90, 150 and 210 m). The model (or the 90m buller
18 10 Table 12 and Fig. 3e and shows that all the land uses
except one (agro-pastoral) contribute posituvely to the level
ol phosphorus. the strongest being bure soil and planted
forest (cucalyplus). Since the model coefficients can only be
considered different [rom zero at 85% (betas=£0 (83%)). we
decided to restrict our interpretation to the simple fact that
distance from the stream scems (o be a determining factor
for levels of phosphorus.

54 Feeal eoliforms

Except for three water sampling stations (and the first
three sampling sites with no data i January). the fecal
coliform counts are higher during the wet season. Stations
68 have the highest counts which are related Lo the urban
area of Belo Horizonte und its surrounding fringe. The
lower values during the dry season are probably related o
the almost complete absence ol rain and runoll.

The models For January are not reliable because the null
hypothesis that the betas are equal Lo zero could not be
rejected. The July models. however. were very conclusive
with a peak al © = 09 and rejected HO at 99.5% (Fig. 3).
This peak is reached at 150 m from the stream and then the

lable 12

relationship decreases steadily to + = (.76 at 510 m. The
even lower =~ = .54 for the ECZ suggests that this trend
continues with the increased distance from the stream.
Stock grazing ncar the stream is probably the main
explanation for this behavier. 1t has heen observed for
instance that in the absence of riparian forest. stock tends
to enter the streum more often. This lurther shows the
importance of maintaining or restoring riparian [orests.

As c¢an be scen in Table (3, the strongest LULC
contribution to fecal coliform counts comes from barren
land followed by planted forest. agro-pastoral land and
urban areas, These contributors can be merged into
“human impact™ areas. The inhibitors are ripariun forest
and savanna showing again the importance of maintaming
natural vegelation near streams.

3.3 Discussion

The simplificd approach used here was able Lo show 4
consistent link between LULC and WQ and that the
former can be used to model the latter 1o some extent.
[solating LULC i ripartan zones of dilTerent width made
it possible to identifv some putterns in the spatial behavior
of the various water quality parameters with respect 1o
stream distance. It did not. however, bring a signilicant
increase in all the coelficients ol determination of the
regression models.

The models have also helped identifly the LULC classes
that have the most impact on WQ. In that respect. riparian
forest is the single fand use class that shows the nost
consistent behavior. It is a good inhibitor for turbidity.
nitrate, nitrite and lecal coliforms. This behavior s
consistent with  that observed in many other studies
although the exact weight varies widely which can probably
be explamed by regional dilferences such as elimale,
topography. soils, lithology, etc. Another very consistent
finding is thut barren land is a systemaltic contributor to the
five WQ parameters selected. Tts relative role in turbidity

Multiple regression model [or phosphoras (wel season 90, = |15)

Vanabile C BRI B 8 F AP Pr LI

B —(h661 .50E-02 [ 95802 11 133E-03 SHTOL-3 — 33703 17201402 FEIO0-03
Side err (1554 (1.4309 0008 1006 (.007 0010 {1006 (.005

C = constant: RI' = Riparun forest: B = Burren: § = Suvanna; F = Forest; AP = Agro-Pustrol: PF = Planted forest; U = Urban,

Table |3

Multiple rearession madel for feeal coliform (dry season 90 m. i = 15)

Varnahle i R It} S [ AP PI U

B 179283 2386.6 73130 — 18Oy 4 15630 J078.3 364 1717.7
Stle err. 1527497 240499 22324 6758 [ 84106 26860 1772:1 13001 4

C =vonstant. RF = Riparan forest; B = Barrém: 8 = Savanna: F = Forest; AP = Agro-Pastral: PEF = Planted lovest: U = Lrbian,
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exceeds all the other LULC classes. The approach taken
here did not however enable us to show this relation lor the
wel season. During the dry season. the agro-pastoral and
planted forest classes consistently contribute (o worsening
WO showing that when they are near streams. land
conservation practices should be carcfully applied. Savan-
na and sccondary forest have a more complex behavior and
are sometimes inhibitors. sometimes contributors. [t
should be considered here that both these classes of mainly
open vegelalion are often encountered in varying degrees
ol degradation and we were not able 1o make the LULC
mapping carry (his information. The urban class (taken
here 4y 4 non-point source since only its area is considered)
is i consistent contributor but with relatively small weight
in the models retained (except phosphorus), This might
come a8 an unexpected behavior but is explained by the
lact that only two sampling points are directly affected by
Jarge urban centers and by the fact that. being mainly a
point pollution source, its arex might be of little relevance.

The riparian zone model used m this study was inspired
by the study of Basnyat et al. (1999) but was simplified and
adapted through curtographic modelling mnside a GIS
environment. However, unlike the resulls from Basnyat
ct al., the differences between the whoele ECZs and the RZs
are generally small. By subtracting water quality data from
the previous point upstream and defining an exclusive
contribution zone, we were able to analyze cuch sampling
point as an independent process. The RZs were defined
using the main river stream and ity major tributaries bul
other smualler (ributaries were left oult.

The specific spatial behavior ol each parameter with
relation to the distance to the stream is perhaps the most
interesting finding of the current study. Although by itself.
this information does not help in defining legislation for
riparian zone preservation. it can be useful for agricultural
and environmental agencies giving advice on ideal width
dependmg on the main activities, For instance a wider

ripariun zone should be preserved where large quantities ol

nifrogen-based lertilizers are used. On the other hand. the
present legislation (30m on each side of small streams)
might be sullicient for grazing land. During the dry season.
while the relationship between LULC and turbidity reaches
it opeak at 300m, the fecal coliform coeflicient of
determination culminales at 90m (or less but this could
not be determined) to decrease steadily thereafter. On the
contrary, the strength of the relation between LULC and
nitrogen (nitrate and nitrite) mnereases with distunce and
reaches its peak al the maximum RZ bufler size. This last
relation might be due to the fact that the main activities
responsible Tor this parnmeter are not as significant near
the stream. We [Cel that this aspect of the research. te. the
spatial behavior of the relation between LULC and the
different WQ parameters, merits more attention and
should guide specilic restrictions i land use at varying
distances from the stream instead of the adoption of a
cingle eriterion (e.g. preserving 30 m of riparian vegetution)
for all activitics.

6. Conclusions

The strength of the statistical upproach presented here
lies i its simplicity and in the fact that it takes advantage
of existing WQ analysis und 4 coarse” resolution LULC
map. It relies on the assumptions that the relation between
WQ and LULC cun be modelled without taking point
pollution sources into account and without considering
important hydrological variables like slope and precipita-
tion. Slope could not. in this case. be properly modelled
due 1o the lack ol reliable data, Precipitation could not be
adequately incorporated into the approach because the
water samples were collected throughout the month
(January or July) and not during a single day.

The results indicate that the LULC classes can be used 1o
model turbidity. fecal coliforms. nitrogen and, to o lesser
extent, phosphorus. The dry scason appears to be a betler
choice for modelling these WQ parameters but more
extensive research s needed (o determine the effect of
precipitation on the simplified approach presented here.
They also indicate that cach WQ parameter can have a
distinet pattern with relation to distance [rom the stream
and that these patterns can help define guidelines for
wiatershed munagement.

The simplified approach that takes adviantage of existing
WQ data and LULC of medium-coarse resolution repre-
senls an important tool in the Brazilian context. As a
developing country. adeguate data for monitering LULC
changes and its effect on waler guality are often lacking.
Future research efforts will locus on  ineorporating
precipitation and slope into the models in a smaller
wittershed having less disparate characteristics in order 1o
better solate the effect of LULC.
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Abstract

This study examines the impact of the creation of marine protected areas (MPASs). [rom beth economic and biological perspectives. In
particular, we examine the effects of protected patches and harvesting on resource populations. We conclude that protecied palches are
an effective means of conserving resource populations, even though extinction cannot be prevented in all cases. We discuss the dynamic
optimization of a harvest policy by choosing E(7). the harvesting effort. as the dynamic variable. We also discuss the optimal equilibrium

harvest policy and explain the biological and bioeconomic interpretations of the resulls.

© 2006 Elsevier Ltd. All rights reserved.

Keywirds: Marine reserve; Global stability; Limit cycle: Optimal harvesting

1. Introduction

Marine protected areas (MPAs), which we define as
spatially well-defined areas where no harvesting takes
place. have become a popular approach to managing
marine fisheries (Polacheck. 1990; Holland and Brazee.
1006: Sanchirico and Wilen, 1999, 2001, 2005; Bonocoeur
et al., 2002: Anderson. 2002: Luck et al., 1998, Rodwell et
al.. 2002; Neubert. 2003; Hilborn et al., 2006). The impetus
for establishing MPAs originally came from countries such
as Australia, New Zealand, and the Seychelles. where
MPAs have provided many general benefits as a tool for
conservation and marine environmental management. It is
relatively casy to enforce fishing bans in MPAs. if the
necessary will and resources exist: quite simply, any
fisherman working in such a reserve is breaking the rules.
The more effectively a reserve is [unctioning, the more
carefully these restrictions must be-enforced.

Two core objectives have motivated the establishment of

most marine reserves: conservation and sustainable provi-
sion for human use. The conservation goals include: (i) the
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matics, Bengal Fngineering and Science, University, Shibpur. Howrah
T11103, India.
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conservation of biodiversity; (ii) the conservation of rare
and restricted-range species: (iii) the maintenance of genetic
diversity: (iv) the maintenance and/or restoration of the
natural ecosystem on both local and regional scales: and (v)
the conservation of areas vital for vulnerable lifc stages.
The goals relating to human use include: (i) the manage-
ment of fisheries, (ii) recreation, (iii) education. (iv)
research. and (v) the fulfillment of esthetic needs. The
current overall enthusiasm for reserves and the recent rapid
increase in new policies promoting reserve formation have
motivated this paper.

Not everyone supports a major expansion of marine
reserves, ol course. and fishermen are among the most
vocal skeptics. One issue for fishermen is whether they will
incur significant costs in the form of lost access lo
traditional grounds. Whether reserves are likely to be
costly to fishermen is a complicated issue. We know, for
example, that closing all coastal habitats would essentially
cost fishermen all of their current income. and we also
know that doing nothing would leave us with the status
quo in fisheries management. Several different arguments
have been put forth suggesting that reserves at this level
would actually benefit fishermen. One argument 15 that
current management methods are not sufficiently strict and
are destined to fail over the long run (Ludwig et al,, 1993).
More interesting arguments have suggested that closing
some areas might actually enhance fisheries productivity.
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This argument is based on the possibility that the existence
of larger protected populations of more fecund individuals
within reserve boundaries might actually increase the low
of larva outside the boundaries, thus enhancing fishery
output in the remaining open areas. MPAs also provide
important sites for study and experimentation, including
control sites [or studies of fishing effects. These have been
widely used for education. tourism. and inecreasing the
public awareness and understanding of environmental
issues, The net economic benefits from some of these
activities can far exceed those from fisheries.

Despite the growing interest in marine reserves (Suman
et al, 1999: Gell and Roberts, 2002; Halpern, 2003:
Guenette et al., 1998; Brown and Roughgarden. 1997).
both the economic benefits and the conservation impact of
marine reserves have recently been questioned (Hannesson,
1998: Allison et al., 1998). Conrad (1999) showed that. in
the absence of ecological uncertainty and in the context of
optimal harvesting, reserves generate no economic benefits
to fishermen. Such a result coincides with the perspectives
of many fishermen and also some economists. However.
Luck et al. (1998) asserted that MPAs can be viewed as a
kind of insurance against scientific uncertainty, stock
assessments, or regulation errors,

Following the tradition of Clark (1985), we employ a
simple modeling approach in this paper. That is. we
endeavor to understand complex management issues by
developing and analyzing a simple model. Despite the
simplifving assumptions used. we still manage to include in
the analysis several major biological and management
characteristics. including population growth. migration,
harvesting effort. and reserve size. To derive analytic
results concerning the effects on population level and vield
of the division of a population’s habitat area into
sub-areas, namely a nature reserve (NR) and a harvesting
zone (HZ). we construct and analyze a simple logistic
growth model. This modeling approach allows us to
characterize explicitly the relationships among population
protection. yvield. reserve size. optimal harvest elforts, and
biological parameters, including population growth and
migration,

2. Model
2.1. Pre-reserve

We assume that the pre-reserve population is uniformly
distributed across its habitat area, with no distinction
between patches for mating. spawning, growth, matura-
lion. or protection, [or example. We also assume that the
population evolves according to the logistic law of growth.
which 1s described by
dx X
= =rx(1-7). (1)
dt ok
where x is the population size at any time 7, & the carrying
capacity, and r the intrinsic growth rate. Now suppose that

by Eq. (1) is subjected to
harvesting. We use the catch-per-unit-effort (CPUE)
hypothesis (Clark, 1990) to refer to the assumption
that the harvest is proportional to the stock level. or
that ¢Ex, where £ and ¢ are positive constants denoting
the harvesting cffort and catchability coefficients, respec-
tively.

The equation characterizing the harvested population
becomes

dy Y -
¥ e .i,.\(l - I) =N

Il E=r/¢, the right-hand side 15 always negative, and a
rapid collapse of the resource population will occur. In this
case. extinction of the resource population is inevitable,
and the ecological environment 1s destroyed.

the population described

2.2, Post-reserve

To protect the population and ecological environment,
the region is divided into two patches. The two subpopula-
tions are assumed to be homogeneously distributed across
their sub-areas. In our model, we assume that each
subpopulation has its own carrying capacity, which is
proportionate to its distribution area. We also assume that
the total population distribution area equals unity, and
that sub-areas | (NR) and 2 (HZ) equal s and [—s,
respectively. where O<y<1. II' s =0, then there is no
reserve. and this possibility provides the status quo
reference case (for more details. see Anderson (2002)).
We assume that fish are free to migrate between the two
patches. as well as within each one of them. The net
migration between the two areas depends on the dilTerence
in the subpopulation densities. We also assume that each
subpopulation has its own carrying capacity, which is
proportionate to its distribution area.

Thus. our model becomes

do _ L O 3 2
dr = ) .\'}'() ki sk (1 =)'

df_'“( (1 — )k, % (0=nk/ 2

Normalizing the population by dividing the population
level by the carrying capacity and considering the harvest
in HZ based on a CPUE that is proportional to the
population density, we arrive at the growth equations

ey x| (l =< i) — rr(ﬂ— e ) = f(x1, x2),

dr s 8 | —x

das Xa X Xy
— = FX3 l s - e - = iXn
ds ”'( (1 —S]) +G(.s' | —L\') gEx

= ¢(%i5%3), (3)

where o is the migration cocfficient.
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3. Behavior under harvesting

The behavior ol a nonlinear system (3) can be
characterized by standard  equilibrium.  stability. and
bifurcation analyses.

In the following theorem. we show that all the solutions
of the model under study are bounded.

Theorem L. Al the sofutions of svstem (3) thal indtiate in RS
are uniformly bounded.

Proof. We define the function
H"'r = X)) -|— X (4)

The time derivative of I along a solution ol system (3] is

W= pyi (| = ﬂ) ol - ‘—) — 4Exa.
§ (1 —3)

For each r>0. we have that

W o = i, (1 - %) e (1 - “‘_—‘))

—gEx:+F tx) + w2

Iy e o fl—s) . gE ot : .
£ — = 2= ] w2 g, 5
\4(1+1_) e (1 5 *;-) (5)

Thus. there exists a 4 >0 with W+ 1 <. Applying the
theorem on differential inequality (Birkhofl” and Rota.
1982). we obtain

0 W, ) s/ o] —esxp(—11)
+ W (0).5:40)) exp(—T1r).
And, for 1-» oo, we have 0 W< /1.
Therefore, we have

B=1[lx.x:) e R':r W</t 4+ & for any >0,

where B is the region in which all the solutions of system
(3) that start in R, are confined. [

3.1 Equilibrivet and stabilicy

We now cheek whether the model has an equilibrium
point with positive subpopulations. as well as whether this
equilibrium s stable. The equilibrium for each of the
subpopulations requires (dxy /dr) = (dys/dr) = 0. and this
obviously implies dx/dr = 0.

From Eqg. (3). we gel

o

v2 = dly) = Axi(x, — B). (6)
xp = plys) = Cxalxs — D), (7)
where the parameters are defined as
A :H:—T\}f 6=y —%. c= (I I—w.,s-)-ﬁ'
= g =t ABE =4

7 -

Explicit biological interpretations of the parameters 4.
B. C.and 2 are not available. but these conditions must be

satisfied by the parameters if the equilibrium point 15 to
exisl.

Here 4>0 and C=0. Curve (6). which cxpresses the
isocline dxy /de = 0, we refer Lo as S| and we refer o curve
{7). which expresses the isocline dxs/dr = 0. as S-.

Both of these curves are parabolas. The axis of curve S,
is parallel to the x>-axis, and the axis of curve 5> is parallel
to the xp-axis. If B>0. curve S, entérs the positive
quadrant at (8. 0). and. if B<0. then il enters through
the origin. Similarly, i D=0, the curve S5 cnters the
positive guadrant at (0. D). and. il D <0, then it enters the
positive quadrant through the origin. All ol these
possibilities are illustrated in Figs. 13,

Given these possible cases. it 15 clear that there is
chance of extinction only when the parameters 8 and [ are
hoth negative (see Fig. 2). Hence, the question of how to
avoid extinction by harvesting remuins to be answered.
With reference to Fig, 1, we consider the slopes of 5y and
S- at the origin, 11
das de
r\_T(U):NI < e (O g~ ()
then there exists a positive equilibrium (x}.x%). while. for
the converse ol iequality (8). there is no positive
equilibrium (Fig. 2).

For the existence ol a positive equilibrium. we require,
from (6). (7). and (8). that
r 57 I
F<bim—n— > {(9)
¢ gls—a/ril —s5) ¢
since B=y —(a/r)<0.

Differentiating E. with respect to s. we observe that. for
a fixed o€ (0.r). E. increases for s € (0. V"ﬁ}, decreases
fors € (y/(a/r). 1]. and attains its maximum at s = N
When o=r. E. increases with s On the other hand.
differentiating L. with respect Lo o. we observe that, for
fixed v e (0. 1), £, decreases with a.

The dynamic behavior of the equilibria can be studied by
computing the variational matnix corresponding to cach
equilibrium, In particular. the equilibrium (0. 0) 18

*2

s,

|
- |
N (x5,%3)

%

Fig. . Case of B=0, D=0, where a positive equilibritm exists.
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Xz

¥y

Fig. 2. Cuase of B=0, D< 0. where no positive equilihrinm exists.

(%1, %3)
s, ‘-\

Sy [

%z

x4

Fig. 3. Case ol B>0, D<)

(X1, X2)
\

S,

Ko

X4

g 4 Case of Bl D=0

unstable. Using the Routh-Hurwitz eriteria. it is easy to
check (hat all ecigenvalues of the wvariational matrix
corresponding to the interior equilibrium have negative

Xz

Fig, 5. Casc of #=0, D=0,

real parts. and. hence. that it is locally asymptotically
stable. In addition, the interior equilibrium point is
alobally asvmptotically stable (see appendix).

I-rom system (3). we see Lhat the sustainable yield for the
model is given by
¥ =ra ( | — H) + ?',\'1(] R ) (10

1y | -3

which indicates that migration does not matter [or the
sustainable yield level, even though the relative distribution
of the population in the two sub-arcas does maltler.

4. The effects of a protected patch on the population

From Fig. 2. 1t s clear that. i Ex{r/g)—[sa/q
(s — (a/r)] — ). the introduction of a protected pateh is
not sulficient to prevent extinction. Therelore, we can
conclude that. if E increases in (0. (r/g) — [sa/gls — (a /1))
(I —s)]). the interior equilibrium (x}.x3) decreases mono-
tenically and, ultimately. that (x},x%) — (0.0). So. if the
harvesting effort is large (£ >(r/g) — [sa/g(s — (6/1))
(1 —y)]). the population becomes extinel. In the absence
of any protected patches, the population inevitably
becomes extinet a8 long as E=(rfg). In this case. a
protected patch is stll viable. even though it does nut
prevent extinction in all situations. because 1l prevents
extinction for

I s
N
| gls —I) 1 — )

4 i

Figs. 6 and 7 clearly indicate that larger reserves always
increase biomass: however, a larger reserve does nol
necessarily increase Lhe harvest. This result is oblained
because. although a larger reserve increases spillovers to
the fishery. it also reduces the proportion ol the population
thit is subject to harvesting. Putting these picces together,
we can draw the iinal conclusion that the maintenance ol a
protected region is practicable in the management ol
resource populations, although in some cases extinetion
cannot be prevented,
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Fig. 6. The relationsiup between total population and reserve size. The

parameter values are r =03 ¢ =00 g = 0.4, and £ = 0.1738,
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0.011 1

001 +

Harvest

20% reserve | ]
40% reserve |
60% resenve

0.009

0.008

0.007 | _ B ]

0.006 - : \ : |
0 5 10 15 20 25 30

Time

Fig. 7. Harvest ssmnst time. The parameter values are the sume s in

In practice. environmental conservation should be
valued more highly than the economic benefits of resource
management. since it is gencrally unwise (o eliminate any
resource population. The ultimate purpose of establishing
protected patches for resource populations is Lo produce
greater overall benefits.

5. Optimal harvesting: dynamic optimization
5.1, Problen fornudation and necessary conditions
Suppose that a governing body manages the fishery by

sctting up a reserve zone to control the harvesting of fish.
Itg objective is to exploit the available resources optimally.

The present value / of a continuous lime-stream ol

=
tn

revenues is given by

5
Ji= max / e Mpgxalt) — elxs) )V E() di. (1
S LY

where  is the instantancous rate of annual discount, p the
price of & unit of fish. and ¢(x1) the cost of harvesting. The
cost of fishing is assumed to decrease with the stock size,
i.c.. Ce(xa)/0x> <0, Thus, our ohjective is to maximize J
subject to the state Egs. (3) and the control consiraint that
0 ES B < k.. (12)
Applying Pontryagin’s maximum principle (Kamien and
Schwartz. 1981), we find that the current value Hamillo-
nan is given by
H = (pgxs(f) — el NEU) + 27 (x1.:50)
+ Azglxy.xa) (13)
The equations that form the necessary conditions for a
solution are as [ollows:

e condition for a maximum:
(méix) H = (m;-g.x)(,ug_\'g(f) — e{xa) — zagwa) EL(T),

_IQEQ‘E:HHIX‘ (14)

where Ega 18 the maximum harvest rate.
e cquations of motion for the co-state or shadow prices:

/:.| = rj/-‘] = ‘
Gl
=0dy— 4 (13)
: = [5f 7 S b . L OfF L By
fr =G —— =0k —pyE+—E — 4 —— a3 —
Oxa dxa dxs axa
2
e .o 0 . W
=0/ —pgk +—E — 4|
Qs —

2 7

— s lip= < — gk ). 16
{_(\; [ —g  J— {;t) e

o transversality conditions. since v =0 and x; 20

lim 4 =0, lim 4>, =0,
= =

Given the lincar form of the harvesting cost function.
¢(x)E. the Hamiltonian (13) depends linearly on [ with
coefficient (pgx> — (¢(x2) — Azgva)). Consequently, its max-
imum value is reached for the extremes of £ ic. the
harvest rate must bhe either 0 or Eu... This observation
leads to the rule that one must fish as much as possible
when the shadow price of fish 1s sufficiently low
(a<p — (¢{x3)/qgxa)), and not fish at all when the shadow
price is sufficiently high(/:=p — (¢(x2)/¢x2)). Further-
more. when Js = p — (e(x2)/¢xa). the harvest rate 1§
undetermined. In this case. three solutions lor E are
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possible, namely (). /... or E. which is the singular control
that maintains the condition 4> = p — (¢{xa)/¢x2). There-
fore, the optimal control path will be either “bang—bang”
(ie.. harvesting maximally. not harvesting at all. or
allernating between the two) or singular (i.e.. equating
revenues with the shadow price).

We assume that there exists a4 unique optimal path. After
an initial period, the optimal trajectory of the system will
approach either an equilibrium or a cycle. Suppose that the
optimal path does not approach un equilibrium; in this
case, it must cross itself. At this point. the optimal path
must continue as it did before. or it will not be unique. This
implies a cycle. So. finally, the optimal trajectory will reach
either an equilibrium or a cycle. We refer to this state as the
end state. The approach path is the beginning of the
optimal trajectory prior to the end state being reached.

We devole the remainder of this section to examining the
end state. Remember that the harvest rate of an optimal
trajectory, and thus of the end state, must be “bang-bang.”
singular, or a4 combination of the two. In consequence. the
following four end stales are conceivable:

(1) No harvesting: £ =0 and 7:2p — (¢(x2)/gxz). The end
state is an equilibrium, and the harvest rate is part of a
“hang-bang™ control (see Section 5).

(2) Maximumn harvesting: = B and
/3 p — (e(x2)/¢x2). The end state is an equilibrium.
and the harvest rate 1§ part of a “bang bang™ control
(see Section 3).

(3) A singular state: E = E and A, = p— (elx2)/gx2) (sce
Section 3). A singular harvest rate is applied. This can
result in two types of singular equilibria (see Section 3).

(4) A “bang-bang” cycle, which is an oscillation that is
controlled by a harvest rate that alternates among the
maximum, zero, and possibly a singular harvest rate:

- ; é(x2)
E=E.. whenii<p— ]
g2
E=0 whenii>p— d"\l}.
g

E=FE when A <p— (c(x2)/gx2).

No fharvesting (Case 1): The first possibility is straight-
forward. Not harvesting is optimal when. at the equili-
brium (v}, x3). the total cost of fishing ¢(x;) + 4> exceeds
the price of fish. This means thal, al any harvest rate, the
loss in the social value of fish exceeds the net gain [rom the
fishery.

Maxinum harvesting (Case 2): The second possibility 1s
to continue harvesting at the maximum level. In this case,
the price of fish must exceed the total costs. If the
maximum harvest level is relatively small (£, < E.). then
the system asvmptotically approaches the equilibrium
(X7, x3).

A singular case: The third possibility is an end state in
which the total svstem (state and co-state) remains in &

singular state. From condition (14) it follows that, at this
end state, we have to satisfy

P ] (17)
gx2
Substituting (17) and its derivative, ;= (1/q)

[[.\'3{3‘:‘{'8;\‘:)—(‘(_\'3))I/{,\’g):}y(.\‘l.A\‘g), into (16) yields the

following expression:

; " e Y . ¢\ %
= | QX — - 'b - . I
! [' - (’” e ) (‘ ’ w‘J o,

q(\1 Xz )\1{6.:/0 -‘;) = c’{,\':l} f‘f _ (18)
q \_' (88,5

We take the ime derivative of expression (18) for 4 and
substitute it. together with (17), into (15). This action
eliminates both shadow prices. and we obtain the following
expression, which implicitly defines £. the harvest rate in
the singular state:

= =
" c¢ oy @
Sqi-xi—— gk — pqﬁ . ¥
B gk BN
1&g e » O¢
+ ¢ \1 — -+ \1 — g — 25 o+ 2exag
ax;3 G\" - 0xa
ce - q af
+ 2 —— A5 =
<0y =) Bxs | O
ae Py LU‘
= m-.—[pqr——}F (p—
q\w Cxa

+ -
q X3 X

{2 s = 22)
g | ¢ o dxa2 el s

- (/_,_ ¢ )P{} +g{x‘“\‘1]-\'1[&',’6_7531}_(»[Xﬂ]
ol q X3

of L0 [of )( ¢
i BT il e - ! 19
* 0xa ¥ dxy (a,\'g # gx> o

We have ignored the function’s arguments so as not to
further complicate the expression. Eq. (19) indicates that it
is possible to identily a singular harvest rate for cvery point
in the phase diagram. Be aware, however, that
0< F < E,y. and. thus. it may not be feasible to find an
£ for every value of x; and x,.

Il 4 singular harvest rate i1s employed. an autonomous
system results that describes the singular trajectories;

7 ==~ -12)

da\;z L8 (I -3 t \) + g(% = %) —gEx. (20)

Here £ is the singular harvest rate, which is implicitly
given by Eq. (19). From system (20), it follows that, in
equilibrium.

E = (1/q)r(1 —=x5/1 — 8) + (a/x5)(xF/8) = (x5 /1 — )]s
which is independent of time. Thus. the singular harvest
rate 15 constant in cquilibrium. Therefore, the equilibria of

(1]

glxy, X3) xa(Be/Bxs) — e(x ]} it o

raa
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the singular system must be equal to the equilibria under
fixed harvest rates. as noted in Section 3. Semmler und
Sieveking (1994) showed that constant optimal harvesting
may push a predator—prey system into cyclical behavior,
whereas such a system would reach equilibrium in the
absence of harvesting. This result does not hold for the
system studied here.

6. Optimal harvesting: equilibrium solutions

We will hencetorth analyze a less general case. We take
the cost of harvesting (o be ¢(xy) = ¢ {a constant). The
Hamiltonian is given by Eg. (13). From the necessary
conditions for optimality (Clark. 1990). the [lollowing
condition is valid along the optimal solution:

ol .

= X = — _'1:{_ 2
SF = Pax2 =« cagxs =10 (21)
where the dynamics ol the associated shadow prices are
deseribed by Egs. (15) and (16). We observe that. along an

optimal equilibrium  selution of the problem under
consideration, we have
Y ;
2 2ex a .
O —f-.l(f‘— ——) — Ay ==, (22)
& y & :

. L@ X ) 0
Gr1 — g — 4 — Al r——————ql | =0.
| —x |- 1 —x

i
(23)
In wview of Eg. (21). il the equilibrium solution
(AT(£) XA(E)) satisfics
. Zrxi(&
”_..-_,_L[__}_'_E#(_}_
5 8

then we have

. 2Zre(E) @ €
O =¥ — = ===
5 L7 Gxs
. 2y r cEN
X|\o—r-+ = —=—
[—w LT=s X2

(T: oy
= | =) =), 24
s(1=— 50 (ﬁ q,\’i) &5l

Alternatively. along the optmal solution. we have (Irom
(22) and (23))

;o ok
Y
;Iud

B pqE(fS ot (2.!'_\’1‘{ E)/ sy 4+ (a/sh)
= D a
where
D= ((s+f-_\-1-({;}_+ @ 33:) (:3—1— FS +fii)

S L, B 2
7
— = (),
¥l —5) =

At the optimal steady state, the optimal lishing effort can
be derived as

gl Hi —i-j—) +i(ﬂ— = )J
g\ lL—s S 1=y

while the ussociated profit is

i) ex (5 Y]erd=
’ q| . —. s T=4 a

Our job is now to reach the optimal solution optimally
from the initial state (v,(0), x2(0)). This can be achieved by
applying a “bang—bang™ control (Pontryagin et al., 1962)
Lo the systeni. as [ollows. Deline
Eaw  Tor80) >
Egin  for S(r)<0.

E(n =

where S(1) = pgxs — ¢ — z2qx>. Moreover. let 7. be the
time at which the path (x(7), x2(0). which is gencrated via
the “bang bang” contral E(r) = E(t). reaches the state
(x7.x3). Then. the optimal control policy is

E  lor
E"  for

O=yxT,

Efti=
t=>T

and the optimul path is given by the trajectory generated by
the above optimal control. 1n view ol the global stability
property of the interior equilibrium of system (3), we can
also reach the singular optimal solution through a
suboptimal path by choosing the control policy £(f) Lo be
equal to £ lor all 1. The advantage of choosing the optimal
path is that it leads to the optimal singular solution more
rapidly than does the suboptimal path,

7. Numerical simulations
We now illustrate the case of optimal harvesting al

equilibrium numerically by using MATLAB. We specify
r=05 5s=04 ¢c=04 ¢g=0.1. 6 =0.005 ¢=04, and

12
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5 s | ]
@
o
c |
% 6t ' 1
@ |
z ||
2 [ ]
T 4 [ 1
E |
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2 | ~f|
[
ol — e
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Time

Fig. &, Opumal harvesting effort policy.
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p="T7. In addition, we set Ly, =0 and Eqg = 11.67. For optimal and suboptimal paths approach their respective
the above values of the parameters. we obtain an optimal singular optimal solutions in both zones.

singular effort of 017, an optimal singular stock ol 0.39. The details of the optimal and suboptimal paths
0.58. and an optimal singular revenue of ).34. presented in Figs. Y and 10 are tabulated in Table |. From

The optimal harvest policy is presented in Fig. 8. and the this information, it is clear that the suboptimal paths take
associated optimal and suboptimal paths are presented in longer to reach the optimal singular solution than do the

Figs. 9 and 10. From Figs, 9 and 10, it is clear that the  optimal paths,

0.85 : . - . —
- e
,g 06 Stock In HZ under optimal harvesl policy
i 2 '
@
S 055 \ i
@
5 .
g a5 L \ Stack inHZ under suboeptimal harvest policy R
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» 045 + 1
Tz Stock in NR under oplimal harvest poficy
@
= L =
£ 0.4 o I— _
=
]
g 0.35 ‘-\ =
3 N
]
¢ 03 Stock in NR under suboplimal harvest policy .
o
=
5]
2 025  /
5]
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Time
Fig. 9. This figure illustrates the optimal and suboptimal approach paths imitiated at (0.2, 0.3),
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Fig. 10, This figure dlusirales the optimal and suboptimal approach path imitiated at (05 0.4
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Table |
Time tuken by different approach paths

Coordimiles Bl repe Time taken
Lo reach the
— end point
lLitial potnt Fne point
Fig. 9 (0.2, 0.3 (017, BD.58) Optimul 6,77 units
(0.2, 0.3 {17, 0.58) Suboptimal 10,54 units
Fig. 10 (5 10.4) (17, 0.38) Optimul 2.6 units
(0.5, 0,4y (017, 1.38) Suboptimal 5.0 units

8. Concluding remarks

In this paper. we have discussed the impacts of MPASs
from both economic and biological perspectives. The
results of the analvsis indicate that MPAs are a practical
means of managing resource populations and are. there-
fore. beneficial for conserving the ecological environment
and resource populations. despite the fact that extinction
cannot be prevented in all cases. The establishment of
MPAg could be used to maintain a high fish biomass n
marine habitats. We have also proved that, when it exists,
the interior equilibrium point is globally asymptotically
stable. Feological managers may find it desirable to achieve
i unique positive cquilibrium that is globally asymptoti-
cally stable. and they muy use this goal in creating
harvesting puidelines and developing the ccosystem in a
sustainable manner.

We huve also discussed the dynamic optimization of the
harvest policy by taking Hir), the harvest effort, as a
dynamic variable, The optimal solution in the equilibrium
case has also been discussed. Moreover. the biological and
bioeconomic interpretations ol the results associated with
the optimal solutions have been explained.

The simulations (illustrated 1n Figs: 6 and 7) indicaled
that a larger reserve always increases resilience: however.
larger reserve does not necessarily increase the harvest.
This resull s obtained because, although a larger reserve
increases spillovers 1o the fishery, it also reduces the
proportion of the population that is subject to harvesting,
We have also ohserved that the optimal and suboptimal
paths approach their respective singulur optumal solutions
in both zones (see Figs. 9 and 10x-From Table 1. it 1s clear
that the suboptimal paths take a longer time to reach the
optimal singular solution than do the optimal paths.

The methods and results provided in this paper do not
constitute u comprehensive analysis. Nevertheless, we
believe that our study is an important contribution toward
the proweetion of fisheries. as it approximately characterizes
the key level of harvesting.
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Appendix

To prove that the system is globally stable. we prove that
the system does not tend o a limit cycle. Using the
Bendixson-Dulac criterion (Strogatr. 1994). we can prove
thutl the svstem does not have a limit cyvele in the phase
space. I such a closed (rajectory € exists. then
. A

f b |dl =0, where 7 is the outward normal on
X3

L- a

C. The dot product must equal zero, because the trajectory

(ollows C. Green's theorem yields [[V . [ glxi. x3)
5

i Xy
— ) o d -ﬁ
(4 gy | | o

d/. where S is the surface enclosed

(1%]

by C.

Therefore. il we can find a Tunction gl.x, v=) for which
the sign of the ntegrand is always positive or always
neeative over at least S. then the surface integral must not
be equal to zero. Consequently. this means that C'is not 4
trajectory. Taking glx). v2) = /x5, we have that

.'\.']
Ve | glyp.xn)
A5
L[ » axi | ) [r oex
- | — T
vill=s (1 —s)a3) Njs s

This implies that the system huas no limit eyele. Hence.
the interior equilibrium is globally asymptotically stable.

The English in this document has been checked by at
least two professional editors. both native speakers of
English. Fora certificate. see:

http:/ www texicheck com egi-bin/certificate.cgi?id — 4uwDbo
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Abstract

We investigated Bayesian networks to classify urban land use from satellite imagery. Landsat Enhanced Thematic Mapper Plus
(ETM ") imases were used for the classification in two study arcas: (1} Marina del Rev and its vicinity in the Santa Monica Bay
Watershed, CA and (2) drainage basins adjacent to the Sweetwaier Reservoir in Sun Diego, CA. Bayesian networks provided 80-05%,
classification accuracy for urban land use using four different classification systems, The classifications were robust with small training
data sets with normal and reduced radiometric resolution. The networks needed only 5% of the total data (i.e., 1500 pixels) for sample
size and only S- or 6-bit information for accurate classification. The network explicitly showed the relationship among variables from its
structure and was also capable of utilizing information from non-spectral data. The classification can be used to provide timely and

inexpensive land use information over large areas for environmental purposes such as estimating stormwater pollutant loads.

© 2007 Elsevier Lid. All rights reserved.

Keywords: Urban; Land use classification: Satellite imagery: Remote sensing: Bavesiin networks

1. Introduction

Human activity has impacted the quality of receiving
waters such as rivers, lukes, and oceans. Urbanization has
deteriorated water quality by discharging more pollutants
and higher volumes of runoff at accelerated rates. Recent
environmental concerns are focusing on diffuse source
pollution due fo its significant impact on the receiving
waters, and progress in managing point source pollution.
However, dilfuse of many pollutanis. e.g.
sugpended solids. nutrients, heavy metals, oil and grease,
and pesticides, are difficult to measure and are released
over wide areas. As conventionafmonitoring is impractical,
alternative management approaches are needed. Charac-
terizing pollution cmission rates using the relationship
between land use and runofll water quality is one possible
method (Stenstrom et al.. 1984: Chiew and McMahon,
1999). These studics used land use information to estimate

sources
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diffuse source pollution to receiving waters, which is
particularly useful in unmonitored watersheds or drainage
basins. For small drainage basins. ground surveys can be
used to obtain land use information but it is oo expensive
for large drainage basins or watersheds. Moreover, land
uses keep changing due to the rapid population growth and
ongoing urbanization in many watersheds. In this case,
land use information from public records. that may be
updated only once per decade. cannot provide limely
information. Therefore, using satellite imagery will be
useful to classify land uses in the given watershed or
drainage basins and 1o estimate diffuse source pollution.
For the last three decades, many approaches to land
cover classification using satellite imagery have been widely
explored. For example. Landsal series imagery has been
extensively used since the first satellite was launched in
[972. Satellite imagery has been used to mainly classify the
biophysical characteristics of land surface. Land use, on
the other hand. which is human activity on the land, 15
difficult to determine directly from satellite imagery.
Although land cover and land use have been used
interchangeably in some cases (Anderson et al, 1976).
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they are not necessarily equivalent in many cases (Brown et
al.. 2000). One land use can consist of various land covers.
Conversely. one type ol land cover can be found in
different land uses. This is especially (rue in urban areas
hecause of their heterogencous characteristics. For in-

stance. restdential land use can include different roof

matcrials such as asphalt. clay tiles. wood shingles. or
metal. A land use also contains a mixture of different urban

[eatures with dillerent proportions. For instance. a pixel of
residential lund use could contain mixed signatures of

buildings. pavement, driveways. and vegetation (i.e.. grass
vards and trees) (Clapham, 2003). The number of mixed
pixels can be reduced using higher-resolution images, such
as IKONOS and Quickbird. but these data arc generally
too expensive [for watershed scale management. An
example of the latter case s commercial and industrial

land uses. which can exhibit similar spectral signatures il

the rool or pavements use similar materials (Stefanov et al..
2001),

Land use information is important in many applications.
e tax assessment. urban planning, and environmental
manugement. For diffuse source pollution management.
suceessful urban land use classification is essential because
the pollutant concentrations and runoff rates are correlated
to land use und not land cover. Land cover for two
different land uses may be impervious. but pollutant loads
and environmental impacts can be quite dilTerent. For
cxample, the pollutant loads from a local street are quite
dilTerent from a school plaveround even though hoth could
be composed ol asphalt. In addition. a simple distinction
between urban and non-urban land uses does not provide
Sufficient information for estimating diffuse source pollu-
tant loading. The challenge of inferring different land use
classifications from similar speetral signatures may depend
upon using other information or ancillary data. Therelore,
a method o infler land use directly [rom satellite imagery is
needed lor diffuse source pollution management in urban
areds,

Bavesian networks. also called probabilistic networks
or beliel networks. have not been widely used for
satellite image classification. However. they are known as
excellent wools in many areas, such as medical infor-
matics, natural language processing, computer vision, and
decision making (Charniak, 1991: Russell and Norvig.
1993). Bayesian networks may be successiul in satellite
imagery application because they have been suceessfully
used to classily images and signals (Malka and Lerner.
2004: Boutell and Luo. 2005: Gurwicz and Lerner. 20035).
They were developed lor reasoning and inference and are
able to handle uncertainty with mixed signatures. Only
recently have researchers atlempted to adopt Bayesian
networks for satellite image classification (Pal et al., 2001;
Orun. 2004),

In this rescarch. we used modified classification systems
based on US Geological Survey (USGS) Levels I to 1T and
evaluated the performance ol Bavesian networks. We
investigated the minimum sample size to train the network

because there is no universal rule or theoretical back-
ground Tor selecting sample size. We examined the optimal
number of variable states (f.e.. radiometric resolution) since
Bayesian networks are known to be more effective with
guantized data. We also investigaied the performance of
Bavesian networks depending on dilTerent classilication
systems. Our hope is that these resulis will Facilitate the use
of Bavesian networks for classifving urban land use from
sutellite mmugery.

2. Background of Bayesian networks

Bavesian networks are capable of automatically estimat-
ing the probubility of target variable values by means of
both probabilistic expression (Bayes' theorem) and gruphi-
cal representation (graph theory). In the probability
theory, P(7). the probability of variable 7% which lies in

between 0 and 1. 15 equal to | if and only i’ 7" is certain

(Cowell, 1998). I we have nwo varables. 1 and M,

conditional probuability of M given T is

poiry =20 M) (1)
' ATy

The product rule of probability for two variables, 7'and M.
1s expressed as

PIT. M) = P(CTIM)P(M) = POM | DYPT). (2)

which defines the joint probubilities of T'and M in termy of
conditional and marginal probabiliies of individual vari-
ables. By rearranging Eq. (2). the Bayesian theorem cun be
derived as

Il;‘lﬂ'f]f’{ 1)

POTIM) = -
) PO

(3

where P(T M) is the posterior probability of 7' given M.
PUT M) is the likelihood of M given 7. and P(7Y) is the prior
probability of 7. Eq. (3) can be denoted as

posterior probability = likelihood x prior probability,
()

I'he theorem makes it possible o compute the posterior
probability of o target variable from the prior probability
and likelihood under the conditional independence as-
sumption. For example. if we have a larget variable T and
virtable M. given /= 3. such that 2{M)=£0 for all ; and
they are mutually exclusive and exhaustive, we can write
their relationship in Bayes™ theorem as [ollows:
POM M, My T)VP(T)

PUT\ My, M. My) = ' _
(T My Mo M) P(M . M1 M) -

If we can assume that M. Ms. and M; are conditionally
independent given 7. we can write:
P(TI\M . Ma, My)
_ POMYT)YP(MA | T)VP(M|T)P(T)
- PUM VPOM)POM )

(6)



M.-H, Park, M.K. Stenstrom | Jowrnal of Envivonmental Management 86 (2008} 181-192 183

P(H)

P(IMIT)

Fig

L
B

. An example of a Bayesian network.

Being that we are dealing with probability distributions
that sum (o 1 we can rewrite
P{T”If[.. "WE, "f})

— aP(M | T)P(M:|T)P(M+|T)P(T), (7)

where 7 is set to normalize the probabilities to [. Because
we can estimate the prior probability of P(7) and the
likelihoods of P(M,|T). P(M5|T), and P(M5|T) from the
oiven data, we are able to calculate the posterior
probability distribution over T for any values of M, M-,
and M. This equation is graphically represented in Fig. 1.

As shown in Fig. 1, a Bayesian network is a directed
acyclic graph (DAG) that consists of nodes and arcs (Pearl.
1088: Neapolitan. 1990). A DAG is a directed graph that
does not include any cycles. In a network. a node
corresponds to a variable. An arc connects a parent node
to a child node and the direction of Lhe arc represents the
direction of influence. Therefore, the structure of the
network visually shows the relationships between con-
nected nodes. The relationships are quantified by a
conditional probability table; in which the probability
distribution of a node is conditioned on its parent nodes.

In general, the joint probability distribution between any
connecled nodes in a network is written as

N
PY) = [ Peitpatx)). (8)
=
where X = X, vvess v, and pa{x;) is a parent node of xz For
example. T'is a parent node of M, M», and Mz in Fig. 1. In
Bayesian networks. there is a conditional independence
assumption where a node is conditionally independent of
its non-deseendant nodes given its parent node. In Fig. 1.
M, is conditionally independent of M, and M; given T
and vice versa,

PAM|T, My M) = P(M | T). (9)

3. Study area and data
3.1 Study area

Fig. 2 shows our study areas. The first study area was
focused on Marina del Rey and its vicinity. Marina del Rey

is located seaward of the Ballona Creek drainage basin,
which is the southern part of the Santa Monica Bay
watershed. There is growing concern in regards Lo Santa
Monica Bay due to the importance of its water quality and
natural resources. It receives the bulk of Los Angeles’
treated wastewater and the stormwater runoff from the Los
Angeles River via Ballona Creck, which has caused
periodic beach closures (NCERQA, 2002). The highly
urbanized area in the watershed has impacted the water
quality of the Bay. Urban growth has also degraded the
Ballona wetlands, which are included in this study area.
Marina del Rey is one of the major sources ol contamina-
tion into the Bay and Ballona wetlands. The size of the
study area is approximately 25 km” and contains different
urban land use features. The area is predominantly
composed ol residential and open land uses,

Another area was examined Lo verily the performance of
Bayesian network classification. The second area includes
six drainage basins adjacent to the Sweetwaler reservoir as
shown in Fig. 2. The Sweetwater River watershed, located
in Southern California near San Diego. is a rapidly
urbanizing watershed facing many challenges to water
quality and the natural habitat. In order to protect the
Sweetwater reservoir, a part ol the Sweetwater River
watershed, the Sweetwater Authority constructed an urban
runoff diversion system immediately adjacent to the
reservoir to divert urban runoll. The study area covers
37 km?® and mainly consists of residential and open land
uses.

3.2. Data sets

We used the Landsat Enhanced Thematic Mapper Plus
(ETM ') for both study arcas. The Marina del Rey image
was obtained on August 11, 2002 (path 41 row 36) and the
Sweetwater reservoir image was obtained on December 18.
1999 (path 40 row 37). Subimages were extracted for both
sites. including all bands except the panchromatic band.
The thermal band. band 6. was resampled to match the
resolution of the other bands based on the nearest neighbor
method using RSI ENVT 4.0,

Three different levels of land use types were identified
based on the USGS classification system (Anderson et al..
1976): (1) level I: urban, open. and water: (2) level II:
residential. commercial, industrial, transportation, open,
and water: and (3) level I11: single family residential (SFR).
multiple family residential (MFR). commercial, public,
light industrial, transportation, open. and water. We also
employed a classification system based on the impervious-
ness that is associated with land uses (Stenstrom and
Strecker. 1993). The system is based upon a ground survey
ol different types of land uses and impervious areas, and
was performed by the Los Angeles County Department of
Public Works (LADPW) to document flood control
benefits. Impervious ared is important because il controls
the amount of stormwater runofl and therefore the
tendency of the land use to pollute receiving waters. Open
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7 Sweetwater River Watershed

Fig, 2, Locatipn of the study areas: (a) Marina del Rey and Sants Monica Bay watershed; (h) drainage basins into Sweelwaler reservoir,

g

land use is pervious (0%) and produces little runoff. SFR
land use is impervious (42%) while MFR land use has even
greater rool and paved areas with imperviousness corre-
speonding to 68%. Commercial. industrial. and transporta-
tion lund uses have the greatest imperviousness (= 80%).
Relerence data for land use types were obtained from
public records and aerial photography. Official land use
data were obtained from the Southern California Associa-
tion of Governments (SCAG. 2003) and San Diego’s
Regional Planning Agency (SANDAG, 2000), The SCAG
land use data were updated from the existing data using
digital orthophotography with | meter resolution. The
SANDAG land use data were updated Irom the 1990 land
use data using satellite images. digital orthophotography.
the SanGIS landbase. the County Assessor Master
Property Records file, and other ancillary information.
However. the minimum land use polygon size from public
records was larger than the Landsat pixels. For example,
the minimum unit of SCAG data is 6070 m>, which may
contain mixed features. All samples in this research were
checked against the aenal photography with 1 m resolution
to assign sampling pixels into their appropriate categories.
The total number of pixels used for training and testing
was 2110 for the Marina del Rey case. which corresponds
to 7% of the total data. and 1120 for the Sweetwater
Reservoir case. corresponding to 3% of the total data. The
test data were excluded from the training data to avoid

biased results. Table 2 shows statistical characleristics of
the samples.

The coordinate values of each pixel (i.e., longitude and
latitude). referred to as spatial ancallary data. were
caleulated from Landsat ETM © images using RSI ENVI
4.0 based on WGS 1984 UTM (zone | IN). These data were
used to evaluate the benefit of incorporating spatial
information of each pixel to classification accuracy.

4, Methods
4.1. Bayesiun network structive

We used two structures of Bayesian networks: naive
Bayesian classifiers and Maximum Weight Spanning
Trees (MWSTSs). Naive Bayesian classifiers are the simplest
Bayesian networks and have only one class node.
Every child node contributes to the value ol the class
node. Naive Bayesian classifiers are easy to construcl.
although the relative contribution of each node is hard to
identify.

MWSTs are alternative structures that are constructed
from data using the optimal dependence tree developed by
Chow and Liu (1968). Construction of the network does
not require any information other than the mutual
information between pairs of variables, which is calculated
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as l[ollows:

| | P[ Xis .\"j)
(X X)) = N X HOB B ‘ 0
MI( 7) Z Pixi xp) log (P(‘\‘-;l-‘"(--\}]') -

where MI(Y, X)) is mutual information of random
rariables of X; and X P(x;. x;) is 4 joint probability of x;
and x;, and P(x;) and P(x)) are the probabilities of each
random variable. The network was constructed by adding
arcs between variable nodes with the greatest mutual
information, Cycles or loops of arcs were avoided. The tree
structure of MWSTs shows the relationship among
variables.

We constructed both network structures by selecting
land use as a class node. In both cases. two networks were
constructed using spectral data only and using spectral
data and spatial data. Prior to classification. the separ-
ability of the spectral signatures of the various land uscs
was evaluated using the Jeffries-Matusita distance (Ri-
chards and Jia. 1999). which produces separability indices
ranging from 0 to 2 with higher numbers suggesting greater
separability.

4.2. Sumple size

We investigated the effect of different sample size on
classification performance. The minimum training data size
ean be estimated from the statistical techniques. For
example. Fitzpatrick-Lins (1981) suggested the following
binomial formula:

_4p(100 = p)

i

N (11)
where N is a training data size. p the expecled accuracy
(%), and & the allowable error. For instance, with 85% of
expected aceuracy and 2% of allowable error. the required
training data size becomes 1275, Mather (1999) suggested
an alternative method to estimate the minimum iraining
data set size, as follows:

N = R0ne, (12)

where 1 is the number of spectral bands and ¢ the number
of classes. This equation agrees with others (Swain. 1978:
Van Genderen et al.. 197%: Foody et al.. 1993) who found
that training data size for each class should be at least 301
to form representative training samples. In this case, with 7
gpectral bands and 8§ classes. at least 1680 training
observations arc needed. There are other methods of
selecting data from each class (Jensen. 1996). An equal or
proportional number of data can be selected from cach
class, The rule of thumb that Congalton (1991) proposed is
to ecollect a2 minimum of S0 observations for each class.

In order to test the elfect of the truining data size. we
used cight subscts of sample sizes: 500, 750, 1000, 1250.
1500, 1750, 2000. and 2110. The proportion of each class is
consistent for all different training data sizes as shown in
Table 1. For this analysis. only a naive Bayesian classilier

e nsed with 256 states (8 bits) for both spectral data and

=

Table |
Training data for USGS classification systems

Level USGS land use class Maring del Rey Sweetwaler reservoir

Samples Ratio Samples  Rato
(%) (%)
[ Urban 1310 62 525 5l
Open: wetland. barren land 550 26 300 24
Witer 230 12 200 20
Taotal 2110 100 1025 0.0
11 Residential T80 3 300 30
Commereial 230 8| 120 11
Industrial 120 & 33 3
Transpertilion 180 9 50 3
Open: wetland beach 550 26 300 29
Walter 230 12 200 20
Total 210 o 1h2s 100.0
I SI residential S50 26 200 20
MF residential 230 11 100 10
Commerciul 100 3 33 3
Public 130 6 65 f
Industrial 120 6 55 §
Transportation IR0 9 Bl 3
Open: wetland, beach, parks 550 26 300 29
Witer 250 12 200 20
Total 2110 wo 1025 100

spatial data. using USGS classification system level I1I (8
land uses) (see also Table 2).

4.3, Quantization of variable states

Landsat ETM * imagery provides 8-bit information per
pixel. which is by nature suitable for Bayesian network
classification because Bayesian networks often require
variables with discrete values. To evaluate the robustness
to reduced information. a sensitivity analysis was per-
formed using 3-8 bits. Equal width intervals were used for
quantizing radiometric resolution. The equal width interval
method breaks the ringe of the observed data values with &
equally sized intervals (Liu et al., 2002; Yang and Webb,
2003). The number of intervals, &k, can be selected
subjectively. Each interval width is defined as [ollows:

interval width = m‘—;‘ﬂ (13)
where ¥ and v, are the minimum and the maximuim
value ol a variable x, respectively. This method was applied
to all bands and the spatial ancillary data simultancously.
Therefore. spatial ancillary data had the same states as the
spectral data when they were quantized. This method has
been widely used in many machine learning algorithms
because it is simple and effective (Hsu el al.. 2000). Again.
we used a naive Bayesian classifier with sample size of 2110
pixels. The class node had eight land uses.
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Band Wave lenath Minimuni Maximum Range Median Mean Standard deviation
(pm)
(et} Marina del Rey
1 (Blue) 0.45-0,52 80 228 148 107 113 24
2 (Green) 0.32-01.60 31 216 165 90 04 25
1 (Red) 1.63-0.69 34 253 219 98 100 i3
4 (Neur 1R) 0.76-0.90 13 155 142 64 6 14
S (IR} 1.55-1.75 7 2535 248 96 95 38
6 (Thermal TR) 10.4-12.5 133 210 7 180 173 15
T(IR) 2.08-2.35 3 253 152 = 74 Rl
1 Sweenwater Reservoir Drainuge
I (Blue) 0.45.0.52 46 127 al ft) 64 14
2 {Ureen) 0.32-0,60 29 111 82 45 48 15
3 (Red) 0.63--0.69 2] 127 106 50 51 20
4 (Near [R) 0.76-0.90 12 107 v5 E 45 0
3 (IR) 1:35-1.73 ] 124 115 63 58 29
6 (Thermal IR) 4125 127 191 64 136 153 I3
T(IR) 2.08-2.35 8 123 1135 51 46 23

4.4, Acewracy assessment

Overall accuracy and kappa () coefficient (Congalton,
1991: Foody. 2002) were used to assess the Bayesian
network performance as follows:

> itk

N (14)

Overall accuracy =

. N3 ik — ZA-(Z;'”MEJ”M
1\;! — Zk {.Z;nk}Z,‘nrﬁ'}

where n; is the number of pixels with row 7 and column j
and & is the total number of test pixels in the confusion
matrix.

The accuracy was assessed using 10-fold cross-validation
that is widely used in the machine learning community, In
10-fold cross-validation. the data were randomly divided
into 10 subsets of equal size. The networks were trained 10
times with O subsets as training data and | subset as test
data for cach time. The average ol overall accuracies and »
coefficients from each test were used to assess the
accuracies,

Producer’s and wvser's accuracy (Congalion, 1991) were
used to assess per class accuracy using a conlusion matrix:

e

(15)

H”

producer’s accuracy = 100, (16)
2.ty

user’s aceuracy = —ei— 100 (17)
$ 5 dCy = z{.n{}- 5

where n;; is the number of pixels of each element in the
matrix and / and j are the indices for row and column.
respectively.

5. Results and discussion
5.1 Training data characteristics

Table 3 shows the Jeffries—Matusita distances between
the pairs of land uses. Water and open land uses had
excellent separability with all other land uses. SFR was the
next most separable. Other land uses had lower separ-
ability. In Marina del Rey. the pairs of MFR. commercial,
public. and industrial land uses especially had low
separability, less than 1. The Sweetwater reservoir case
had similar results and the pairs of residential, commercial.
public and industrial land uses had low separability. Low
separability less than 1 indicates the pair of land uses
should be lumped because of the difficulty in separability,
The difficulty may be due to similar spectral signatures of
roofing materials (Stefanov et al.. 2001; Herold et al..
2003).

5.2, Sample size

Fig. 3 shows the classification accuracies as a function of
sample size. Accuracies increased monotonically with the
sample size—up to 1500 pixels. After 1500 pixels, the
accuracies reached a plateau and the inerease in accuracy
between 1500 and 2110 pixels was trivial (<1%). When
incorporating spatial information. the overall accuracies
and k coelficients plateau at approximately 79% and 74%.
respectively. Without incorporating spatial information.
the classification accuracies decreased by 3%.

The results show that the Bayesian networks performed
classification well with only a small sample size. A sample
size of 1500 pixels. or 5% of the lotal data sel. was
sulficient for classification with acceptable accuracy. The
required sample size is comparable to Mather’s (1999)
suggestion (Eq. (12)). which predicts a minimum training
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Table 3
Spectral separability for fevel L clussification using Jelfnes - Mitusita distance
ST'R MER Commerciul Public Industrial Transportation Open Waler
Marina del Key
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MER 1.59
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Public 173 072 0139
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Fig 3, Performunce of Bavesiun netwarks with different sample size. Note
that solid lines with closed markers represent overall accuracy and those
wilh open tdekers represent kappa cocltivient.

data gize of 1680 pixels (ew., 30 x 7 x ¥). Our resulls
conlirm this minimum sample size for Bayestun network
classification. although there is no theoretical research on
the required size for Bayesian network training data sels.
The required training data size may be dependent on the
quantization level or the number of variable states.
Lundgat images contain 8-bit mformation (256 stales)
which niay impuct the required training data size,

53 OQwmtization of radiomerric resolution

Fig. 4 illustrates the effect of quantization on classificu-
tion  accuracy. Overafl accuracies and coelficients
increased as the number of states increased. achieving a
peak when using only 5 or 6 bits of the available 8 bils. At
this point. the averall accuracy was B4% and g cocflicient

W

hit
Fiz. 4. Performunce of Bavesion networks with quantizad radiometric

resolution. Note that solid fines with closed markers represent Overall
aceuracy and those with open mirkers represent kappa coetlicient,

wis 1%, After 6 bits, the accuracies decreased ag the
number ol variable states mereased. Therclore, classifica-
tion with 8-hit information was less accurate,

The results show that classificaton using Bayesian
networks of Landsal imagery does nol require 8-bil
information. Our results show that classificaiion with
I-6-bit information was just as accuriate as uging ¥-bit
information. where 3 or 6 bits were optimal. Generally.
large number of quantization levels can represent a
continuous varinhle more accurately. bul increases com-
plexity and may introduce indccuracics. lnaccuracics may
be introduced because there may be insufficient training
data to represent all pixels for all states. For example. 256
pixel values in the Landsat data with § land usc stales
produces 2048 separate cases for the Bayesian network.
For the examples in this paper. only 1899 training pively
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out of 2110 samples are used. and some states will have no
obscrvations, Conversely, a small number ol quantization
levels may reduce the chance ol states with no observa-
fions. but may information (rom the original
continuous distribution. Malka and Lerner (2004) have
shown that the optimum number of quanuzation levels can
depend an the sample size.

The results show that using both extremes ol quantiza-
tion levels was less accurate. Using 5 or 6 bits resulted in
more accurate representation ol probabilistic tables [or
Bayesian lcarning, An advantage of using lewer bils
15 reduced complexity and computing resources. becaunse
the problem dimensionality 1s proportional 1o the number
ol quantization levels to the power of the number ol the
nodes (Malka and Lerner. 2004). This indicates that
reducing the number of quantization levels may provide
faster and more accurate learning (Dougherty et al.. 1995:
Liv et al. 2002: Yang und Webb, 2003). Reduced
computing resources may be advantageous for very large
problems.

lose
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Fig. 5. Performance of Bayvesian network classilication for different
classification systems! (1) Marina del Rey: (b) Sweetwiler reservoir, Note
that €3 corresponds (0 USGS Jand use/land cover level T elussification
syslem, C6 to level Tl system. C8 to level 111 system. and C3 1o
pnperviousness classification assoctited with lund use,

34 Different classification systents
Fig. 5 shows the results ol classification buaged on
different classification systems, In the Marina del Rey
case, naive Buyesian classifiers provided overall accuracy of
93% und x coelficient ol 86%, for level | elassification. For
level IT ¢lassification. overall accuracics and x coefficients
were 82% and 76%. respectively. For level TIT classifica-
tion. overall accuracies were shghtly reduced to 7Y%,
When spatial information was omitted, level [I and (11
classification accuracy decreased by approximately 5%,
Imperviousness classifications were slightly more aceu-
rate than level IT lund use classification even though their
class nodes had a similar number ol states. Tn the Marina
del Rey case. the overall accuraey and i coefficient for
imperviousness classification were 3% and 7% greater than
the corresponding accuracy in level 11 land use classifica-
tion. For the Sweetwater reservoir case. overall accuracies
and w cocfficients for imperviousness were 10% and 13%

greater, respectively, than the corresponding accuracy in
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Fig. 6. Per-class neeuracy assessment: (1) Maring del Rey: (b) Sweelwater
reservair
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level II land use classification. This is to be expected
because the impervious surfaces have less varied spectral
signatures.

Fig. 6 shows the producer’s and user’s accuracies lor
each land use based on confusion matrices with the level 11T
classification system. In the Marina del Rey case. SFR.
open and water land uses were successfully assigned. with
accuracies greater than 83%, even without incorporating
spatial information. By contrast. the producer’s and user’s
classification accuracies of commercial and public land uses
were approximately 50%. In the Sweetwater reservoir case,
the accuracies of SFR. MFR, open. and water land uses
were all above 85%. The producer’s and user’s accuracies
of commercial land use were also approximately 50%.
Omitting spatial information reduced the accuracies of
commercial and public land uses by 9-21%. The separ-
ability results support this finding in that some urban land
uses such as commercial, public, and industrial land uses
are difficult to separate due to similar spectral signatures of
roofing materials (Stefanov et al.. 2001: Herold et al.
2003). However, misclassification among commercial,
public and industrial land uses is not a fatal problem for
stormwater management because these land uses usually
generate similar stormwater pollutant loads and therefore
can be combined together into a single class (Park and
Stenstrom, 2006). When these three classes are combined
into a single class, the overall classification accuracy
improved to %6% and omission error of the combined
land uses was reduced to 16% (Park, 2004).

In general, the Landsat ETM " imagery is considered to
be suitable for level I or level II classification. In the
Marina del Rey study, level 1T accuracy was only 2-3%
lower than level 11 accuracy. and in the Sweetwater
reservoir case, level 11 classification outperformed level
I1 classification by | to 3%. This may be due in part to the
differences in land wuse distribution (the Sweetwater
example had less commercial. industrial. and public land
use—see Fig. 9). Confusion exists among these land uses
because of the inherent similarity of their spectral
gienatures. An advantage of the Bayesian network
approach is its ability to learn zoning effects from spatial
information. Therefore, spatial data will be helpful for
a higher level ol classification using Landsat ETM -
imagery for areas with zoning rules or other rules
regulating land use. —

5.5. Bayesian nehvork structures

Fig. 7 illustrates the two Bayesian network structures.
Using naive Bavesian classifiers, all input variables (bands
I1-7) contribule to the value of the class node (land use or
imperviousness class). By contrast, the structure of
MWSTs shows that bands 2. 5. and 6 mainly contribute
0 the value of the class node, The importance of bands 2
and 5 is supported by other research. For example, Herold
a1 al. (2003) measured spectral signature and also found

a

Fig. 7. Bayesian network structures {or urban land use classification: (1)
naive Bayesian clussifiers; (b) maximum weight spanning lrees. The
structures with solid lines represent the network with speciral data only.
and the structures with dotted lines represent the network including spatial
ancillary data.
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Fig. 8. Classification accuracies with different network structures,

that bands 2 and 3 provided suitable spectral information
for separating urban features.

Our results showed high dependency between visible
bands (1, 2, and 3) and middle infrared bands (5 and 7).
which corresponds to similar flindings of strong correlation
between these bands (Jensen, 1996). This result implies that
information among these bands may be redundant and
implies that the network size can be reduced without losing
information. Many researchers have not used band 6 for
land cover classification. but in our case, including band 6
improved accuracy, Previous studies have reported that
thermal information is related to urban surface character-
istics (Voogt and Oke, 2003). These results illustrate how
the structure of MWSTs can be helpful in understanding
the relationships among variables for classification. Fig. 8
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Fig. 9. Lrban land use maps: (1) SCAG land use data: (h) classification with spectral data only in Marina del Rey: (¢) classification with spectral and
spatial data in Marina del Rey; (d) SANDAG land vse data: (¢) classilication with speciral data only in Sweetwater reservoirs (1) classification with spectral

and spatial data in Sweetwater reservoir.

shows that the performances of MWSTs and naive
Bayesian classifiers were similar.

5.6. Urban land use maps

Fig. 9 shows the resulting urban land use maps using
naive Bayesian classifiers in both the Marina del Rey and
Sweelwaler reservoir cases. Compared with existing land
use information, i.e.. SCAG and SANDAG land use data.
most residential. transportation. open. and water pixels
were well captured. The visual correspondence of the
commercial, publie, and industrial land use pixels is only
approximate. which is due in part to the ambiguous
definitions of land uses within these classes. The classifica-
tion errors in the pixels belonging to the beach in Marina
del Rey were assigned to transportation because beach
pixels were undefined in the training data. In the Sweet-
water reservoir case. the upper part of the reservoir shows
an urban spectral signature because this part ol the
reservoir was dry at the time the image was taken. The
pixels of the shadows in the open area were assigned to
waler land use because they had not been included in the
training data.

Incorporating spatial information improved the visuali-
zation of all land uses even when the digital numbers of the
spectral signatures were similar. The land use maps in Fig.
9 had less “salt and pepper” effect as the spatial
information was added. This 1s a logical resull because
the same types of land uses tend to be located together.
This occurs because of zoning laws and human nature. i.e.,
industrial sites are usually not located in SFR areas and
vice versi.

The quantized spatial data provided to the Bayesian
networks gives them the ability 1o make classification
decisions based upon the locational or ncighborhood
mlormation associated with each pixel. The number of
contiguouy pixels assigned to a pardeular land use having
similar properties can be used by a Bayesian network to
improve inferences. The roof on a large industrial complex
or factory may be composed of the same material as an

apartment building (e.g.. asphalt), but a Bayesian network

can make inferences based upon the number of contiguous
pixels associated with the same land use. Although the
examples provided in this paper have no way of making
direct comparisons of contiguous pixels. the spatial
information gives the network the ability to make these
inferences. This implies that incorporating other ancillary
data, for example, a digital elevation model. might also
improve the accuracy of classification, Others have
reported the benefits of incorporating ancillary data, such
as population and road density information (Greenberg
and Bradley, 1997), and contexture information (Stuckens
et al., 2000) for land cover classification. We believe that
incorporating ancillary data can provide more information
to the networks in learning the relationships among
variables and m generating more aceurate land use maps.
Bayesian networks have an important advantage in that
they can show which wvariables contribute more w0
classification accuracy.

6. Conclusions
This study has shown that Bayesian networks can be

used to accurately classify urban land use from Landsat
ETM ™ imagery. Both naive Bayesian classifiers and
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MWSTs were evaluated in the Marina del Rey and
Sweetwater reservoir dramage basins. The [ollowing
specific conclusions are drawn:

(1) Bayesian networks were successiul i urban land use
classification from Landsat ETM ~ imagery. Classify-
ing imperviousness, that was related to land use,

showed better accuracy due to the low separability of

urban features.

(2) Using spatial information, such as ¥ and Y coordinate
values of each pixel, improved classification accuracy.
The greatest improvement was for commercial. public.
and industrial land uses, which had lower per class
accuraey. This shows that locational information can
enhance highly impervious urban land use classifica-
Lil)ll.

(3) Bavesian networks required only a small sample size for
{raining, equal to approximately 5% ol the total
number of pixels.

{4) Quantization of wvariable states (ie. radiometric
resolution) was uscful, showing that using all 8 bits
were no more accurate than using only 3-6 bits, Using
5 or 6 bits provided the highest accuracy and reduced
the required computing resources, which may be
important for large problems.

(3) MWSTs have the advantage of showing which vari-
ables are most useful for classification, and overcome
the “black box™ eriticism of neural networks, which
generally do not provide indication of the cause and
elTect relationships.

This study can provide a guideline for urban land use
classification using Bayesian nelworks., Bayesian networks
handled the uncertainty associated with mixed signuatures
from urban land use. The success of this study should
cncourage others o use Bayesian networks for urban land
use elassification and its applieation to urban planning and
environmental management. Well-identified land use in-
formation will improve estimates of environmental quality
by identifying significant hot spots.
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Abstract

Poor ammonia-nilrogen removal in methanogenic anaerobic reactors digesting animal manure has been reported as an important
disadvantage of anacrobic digestion (AD) in several studies. Development of anaerobic processes that are capable of producing reduced
ammonia-nitrogen levels in their effluent is one of the areas where further research must be pursued if AD technology is to be made more
effective and economically advantageous. One approach to removing ammonia from anaerobically digested effluents is the forced
precipitation of magnesium ammonium phosphate hexahydrate (MgNH PO, - 6H,0), commonly called struvite. Struvite is a valuable
plant nutrient source for nitrogen and phosphorus since it releases them slowly and has non-burning features because ot its low solubility
in water. This study investigated coupling AD and controlled struvite precipitation in the same reactor to minimize the nitrogen removal
costs and possibly increase the performance of the AD by reducing the ammonia concentration which has an adverse effect on anaerobic
bacteria. The results indicated that up to 19% extra COD and almost 11% extra NH; removals were achieved relative to a control by

adding 1750 mg/L of MgCls: 6H-0 Lo the anaerobic reactor.
2007 Elsevier Ltd. All rights reserved,

Kepwords: Struvite; Anaerabic digestion: Ammonia removal

1. Imtroduction

Even though anaerobic digestion (AD) ts an established
farm animal manure bioconversion technology (Hobson
and Wheatley, 1993; Lusk. 1998: Demirer et al., 2000: US
Environmental Protection Agency, 2002: Giingdr-Demirci
and Demirer, 2004), there are several key arcas of research
that must be pursued if AD technology is to be made more
effective and economically advantageous for animal
manure and therefore allow for wider adoption of the
technology. Development ol anaerobic processes that are
capable of producing reduced ammonia-nitrogen levels in
their effluent is one of these areas.

Poor ammonia-nitrogen removal (as well as other
components) in methanogenic anaerobic reactors digesting
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F-mail address: sibelincankayvaedw tr (S. Uludag-Demirer).
VAL the time of the study. authors were associated with Department of
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=00 312 2844 500x4092:
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doi 10, 1016/] jenvmin, 2006, 12.002

animal manure has been reported as an important
disadvantage of AD in several studies (Lusk, 1998; Cheng
and Liu, 2002; Martin et al., 2003: Noike et al.. 2004). High
effluent concentrations of ammonia in anaerobic reactors
which can be attributed to the anaerobic bioconversion of
proteins contained in animal manure into amino acids and
then to ammonia make a postirealment necessary Lo
remove ammonia before discharge into receiving water
bodies. Biological nitrogen treatment processes (nitrifica-
tion—denitrification) are the most widely used processes for
this purpose (Henze and Harremoes, 1978), Nitrification is
generally carried out by aerobic. autotrophic bacteria that
oxidize NHy to NO; and NO3 1o NO7 with molecular
oxygen as an electron acceptor. These bacterial conversions
require a very efficient oxygen supply. NO; and NOy are
subsequently reduced to Na. by denitrifying bacteria that
use the NO,  as alternative electron acceptors to oxygen,
and are most effective in the absence of oxygen. The
situation is further complicated. because the autotrophic
nitrifiers cannot compele with aerobic heterotrophs for
oxygen and other nutrients in the presence of substantial
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amounts of organic compounds and can therefore easily be
overgrown by the heterotrophs. An additional complica-
tion is that the denitrifying bacteria must be provided with
a suitable electron donor. usually organic compounds
(Mulder et al., 1993). Biological nitrogen removal [rom
anacrobically digested animal manures in small-scale
operations is not a viable option. This is mainly due to
the high cost of oxygen and carbon source supplementation
for the nitrification and denitrification steps, respectively,
and the requirement of skilled personnel {or the operation.

Due to high nutrient content, the liquor produced by the
AD process can be used as a liquid fertilizer on the [arms
on which it was produced. However. the unavailability of
land area to which this liquor can be applied, especially in
concentrated animal feeding operations. does not enable
effective application of the lquid effluent. Therefore. in
order to avoid adverse environmental consequences,
through overapplication of AD liquor on limited land or
leaching of effluent into water supplies, the nutrients must
be completely or partially removed. Furthermore, recovery
of these nutrients [rom the anaerobically digested manure
is a potential source of revenue, partially offsetting the
costs of treatment. This is why control over the point
sources of N and P recently shifted from removal to
recovery, with a particular emphasis on improving the
sustainability of agricultural activities. This was mainly due
to the increasing global demand for the nitrogenous
fertihizer (from 10Mt N m 1960 to 90Mt N in 199§,
Mulder, 2003). Therefore. the current attempts are not only
to protect the water resources, but also to extract the
maximum amounts of N and P from the recoverable
sources, such as livestock manure. According to the US
Department  of  Agriculture and Economic Research
Service (2001), 1.7 million tons of recoverable N and 0.7
million tons of recoverable P were preduced by the
livestock and poultry in 1997 in the US,

Linder certain conditions ammonia, magnesium, and
phosphate react to form a precipitate called struvite
(MgNH,PO,- 6H,0). Due to the high concentrations of
dissolved orthophosphates and/or ammonia and magne-
sium ions encountered in the anaerobic treatment of
animal manure, there is strong potential for forming the
precipitate.

One approach Lo removing nitrogen and phosphorus
from anaerobically digested manure prior to land applica-
tion is the forced precipitation of magnesium ammonium
phosphate hexahydrate (MgNH4PO,-6H20), commonly
called struvite. Struvite is composed of equimolar concen-
trations of magnesium (Mg” " ). ammonium (NHj ), and
phosphate (POj ). Struvite is an undesirable mineral
frequently formed in recycle-flush animal waste manage-
ment systems. Formation of struvite in flush water recycle
pipes has been problematic in liguid manure handling
systems because it creates blockages (Booram et al., 1975;
Westermann et al., 1985). Therefore, a large portion of
struvite research has been directed towards removal and
prevention of struvite rather than towards forced pre-

cipitation from solution. However, struvite has been found
to be a good plant nutrient source for nitrogen and
phosphorus since it releases them slowly and has non-
burning leatures because of its low solubility in water
(Salutsky et al., 1970; Beal et al., 1999; Miles and Ellis,
2001).

Struvite precipitation. which is common in wastewater
systems conlaining high concentrations of  dissolved
orthophosphates and free and saline ammonia and
magnesium ions. such as in anacrobic fermentation
systems, may be the best way lo recover nutrients [rom
the slurry after anaerobic treatment. The precipitation of
struvite was reported to be an effective method lor the
recovery of nitrogen and phosphorus in several anaerobi-
cally digested wastewalers such as swine and calf waste-
water, coke manufacturing. landfill leachate, leather
tanning. dairy manure, ete. (Fujimoto et al.. 1991;
Battistoni et al., 1997, 2000: Li et al., 1999: Schuiling and
Andrade. 1999; Munch and Barr, 2001; Nelson et al., 2003;
Uludag-Demirer et al.. 2005). However, there is only one
study reported in which struvite precipitation was carried
oul during the AD ol a food waste in a digester (Lee et al.,
2004). The results of this study indicated that struvite
precipitation obtained by addition of Mg™ " during AD led
to 67% and 73% N and P removals, respectively. There-
fore, the aim of this study was to couple AD and struvite
precipitation in the same reactor to minimize the nitrogen
removal costs. To this purpose 24 batch anaerobic digesters
containing different doses of Mg(OH); and MgCl, - 6H,0
as the Mg®' and Na-HPO, as the PO; supply were
aperated for 56 days., The performance of AD of the dairy
manure and the ammonia removal were determined.

2. Materials and methods
2.1. Dairy manure and anaerobic seed cultires

Fresh manure was collected from the Dairy Center at
Washington State University in Pullman, WA. and stored
at 4 C prior to use. The composition of the raw dairy
manure is presented in Table | (Wen et al.. 2004).

The mixed anaerobic culture used as seed was obtained
from the anaerobic lagoon of the Dairy Center at

Table 1
Composition of raw duiry manure” (Wen et al.. 2004)

Dry matter (%) 14,60 +0.25
Composition (%o of dry matter)

Neutral detergent fiber (NDF) 49,10+ 1.30

Acid detergent fiber (ADF) 3783101
Acid detergent lignin (ADL) 1.24=1.02
Hemicellulose (NDF-ADF) P 1274090
Cellulose (ADF-ADL) 2659+ 00.28
Lignin (ADL) 11244102

Total Girbon 50.5141.22

Total nitrogen 3031058

"Data are expressed as mean 48D of three replicates.
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Washington State University in Pullman, WA. and stored
at 4 C prior to use. The mixed anacrobic cullure was
filtered through a screen of 0.0469 i (1. 19 mm) mesh §17¢
and concentrated by settling being  used  as
inoculum. The volatile suspended solids (VSS) concentra-
ton ol (he concentrated sced  cultures  used  was
3460 + 280 my/L.

hetore

220 Experimental setup

Twenty four batch anaerobic reactors (Scientilic Instru-
ment Services, Ringoes, NJ) with 160mL total volume
were operated. The effective volume ol the reactors wis
[20mL. Initially, 30mL of concentrated anaerobic seed.
30mL of dairy manure, and varying amounts ol Mg{OH),
or MgCly-6H.0 as the Mg and NasHPO, as the PO3
source were added 1o the reactors, The initial composition
ol cach reactor as well as initial Mg(OH); or MgCl. - 6H,0
and Na.-HPO, concentrations i given in Table 2. After
adding all the necessary components (Table 2). the reactors
were flushed with o 25%, CO, and 73% N gas mixture for
Smin and maintained m a water bath at 3342 €. The
reactors were mised manually. once a day after the gas
measurement.

The performance of the reactors was monitored by
measuring the biogas production dand chemical oxygen

Tuhle 2

The experimental setup

demand (COD). total solids (TS). total volatile solids
(TVS). totul Kjeldahl nitrogen (TKN}. ammonid nitrogen
(NH:-N). und pH at the end of the experiments.

2.3 Analviical methods

COD. TS, TVS. TKN. NH:-N. and pll analyses were
performed at the WSLU Water Quality Lub as described in
Standurd Methods (APHA. 1993). The gas produced
cach redctor wus measured using a waler displacement
device (Demirer et al. 2000).

3. Results and discussion

Fig. 1 depicts the daily gas production (GP) and
cumulative gas production (CGP) in each reactor. As 18
clear Irom the GP data. addition of struvite precipitating
chemicals resulted i a very wide range of effects on the
performance ol the anaerobic reactors. Some reactors (3. 3.
G, and 9) were almost completely inhibited. while some
others (13 and 14) performed similar to the control reactor
(Fig. 1). One important observation was about the final pH
values of the reactors. The pH values of all the reactors
except the ones with almost complete inhibition (Fig. L,
Reactors 3. 5.6, and 9) were more or less in the aceeplable
range for AD (6.99-7.69). However, the pll values were

Renetor no. Volune of stock solution added (mL)

Jatial concentrition in the reactor (meL)

My(OH ) Mall- 6H-0 NiHPOL Mo(OH), MeCls 610 NiiH POy
12 i} 0 i} i { i
Ccl 6] { )] ¥ 1] f
o2 [ 1 { i " 1
[ { 1] T2 ¥ 4] GOt
24 1] [0} 3.6 i} i RN
2b 1} &} b 1 Hll 0010
Sa I8N i} H] 4000 1 #]
ih ik { { SO0k (b 1
da 0 28 1 0 7000 {i
41 ) 2¢ I 1 Thun I
Su N8 &} 3 J000) il AN
ib o885 0 72 000 ( ]
6 Id.4 0 B2 20010 () Hon
Tu 7.3 | 6] 1000 0 B0
h 7.3 T 7.2 e 0 a0
b 12 il ) [H) {) 3
9 (e 0 0 L0 i 0
10k ] 8 72 ( a0 GHnn
10k 0 28 72 0 7000 A0
| 0 14 12 i} A3t RIeHIN]
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12b (0 7 1.2 1 17580 AR
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All peuictars contaimed Shml seed. all reactors except B (blanky contnmed 30 mL ol manure, Phe tils ofuine i the readtars was hrouaht 1o 120 by usimg
water, Theconcentration of steck solutions sere 300 16,7, and 100 2 L for MeCly - 6H-0, Mg(OH i and Na-HPO,, respectively, Reaclors 25,7, 10, and

12 were ron 48 duplieatas,
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Fig. 1. Gas production in reactors,

extremely high in Reactors 3, 5, 6, and 9 (8.53-9.60). This
observation raised the question of the effect of struvite
precipitating chemicals on the pH of the anaerobic
digesters.

Table 3 depicts the GP, net gas production (NGP. the
GP in the reactor minus the GP in the control). and
normalized net gas production (NNGP, the NGP in the
reactors relative to the control). It is clear from Table 3

that the addition of Mg(OH)» or MgCls-6H-O and
Na:HPO, to the anacrobic reactors resulted in significant
reductions in the GP. The possible mechanisms resulling in
this observation could be the high pH levels inhibiting the
methanogens (Speece. 1996) or cation toxicity (Kugelman
and Chin, 1971). The ICsq (the inhibitory concentration of
a chemical resullmg in 50% redut.tlon in microbial activity)
values for Mg”' and Na™ were 1900 and 7400 mg/L,
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respectively  (Kugelman and Chin, 1971). When the
maximum Mg®~ and Na  concentrations added to the
reactors (7000 and 6000 meg/L, respectively) are considered,
it is highly probable that the reduction in the GP of the
reactors can. at least, be partially explained by cation
toxicity. Moreover, Borgerding (1972) reported that the
struvite crystals anchor to sludge particles in suspension
and this may lead to reduced contact with the substrate and
thus reduced GP levels.

Among the reactors tested, Reactors 3 and 9 were treated
solely by Mg(OH), and it was clear that the basic
characteristic of the chemical raised the pH level to the
points (> 8.50) at which the AD broke down completely. In
addition to the pH increase in the reactors, the low
solubility of Mg(OH)> might be another key factor in the
break down of the reactors. The Mg(OH), slurries may
have covered the surfaces of the microorganisms prevent-
ing their contact with the organic substrate, hence causing
inhibition of GP in the reactors. The addition of Mg(OH)»
accompanied by NasHPO, to promote the formation of
struvite in the reactors did not change the performance of
the reactors and the GP in Reactors 5 and 6 was

Table 3
The GP, NGP, und NNGP in the reactors

Reactor GP (mL) NGP (mL) NNGP
Blunk 1018 - =

Control 2009 101.10 1000
| 136.5 34.70 0.343
2 1578 36,00 0.234
3 14.5 —87.40 —(3.864
4 [73.0 71,20 0.704
5 8.1 93.70 —0.927
4] 9.0 —02.80 —918
7 1222 20,40 0.202
8 153.2 51,40 1508
9 2T.2 —T74.60 —{),738
10 175.0 7320 0.724
11 | 744 72.60 0718
12 |64 S8.60 ().580
13 1860.8 79.00 0,781
14 190.1 BH.30) 0.873

GP: gas prg_?du::l]'nn_: NGP: net gas production: NNGP: normalized net gas
production. —

Table 4

unacceptably low (Table 3 and Fig. 1). This observation
indicates that the addition of Mg(OH); to form struvite
using the already available or added PO}~ inhibits the AD
of the manure as a result of an intolerable increase in the
pH.

The reduction in the GP was less than 35% in Reaclors 4
and 14, which were spiked only with MgCl, - 6H,0. The
final pH in these reactors was slightly lower than their
initial levels probably due to the acidic property of C1 = ion
in the chemical. The removal of NHi-N by struvite
formation is expected to occur via the use of the available
NH: and PO3 ions in the reactors.

To determine the effect of Na.HPO, addition on the
performance of the reactors. the GP in Reactors | and 2
can be compared to the GP in the control reactor using the
data given in Table 3 and Fig. 1. Although the digestion in
these reactors was not complete during the test period. the
observed decline in the performance of the reactors is
noteworthy. This could be because of dosing the reactors
with high coneentrations (Table 2) of the chemical resulting
in cation (Na ™~ ion) toxicity for the AD.

The objective of the study was to combine AD and
ammonia-nitrogen removal in the same reactor. To this
end, enhanced ammonia-nitrogen removal al the cost of
reduced AD performance is not desirable. Therefore, the
anaerobic reactors with low GP (lower than 63% relative
to the average GP of the control rcactors) were not
investigated further for COD. TS. TVS. TKN. and NHy
removals. It has lo be underlined at this point that a 35%
reduction in the AD performance is neither suggested nor
acceptable. However, it can be considered as a loss which
can be recovered by pretreatment (Hartmann et al., 2000:
Schieder et al., 2000; Angelidaki and Ahring, 2000), phase
separation (Demirer and Chen. 2004, 2005a). or enhanced
process configuration (Demirer and Chen. 2005b). S0 it s
still noteworthy to investigate the reactors with less than
359 reduction in GP, since their NH; removals were
superior to that of the control reactor.

Therefore, Reactors 4, 10, 11, 13, and 14 (Fig. 1) were
terminated and the contents were analyzed lor COD. TS,
TVS, TKN, NH3-N, and pH at the end of the 56th day.
when the steady state relative to GP was reached. Table 4
indicates COD. TS. TVS. TKN., and NH. concentrations
in the reactors at the end of the 36th day. In order to
evaluate the performance of these reactors. their COD, TS,

COD, TS, TVS, TKN. and NH; congentrations i the reactors at the end of 56th day

Reactor COD (mg/L) TS (mg/L) TVS (img/L) TEN (mg/l) NH, {mg/L)
Control 4417.5+740.0 [5,140,0+1753.6 09700+ 1286.9 626.0+257.4 F0E13
4 57350 13,5400 = 1640.5 GIRO.0= 10182 ST+ 1.4 A 24+87
10 5985.0 15,920.00+1725.3 SR40,0+1337.6 09542015 J2Z04 304
11 43600 13.220.0 4760.0 444.0 298100

13 53850 15.540.0 T820.0 0.0 27740

14 3385.0 J980.0 A620.0 345.0 320.4
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TVS, TKN, and NH; removal data were normalized
relative to the control reactor and presented in Table 5.
When Tables 3 and 4 are evaluated together, it can be
seen that the GP data represented the COD removal data
fairly well except for Reactors 11 and 14. GP in anaerobic
reactory is commonly used. especially in routine monitor-
ing, as a substitute of COD (or BOD) measurements
hecause il is an easy and quick method of assessing the
biotransformation of organic material in the system. By
anaerobic stoichiometry, COD removal and GP data can
easily be related (Speece, 1996). However, the sensitivity
and dependability of COD measurements is generally
considered to be better than gas measurement(s). In this

study, COD data were used to evaluate the performance of

the reactors (Tables 4 and 5). Furthermore. Demirer and
Chen (2005a) reported that the VS and COD data obtained
using dairy manure which was taken from the Dairy Center
at Washington State University as in the case of this study
had a very high correlation.

When the COD removal elficiency is considered. it can
be seen that the resultant COD values for all the reactors
except 14 were higher than that of the control reactor
(Table 4). The COD removals of the Reactors 4. 10. 11.
and 13 were 3-35% lower than the control reactor
(Table 5). The parameters affecting GP also alfect the
COD removal efficiency since they are dependent para-
meters. Therefore, the factors discussed above, namely high
pH levels (Speece. 1996). cation toxicity (Kugelman and
Chin. 1971), and the struvite crystals anchoring the sludge
particles (Borgerding. 1972) might have resulted in the
observed reductions in COD removal efficiency. Further-
more. visual observation of the reactors indicated a whitish

color of the reactor contents. which was a confirmation of

the formation of struvite which is white in color (Doyle and
Parsons, 2002). Struvite slurries. which have low solubility
and settleability around the pH of 7.0, could possibly
reduce the contact of the anaerobic bacteria with the
substrate with the additional effect of poor mixing of the
reactors.

Unlike the rest of the reactors. the COD removal was
improved in Reactor 14 by 19% relative to the control
reactor (Table 3). When the COD removals in Reactor 13
and 14 are compared. it can be seen that Reactor 13
removed 22% less COD than the control reactor. while

Tabhle 3
Normalized performance of COD. TS, TVS, TKN, und NH; remaval in
regetars with more than 65% GP relative to conlrol

Reactor CoD TS TVS TKN NH;
C 1.00 1.00 1.00 1.00 1.00
4 1.30 .8y 92 (.82 .87
10 L:35 1,05 [).59 0,81 [,20
14 .03 .87 (hds 0.71 K3
13 1.22 |03 .78 0.82 0.77
14 (.81 .66 (.66 (.88 .89

Reactor 14 removed 19%, more COD than the control. The
only difference between Reactors 13 and 14 was the
addition of 3000 mg/L of Na,HPO, to Redctor 13, When
this fact is considered along with the superior NH; removal
in Reactor 13 relative to 14 (23% uand 11% more than the
control reactor, respectively). it could be speculated that
the higher level of struvite precipitates formed in Reactor
13 might have inhibited the anaerobic bacteria by covering
their surfuces. Even though it was not possible o
differentiate and quantify between the different reactors.
this phenomena was visually observed in some of the
reactors operated including Reactor 13,

If the concentrations of TKN and NH; in the super-
natant of the control reactor are used to compare the NH;
removal in the reactors in which the struvite formation was
forced without inhibiting the digestion more than 35%.
then the improvement of the process with regard to both
TKN and NH; removal can be recognized. However, the
reduction in the concentration of TKN in the reactor
should be analyzed cautiously since TKN measurements
include the freely existing NH; as well as the NI released
from the organic nitrogen as a result of its oxidation by
sulfuric acid in the analysis. Therelore, the lower TKN
concentrations observed in the reactors reflect in part the
decrease in the concentration of NH;. Moreover, since the
difference in TKN and NH, concentrations in the reaclors
and the control reactor was not equal. there should be
other mechanisms for the removal of TKN prevailing in
the reactors, which could not be investigated further in this
study.

The concentrations of TKN and NHi were lower in
Reactors 4. 10, 11, 13, and 14 than these in the control
reactor (Table 4). As stated previously, the removal of
TKN and NH; was expected in Reactors 4 and 14. which
were loaded only with MgCls - 6H50. The results revealed
18.4% and 12.5% lower TKN concentrations in Reactors 4
and 14, respectively. compared to the control reactor. The
concentration of NHjy decreased by 13.3% and 10.8% in
Reactors 4 and 14, respectively. from the control reactor
indicating that the influence of Mg~ concentration on the
removal of NH; was insignificant in the working range of
the study. It was also observed that higher concentration of
Mg* " in the system inhibited the GP and reduced the COD
removal efficiency ol the reactors.

The concentration of TKN in the supernatant of
Reactors 10, 1. and 13 was found to be 18.6%, 29.1%.
and 18.5% lower than that in the control showing un
improvement in the process with regard to TKN removal,
However, the formation of struvite can be tracked by
comparing the concentration of NHy in the reactors treated
both with MgCls-6H-0 and Na-HPO, and the control
reactor, The concentration of NH; in the supernatant of
Reactors 10, 11, and 13 decreased more compared to the
control as the concentration of MgCl,-6H,0 and NasH-
PO, decreased and the maximum observed reduction of
23% oceurred in Reactor 13. This clearly indicates the need
for optimization of the operational conditions not only
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based on COD removal but also struvite forming ions
concentrations in the reactors,

It is also important to note that one of the major factors
controlling the struvite formation and precipitation is the
pH of the system. which was not adjusted in this study. The
optimum pH for struvite formation to achieve maximum
removal of NHj is reported as 9.0 in the literature (Nelson
et al., 2003; Doyle and Parsons. 2002). Therefore. in the
optimization of struvite formation within an anaerobic
reactor the pH Factor should be investigated within the pH
range that the AD can tolerate,

4. Conclusions

Struvite precipitation potential is high in AD mainly due
to proper pH values as well as high concentrations ol the
dissolved component ions (Ohlinger et al., 1998). There-
fore, this study investigated coupling AD and controlled
struvite precipitation in the same reactor to minimize the
nitrogen removal costs and possibly increase the perfor-
mance of the AD by reducing the ammonia concentrations
which have an adverse effect on anaerobic bacteria (Borja
et al., 1996; Krylova et al., 1997). The fellowing conclu-
sions can be drawn [rom the results of this study:

e The addition of Mg(OH)s as a source of Mg” ™ inhibits
the GP in the reactors and results in complete break
down of the AD. Therefore. MgCl- - 6H-0 proved to be
a better Mg™' supply than Mg(OH); for struvite
[ormation.

® The addition of excess MgCl,.-6H-O and Na-HPO,
decreased the COD removal performance of the reactors
considerably.

@ The anaerobic reaclors supplemented with struvite
precipitating chemicals removed significant amounts of
NH; (10 23%) relative to the contrel reactor. The COD
removal efficiency of the same reactors ranged between
—36% and 19% relative to the control, This is a clear
indication of the possibility of using anaerobic digesters
for struvite precipitation as well. This could prove to be
an advantage only if the anaerobic digestibility of the
org;mic substrate (dairy manure in this study) could be
kept at the level of the control reactor,

® Nineteen percent extra COD and almost 11% extra
NH; removals were achieved_relative to the control by
only adding 1750 mg/L of MgCls-6H>0 to the anaero-
bic reactor,

The study sets forth some of the important aspects to be
considered in future studies on the removal of NH5 in AD
reactors by struvite formation followed by its precipitation.

For example. the effect of mixing, optimization ol

MgCl; - 6H;0 and Nu;HPO, doses. and pH of the system
to achieve higher removals of NH. should be further
investigated. Morcover. the contribution of NHy removal
via struvile formation m total nitrogen removal should be
studied in detail.
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Abstract

This study provides statistical evidence that support for community-based management of resources was more effective when mitiated
through a process known as participatory action plan development (PAPD). Thirty-six sites were studied where community management
ol fisheries was facilitated by NGOs. All involved community participation and establishing local fisheries management institutions.
However, communities were able to take up more conservation-related interventions and faced fewer conflicts in the 18 sites where a
PAPD was the busis for collective action and inslitution development. This indicates the value and effectiveness of adopling good
practice in participatory planning, such as PAPD, which helps diverse stakeholders find common problems and solutions for natural

resource management,
i 2007 Elsevier Lid. All rights reserved.
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1. Introduction

Participation in planning and development programmes
has become increasingly central o international develop-
ment assistance since the 1980s following Chambers (1983)
and adoption of approaches such as Participatory Rural
Appraisal that emphasise facilitation and the pre-eminence
ol local knowledge (Chambers. 1997). However. more
recently the mantra of puarticipation has been criticised as a
“tvranny’ that. for example. reinforces existing social
relations or fails to understand local power relations, or
has in practice [ocused on tools rather than empowerment
(Cooke and Kothari, 2002; Holmes and Scoones, 2000;
Michener, 1998: Mosse, 2002: Nelson and Wright. 1995).
The extent to which participatory processes are holistic,
build partnerships. build local institutions, create synergies
across sectors, foster local ownership, develop local
partners and create enabling environments for the trans-
parent and accountable delivery of services at the commu-

'*('(:srrcs-}:mndit\g auther. Tel: + 44 8802 7215083: fax: +4420 8411 5403,
E-mgtil addresy; purvingdhakaagni.com (P, Sultana),
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nity level. or replace more legitimate and sustainable
existing institutions and processes has been questioned
(Cooke and Kothari. 2002).

Participation in the form of community-based manage-
ment of common pool natural resources has been
promoted to improve their management and empower
local communities. This has involved using local knowl-
edge, recognising local institutions, establishing common
property regimes. and developing partnerships and co-
management between communitics and government
(Berkes et al.. 1998: Ostrom, 1990: Pomeroy and Berkes,
1997). All such initiatives depend on community participa-
tion, so a major question 18 how best to initiate such
regimes and what participatory planning methods are
effective. given the (often considerable) diversity of
interests among local communities. In Bangladesh a
systematic methodology has been developed for consensus
building for floodplain resource management that has been
named participatory action plan development (PAPD)
(Sultana and Thompson, 2004). Thc objective of this
study was to provide empirical evidence of the effective-
ness ol PAPD. by comparing community-based fisheries
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management in sites where PAPD had been used with sites
where non-PAPD approaches have been used, and to
discuss the implications of the findings.

L1. Participatory action plan development

Sultana and Thompson (2004) summarise the principles
and steps in PAPD and how it fits into the overall process
of establishing community-based natural resource manage-
ment. PAPD recognises heterogeneous interests in natural
resources (floodplains) and aims to be inclusive of these
diverse interests. It involves a scries of linked local
workshops where dilferent stakeholder groups participate
separately and together to deyelop a plan for management
ol the common aquatic resources that they depend on (Barr
and Dixon, 2001). The process is designed to ensure that
poor people’s interests are voiced and represented on an
equal footing with those of more powerful stakeholders.

Stages four to eight in Box 1 involve two rounds of
participatory workshop sessions with separate stakeholder
groups followed in cach case by a plenary session, and form
the actual PAPD set within a wider process. Multi-
stakeholder negotiations have been prometed by some as
a useful framework in conflicting situations and to resolve
deadlock (Janakarajan, 2004). but others have argued that
the limitations of such methods include how the agenda is

set. and biases against disadvantaged groups who may be
manipulated by others (Edmunds and Wollenberg, 2001;
Mosse. 1994: Moreyra and Wegerich. 2005). While similar.,
PAPD is designed not for resolving bi-polar conflicts, or
large scale catchment issues, but for helping multiple
stakeholder groups find common ground—shared pro-
blems and solutions—over which they may cooperate, and
where the natural resource base is of modest size—typically
up to about 10 villages (Barr and Dixon, 2001). The
principle behind PAPD, adapted from Kaner (1996), is that
members ol any stakeholder category. but especially the
disadvantaged (such as fishers in Bangladesh) arc better
able to express their views separate from other (dominant)
categories of people. However, separate workshops will fail
to develop a shared understanding of common problems
and possible win-win solutions (consensus building).
Therefore, PAPD is structured to have two rounds of
divergent and convergent sessions. Through this it claims
to find solutions that address problems shared by all
stakeholders. and has been applied in a number ol projects
and locations in Bangladesh.

1.2. Community-hased fisheries management

The community-based [isheries management project
phase two (CBFM-2), supported by the UK Department

Box 1

process

I. Scoping phase (stages one to three)

stakeholder categories)

analysis)

lll, Implementation phase (stages nine to thirteen)

impacts)
12. Implementation of action plan

Participatory Action Plan Development (PAPD) within the community-based fisheries management

1. Situational analysis (summarising local knowledge)
2. Stakeholder identification and analysis (through key informants)
3. Household census and invitations to PAPD for a random sample of households (stratified by

Participatory planning phase—PAPD (stages four to eight)

4. Problem census (with each individual stakeholder group)

5. Compilation of problem rankings by facilitators (combining stakeholder group rankings)

6. Plenary with stakeholders and local leaders (to review and agree on main problems for solution

7. Solution and impact analysis (with each individual stakeholder group)
8. Plenary with stakeholders and secondary stakeholders (to present the process, identify feasible
solutions, discuss institutional arrangements and next steps)

9. Develop and adapt community organisations and institutions for resource management
10. Community organisation develops detailed plan to implement solutions agreed in stage eight
11. Problem solving (review and adjust plans with community to mitigate or avoid any adverse

13. Institutionalisation of management arrangements including local policy support.
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for International Development and International Fund for
Agricultural Development, started in September 2001 and
is implemented by the WorldFish Center working with 13
NGO partners and the Department of Fisheries (World-
Fish Center, 2003). The project aims to develop and test
institutional arrangements lor improved fisheries manage-
ment involving the Government of Bangladesh. commu-
nity-based organisations (CBOs) and fishing communities,
and has worked in 115 water bodies (rivers. lakes and
floodplains). Most water bodies are administered by
government, and through the project, fishing rights are
reserved for communities represented by their CBOs. Thus.
it mvolyves a community-based co-managemen! approach,
with decision-making devolved to the CBOs, which are
formally recognised and advised by government. PAPD
was used in I8 areas covering 42 water bodies, mainly by
the Center for Natural Resources Studies (CNRS). and
also by the WorldFish Center working with three other
NGOs: Banchte Shekha. Caritas and Efforts for Rural
Advancement. After undertaking PAPD. the NGOs
formed CBOs comprising representatives of the different
stukeholder groups to mmplement actions to address their
common priority needs. particularly in fishery manage-
ment, and then supported poorer fishers with training and
credii. In the other sites (non-PAPD) the NGOs used their
own approaches: reconnaissance studies and often some
form of Participatory Rural Appraisal to form savings
groups among their target population (essentially fishers)
who then received training and credit. The NGOs based
membership of the CBOs on these groups or their
representatives, and helped the CBOs plan fishery manage-
ment activities usually without discussion with the wider
community.

1.3. Expected implications of PAPD for community-based
management

As PAPD is a participatory planning step in the early
stage of developing community-based resource manage-
ment, and is based on consensus building. it was expected
lo have several positive implications. On this basis the
hypotheses outlined and tested statistically in the following
sections were formulated. These largely relate to enhancing
social capital—the networks, norms and social trust that
lacilitate coordination and cooperation for mutual benefit
(Putnam, 1995) and are grouped under five headings:

(a) Building appropriate community organisations is 4
major emphasis of CBFM, and as PAPD does not
involve a fixed formula for CBO structure it is expected
to lead to CBOs that include and involve a wider and
more active range of stakeholder representatives. This
should enhance local structural social capital—the
composition and practices of formal and informal
local institutions (Krishna and Schrader, 2000).

(b) Conscnsus building through PAPD was also expected
to bring social capital gains beyond the CBOs. in terms

ol bonding (social cohesion) and bridging (links or
connections across communities and groups, particu-
larly ones that are vertical with local government).

(¢) A keyv consequence of any enhancement in social
capital and an indicator for it would be collective
action. CBFM by definition involves collective action
to sustain. and restore or enhance fisheries.

(d) This collective action is expected to bring benefits in
terms of more sustainable fisheries, reversing pasl
degradation and restoring production. Since PAPD
identifies other shared natural resource problems and
solutions, it could also result in other benelits for the
community and individual households.

(e) On the other hand transaction costs—costs of informa-
tion collection. time and effort spent in decision
making, implementing decisions and in monitoring
compliance and impacts—can be a significant cost of
community-based management (Adhikari and Lovett,
2006). There are arguments that m the long-run co-
management and community-based management sys-
tems may reduce transaction costs compared with
centralised management, for example by establishing
norms and high levels of compliance (Abdullah et al.,
1998). Yet in the short term establishing community
organisations and new management rules may require
more time from community members, and this may be
higher when multiple stakeholders are involved in
consensus building.

Overall PAPD was expected to result in higher levels of
trust, harmony. cooperation and collective action com-
pared with CBFM sites without PAPD (Sultana and
Thompson, 2004). The study aimed to generate evidence
to test this. A further aim was Lo seek. through case studies.
an understanding of the causal links if any between
participatory planning and changes in communities and
resource management. The study did not consider alter-
native methods ol participatory planning, since no other
systematic approaches were used in the CBFM-2 project.

2. Methodology
2.1 Study locations

Within the CBFM-2 project PAPD had been conducted
in 18 locations, these formed sampling units for ‘with-
PAPD’. However, many of these covered more than one
water body. In each of them at least one CBO was
formed-—either a River Management Commitlee or Bogl!
Management Committee, and in one case seventeen CBOs
were lormed for a large Noodplain. Therelfore. dala [fom
the respective CBOs (i.e. 59 CBOs surveyed in the 18

"Beels are floodplain depressions that usually retain water throughout
the vear; thev may be “closed”™ —wilth lew connections 1o other water
bodies in the wet season, or “open” with a free flow of water and fish o
other water bodies.
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Table |
Distribution of CBIFM-2 sites covered by this study by NGO and water
hody tvpe

Tuble 2
Number ol respondents in the locus group discussions (participatory
assessments)

PAPD  Non-PAPD
NGO
Center for Natura] Resource Studies 14 0
Banchie Shekha 2 3
Proshika ] 3
Caritas 1 %3
BRAC 0 5
Eftorts for Rural Advancement 1 1
Center for Rural and Environment Development 0 I
Water body type
Open heel 3 12
River 5 3
River and open beel 2 0
Floodplain [ 3
Taotal 18 18

Beels are Noodplain depressions that usually retain water throughout the
vear.

PAPD units) were aggregated (averaged or summed as
appropriate) for each sampling unit. To represent CBFM-2
water bodies without PAPD ‘closed beels” (small well
defined lakes with few outlets) which are stocked by the
fisher community were not considered since PAPD was not
conducted in this type of water body. Also excluded were a
few sites where there were major problems such as prior
legal cases. From the remaining water bodies I8 were
purposively sampled o include sites where dilTerent NGOs
were working in different types of water body (Table 1).

2.2, Duta sources

Some project data came from household censuses in 2002,
routine quarterly monitoring of project activities up to
January 2004, an institutional survey, and transaction cost
survey. A substantial part of the data was collected using
structured focus group discussions in March-April 2004,
Two focus groups were held in each sampled unit. Six to ten
members of the CBO commitiee were invited for one focus
group, and for the other. those committee members invited
610 of the poorer fishers. preferably from any traditional
fisher community ol their area, 1o parlicipate in a separate
focus group (Table 2). This method ensured that mixed
groups were avoided and scorings made by the participants
were [or the same issuecs. Responses from the two focus
groups were analysed separately, except where the results
were very similar when the data were pooled or averaged
across the two groups. The focus groups also generated
qualitative information for use in interpreting the results and
helped build up an understanding of causation.

2.3. Hypotheses

The study aimed 1o establish evidence of, and reasons
for. any outcome and impact of the PAPD method. It also

Stakeholder tyvpe PAPD Non-PAPD

MC  Poor fishers Total MC Poor fishers Total

Full time fisher 3 37 7 RIDI.T 66
Part time fisher 49 47 96 46 90
Subsistence fish 7 [03 RdR bl
Fish trader 6 10 16 | 4 5
Kua/katha owner 3 3 4 4
Fish processor e 3 3
Totul 142 151 203 116 138 254

MC = member of management committee of community-based organiza-
tion.

Kua (ditches) and katha (brushpiles) are used as fish aggregating devices
by loeal landowners.

Table 3
Main hypotheses tested in this study

Cammunity-hased organization development
(i) PAPD resulls in more active community-based organizations
(i) PAPD resulls in development of community organizations that are
more holistic (involve more stakeholder categories)
(i) PAPD results in community actions involving wider covenige of
communities
(iv) PAPD results in faster development of community organizations

Social capital

(v) PAPD results in greater social cohesion

(vi) PAPD results in better links between community organizitions and
local government

Colleetive action
(vii) PAPD results in faster uptake of community actions for natural
resource management
(vii) PAPD results in more community/collective actions for natural
Tesource nmnagemrzm
(ix) PAPD results in community actions thit have greater compliance

Benefits
(x) PAPID results in more diverse and appreciated benefits froimn collective
action

Transaction costs
(xi) PAPD requires greater time input from participant communities

aimed to understand causal linkages between this con-
sensus building method and subsequent (development
project) outcormes and impacts. This is relevant not only
to those involved in community-based fisheries and wet-
land management in Bangladesh (where a series of projects
have supported this type of management in over 400
locations), but also to debate over the merits and
dominance of participatory approaches to development.
The main focus was to test the hypotheses in Table 3.
comparing CBFM sites with and without PAPD. Far some
hypotheses several indicators were considered. Each
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hypothesis was tested, with respect 1o each corresponding
indicator, using a general linear modelling procedure
(Grafen and Hails. 2002) that generated an analysis of
variance. Other determinants of the response variable were
included in the modelling process so that the significance of
the PAPD elfect could be observed [ree from possible
elfeets due to other conlounding factors, For example.
dilferences between sites may be affected by exogenous
factors (such as the type of water body, existing soctal and
uger pressures on 1, other use of the water body. number ol
poor fishers involved in decision making, and other
development uctivitics), and endogenous [actors (the
recources and skills available and used by NGOs in
establishing CBFM  organisations and activities). Cuse
studies were also used (focus group discussions and key
informan{s) to investigate causality of differences encoun-
tered and development ol organisations/institutions and
communily actions.

2.4 Possible limitattons

Quantitative analysis is inevitably limited by the data

available. bul in this case also by the tming of the
assessmenl. Many factors will alfect the process of

developing communitv-based institutions for natural re-
source management. The longer the peried 1o assess
changes the fuller the picture of the process. On the other
hund PAPD is a planning approuch used at the initial
stage. so it was appropriate (o investigate indicators about
Lwo vears aller the PAPDs and before many other factors
hud influenced the process. Ideally effectiveness would be
assessed again some years laler. when project support has
ended. and when PAPD would be just one ol the lactors
investigated in assessing the effectiveness of CBFM itsell.
To address partially this limitation we mclude i the
analysis a short update to March 2006,

While planning the analysis, duc consideration was given
to the majority of sites with PAPD having been supported
by one NGO-CNRS. This raises ¢ question whether the
PAPD effect, where it was evident, was mainly a reflection
ol the implementing orgamsation. The number of sites
available to explore (his effect was very low. There were
only eleven sites where both PAPD und non-PAPD were
implemented by the sumie NGOs (Banchte Shekha, Caritas
dand ERA). The sample size herets o small to test the
stutistical significance of the PAPD effect. Nevertheless, the
mean values for a few indicators were examined for cases
where a PAPD effect was found (see Table 4). This showed
positive impacts ol the PAPD methodology for a restricted
set ol sites which exclude CNRS siles. and gives some
cunfidence that the findings are not due to the large
number of CNRS sites undertaking PAPI. Moreover. all
NGOS posted similarly experienced stall” to the feld,

Lastly. diffcrences in the project investment by site could
be said to expluin the apparent effectiveness of PAPD.
NGO costs by site were estimated as accurately as possible.
based on NGO reports up to 30 September 2003 (the end of

Tuble 4
Meunn vatoes Tor some indicalors, resirieled to NGOs, which hid siles with
and without PAPD®

[ndicaior PAPD  Non-PAPD
Days to CBO formanion 233 40
Number of awiareness raising activities 24 fy:

Perient ol poor fishers in CRO i3 22

Mean chanee in soctal cobhesion | =5 to —Sseualey 4.2 P

Seore for own and Tamily benefits (0 1) seald) T2 48

Score for long-term benelits (0 10 sculey Dt 6.7

"Banchte Shekha. Caritas and Efforls lor Roval Advincemen! siles:
foir PAPDY and seven non-PAPD sites.

the second year of the CBEFM-2 project). Some difficultics
were [uced in this process, but accepting these imtations,
the total expenditure per PAPD site was found Lo be about
Tl 770.000 (about US$ 13.200). This was higher than in
the non-PAPD sites at Tk 4632.000. However. the total
number of households in the villages covered by PAPD was
about I800 per site compared with about 1100 in non-
PAPD sites. so the expenditures per household were very
stmilar and account lor the higher per site investment in
CBFM with PAPD.

3. Results and discussion

Tuble 5 summarises the results of comparing sites with
and without PAPD implementation with  respect (o
indicators specific for eleven hypotheses. These hypotheses
fall into live major groups. Resulls [rom each group are
considered and discussed in turn below,

2.1 Conumuniny-based organisation development

Ol the Tour indicators (see Table 3) vsed 1o lest the
hypothesis thut PAPD results in more active CBOs. only
one demonstrated a clear benefit under PAPD. This was
with respeet to the nuniber of awareness raising aclivities.
which was almost four times greater at PAPD  sites
(p=0.002) compared to non-PAPD sites. There was also
a wider range of tvpes ol awareness raising activities at the
PAPD sites. Although such events also involved the NGOs,
this gave strong evidence in support of the hypothesis that
PAPD results in more active CBOs in terms ol mforming
others, i the community and beyond. about fishenes
management.

Over 70% of CBO members were reported Lo attend
meetings, with some evidence (p =0.029) of a higher
percentage ol members attending CBO meetings in non-
PAPD sites compared 1o PAPD sites (Table 3). This was
not expected. The reason may be because more CBOs in
non-PAPD sites included savings and credit in their
activities and this reguires regular attendance at meetings,
Although lacking statstical support. the ecase studies
indicated that following a general consensus formed
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mput from participant communities

in CBEM aetivities last year

survey

Table 3
Results of testing the research hypotheses
Rescarch hypothesis Indicator used to evaluate the Dala source PAPD Non-PAPD Sig. Prob.
hypothesis
Community-based organization ( CBO)J development
(1) PAPD results in more active CBOS  Average number of CBO meetings per QMR (Lah 1.26 ns
muonth
% Attendance at CBO meetings OMR 73 80 0,039
Number of awareness raising activities FGD-MC 13.8 4.4 0002
with organizations outside the CBO
"o of conllicts resolved by CBO i 23 32 18
(it} PAPD results in the formation of  Number of categories of male OMR 28 & ns
CBOs that are more holistic. and stakeholders in CBO
where poor are hetter represented Nunther of catesories ol female OMR 072 0,44 s
stakeholders in CBO
Yo of CBO comprises poor fishers und QMR 0ty 35 0.000
landless
(i) PAPD results in conmmunity Number of stakcholder categories FGD-av 7.4 4.6 0.002
acuons mvolving wider coverage of benefited
communities that perceive benefits Extent ol benefits (1-10 score) for all  FGD-av 5.6 44 (.00
stakeholders
Extent ol henefits (110 score) for FGD-PF 38 4.5 0021
fishers
{(iv) PAPD resulls in fuster setting up  Number ol days taken to form CBO QMR 263 370 0004
af CBOs
Soeial capital
(v) PAPID results in greater social Score for change in social cohesion FGD-MC 47 31 0012
cohesion and cooperation MC
Score for chinge in social cohesion FGD-PF 4.1 2.0 0.007
fishers
(vi) PAPD results in batter links with  Number of times received govi, FGD-MC T 4.3 0.019
locul government support
Change in attitude score to CBFM in - FGD-MC 257 0.9 0.000
Union Parishad
Change in attitude score to CBFM in - FGD-MC 28 1.6 0.000
Upazila
Collevtive action
{vit) PAPD results in [aster uptake of  Numbger of days [rom fielding NGO QMR 308 481 0.000
community actions for NR stafl to first action
mianagement Number of days from CBO [ormution QMR 66 165 0005
1o first action
(wiii) PAPD results in more Number of actions planned and not QMR 1.0 32 {1.0001
community;collective actions for NR implemented
nutnagement Number of actions implemented QMR 4.7 1.7 0,000
{1x) PAPD results in communily Numiber of rules in place M 1.9 I8 ns
actions with greater compliance Number of rule breaking incidents ™M 1.0 35 000
Y% of community know rules ™ 84 50 ns
Total number of conlicts M 0.6 8.3 (LD0O8
Number of internal conflicts IM 02 30 0.000
Benefity
(x) PAPD results in greater benefits Number of own benefits FGD-ay 3.0 2.4 0.000)
and community awareness and Own benefit importance (score) FGD-av 6.8 55 0,000
concern for eallective sustamnbility Number of short term community FGD-av 23 Y ns
and securily actions benefits
Short term benefit importance (score)  FGD-av 6.4 5.9 s
Timejransaction cosis
(xi) PAPD actions require greater time  Number of hours per person involved Transaction cost 179 01 0.017

Mean values ol the indicators and significance level of analysis of variance lrom general linsar model including PAPD as an explanatory factor (n = 1% in

cach group).

ns = test o PAPD versus non-PAPD difference is non-significant at the 3% level,
MC = member of management committee of the community-based organization.

Data sources: QMR = quarterly monitoring report of CBFM-2 project; FGD = focus group diseussion undertaken for this study (MC = management
commitiee. P = poor fishers, av = average): IM = institutional monitoring survey by CBFM-2 in carly 2004: lransaction eost survey = inlerviews with a
MC member and a PF [rom each site conducted at the end of the FGD.
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through PAPD fewer meetings were needed. whereas in
gites without that consensus more meetings were needed Lo
discuss problems and conflicts.

PAPD was also expected to result in the formation
of CBOs that include a wider range of stakeholder
categories in their membership and a better represen-
tation of the poor (based on their participation and
recognition ol shared concerns in PAPD). There was no
significant difference in the mean number of male
stakeholder groups or female stakeholder groups included
in the CBOs. However, the significantly higher percentage
(66%) of the poor (fishers and other landless people) in
the CBO membership in PAPD sites is consistent with
the percentage of poor households in CBFM-2 sites
(70%). The lower representation of the poor in CBOs in
non-PAPD sites (35%) may be a consequence of the
reported greater influence of Department of Fisheries and
NGOs in listing fishers and selecting participants in non-
PAPD sites with a bias towards inclusion of local
influential people and slightly better off fishers. Thus,
there are more poor people in the CBOs in PAPD sites.
although whether they are also better represented in
decisions depends on the tvpe of people in the executive
POSsIS.

It was also hypothesised that more categories of
stakeholders would perceive greater benefils in the PAPD
sites because the actions taken up address common needs
of the community. In all cases fishers were seen as the
group benefiting most. But in PAPD sites both manage-
ment committee members and poor fishers most often
(=70% of focus groups) mentioned farmers, poor house-
holds. rich people and fish traders as groups who benefit.
Farmer's benefit from catching more fish from their own
land, while restoration of water for fisheries also provides
more water to irrigate their crops. The rich can buy more
fish at a cheaper rate. Poor households can fish for food,
and when they have less work can sell their catch. Fish
traders get fish locally at a cheaper rate. In PAPD sites, a
quarter of committee focus groups mentioned women as
beneficiaries because in most PAPD sites women are
included in the commiltees,

Although the same types of beneficiary stakeholders
were recognised in PAPD and non-PAPD sites, signifi-
cantly morc stakcholder categories (p =0.002) were
reported to benefit in the PAPD-sites (>7 with PAPD
compared with <35 without PAPD. Table 5). The focus
groups also scored the extent of benefit for each
stakeholder category on a secale of 1-10. The mean score
for all types of stakecholder was significantly higher
(p = 0.008) in PAPD sites (5.6) compared with non-PAPD
cites (4.4). So, at thig stage of developing CBFM. people
from sites with PAPD, seem to benefit more than those in
sites without PAPD. The same perceived benefit scores
were also analysed just for the fishers since this group was
reported o benefit in all sites. The mean score for fishers
was higher in PAPD sites at 5.8. compared with 4.5 in non-
PAPD sites (p = 0.021). Although PAPD has an effect of

broadening CBO composition, it seems that the benefil to
fishers remains higher in PAPD sites.

Wihile committees can be formed rapidly. the CBFM-2
project aimed to establish capable CBOs representing and
accountable to fishers and other stakeholders. In this
context PAPD was expected lo identifly scope for collective
action and to facilitate formation of appropriate CBOs and
so it was hypothesised that PAPD results in faster setling
up of CBOs. The number of days was calculated from the
signing of agreements with each concerned NGO for its
project involvement to the date that a CBO was first
formed. In PAPD sites the time taken 1o establish a CBO
was significantly less (p = 0.004): on average it took a year
in non-PAPD sites. i.e. about 3 months longer than in
PAPD sites (Table 5). In some cases a CBO comprising
different tvpes of stakeholders could be established in a
flexible way based on greater understanding after PAPD.
whereas some NGOs in non-PAPD sites followed a fixed
process that required forming and establishing user groups
ol fishers for some time before the CBQO was organised.

3.2. Social capital

To measure changes in levels of trust, harmony and
cooperation (referred to here us social cohesion) cuch
participant in the focus group discussions was asked to
consider whether social cohesion among their stakeholder
eroup had changed since CBFM activities started. A
diagram was used to score this change on a scale of —5 to
+ 3. The assessments were done separately for commitiee
members and fishers. In general both groups reported
increased social cohesion. However. in more than 50% of
water bodies with a PAPD the respondents gave scores of
four or five. compared with about 40% in non-PAPD sites.
Only a few respondents in any site reported a decline in
social cohesion. This resulted from differences in opinion
over implementation of fishing rules such as a ban on
fishing during the breeding season. or ban on using harmful
gears. In a few water bodies where professional fishers leasc
the fishing rights. they exclude others from the community
and social harmony had worsened.

In the PAPD sites the members of the management
committees and poor fishers in their separate participatory
assessments reported significantly greater changes in social
cohesion. the difference being greater for the fishers. The
case studies indicated that where better-off’ people were
more dominant in the management commillees, social
cohesion was lower and fishers felt they had little role in
management.

Because local elected councillors and officials partici-
pated in the PAPD plenary sessions, this might affect
bridging social capital in the form of links between
community and local government. The Department of
Fisheries is a partner in the CBFM-2 project and has a role
in co-management in all sites. Hence. all PAPD and non-
PAPD sites reported meetings held with  govern-
ment. However, 78% of focus groups in PAPD sites
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reported support from the local council (Union
Parishad). which was always involved in the PAPD plenary
sessions, compared with 33% of focus groups in non-
PAPD sites.

The locus groups reporied that support from local
government was mainly in the form of advice and conflict
resolution. There was strong evidence (p = 0.019) that
PATPD has enhanced the frequency of support received by
the CBOs [rom government agencies. PAPD sites had
received government help (advice or help in conflict
resolution) on average about eight times compared with
about five times in non-PAPD sites. This is consistent with
the expectation that PAPD strengthens links between the
community and seccondary stakeholders.

The focus groups were asked to score the change in
attitude of local councillors and sub-district olficers during
2 years of the project using a —3 to + 3 scale. There was
strong evidence (p = 0.000) of a change in attitude. Initial
sceplicism over communily participation in fishery man-
agement has given way to positive views. The change in
scores was significantly greater (close to 3) in PAPD sites
compared with non-PAPD sites (about 1-1.5). Hence.
PAPD was associated with greater perceived changes in
government attitudes in favour of community-based
managemenl. For example. after the PAPD in Shuluar
Beel participants were very happy with the response of
their Union Parishad Chairman. They kept him as an
advisor to the CBO and said they can tap resources
through him.

3.3, Collective action

3.3 Community resource management actions

PAPD was expected to resull in improved collective
action compared with other less holistic. inclusive and
structured ways of initiating CBFM. This study supported
the hypothesis that ‘PAPD results in faster uptake of
community actions for natural resources management”. On
average PAPD resulted in saving 170 days of NGO
facilitation time in achieving the first community actions
for natural resource management. Moreover, after
formation CBOs in sites with PAPD took about 2 months
before their first actions compared with over 5 months in
non-PAPD sites. In some PAPD sites. the community
influence and awareness generated from the PAPD was so
strong that the actions even started straight after the
PAPD. In one case the CBO was formed during the last
plenary session ol the PAPD proper. they planned to
stop use of harmful gears. and implemented this within a
few days.

The difference in the time from CBO formation to first
action was largely because first actions took much longer in
open beel and river areas among non-PAPD  sites
compared to PAPD sites, There appeared to be no effect
due to PAPD in foodplain beels. The difference in rivers
may be because before the project, most of Lhe fishers had
limited access in rivers due to intense fishing effort

including many brushpiles™ made by better off people
since the rivers became open access in 1995, PAPD rosulted
in a general consensus on the problems amongst all loeal
stakeholders including support of local influential people to
end harmful fishing, and the formation of CBOs (hat
included these different stakeholders. Therefore they
started Lo remove cross dams and later they banned
harmful gear use and restricted brushpiles. In the non-
PAPD river sites CBOs were formed exclusively of fisherg
based on small groups developed by the NGOs. Fishers
had difficulty establishing their rights and government
recognition of their rights was delaved. Without PAPD a
long process of awareness building among the community
was needed aller the fisher-based CBOs were formed”.

The hypothesis "PAPD results in more collective aclions
for natural resources management” was tested using data
on two indicators: number of actions planned but not
achieved. and number of actions mmplemented. Each site
has its own unique combination of environment, CBO and
its members’ interests. Therefore. the plans for fishery
management were also different for each site. The Lypical
actions planned by the CBOs include: fish sanctuaries,
closed seasons. bans on harmful fishing gears. excavation
of silted up arcas, stock enhancement,” land purchase, tree
planting. and making community centres.

Although similar numbers of actions were planned. the
CBOs where PAPD was held succeeded in implementing on
average three more actions each than the CBOs in non-
PAPD sites (Table 5). This 1s not surprising since the
PAPD process generates plans that contain agreed
activities. By comparison non-PAPD sites lacked such a
clear process for plan development and so identification of
planned activities was not systematic or so widely
supported. Conlflicts in non-PAPD sites also resulted in
planned actions not always being undertaken.

3.3.2. Compliance

The hypothesis that PAPD results in community actions
with greater compliance was accepted (Table 5). Although
after 2 vears there were on average the same number of

*Brushpiles or kasa are traditional fish ageregating devices thal pravide
shelter for fish and are fished out 2-3 times in a dry scason. They arc 4 way
of establishing exclusive ownership of water arens. Generally better off’
people have the funds and social power o establish them, und then hire
traditional fishers te harvest the fish.

*Fisher hased CBOS” or “fisher led CBEM™ indicate institutional
arrangements where people who fish lor un income are organised into
CBOs. Often with project support they hold fishing rights by paving the
annual lease (o the governmenl using revolving funds provide by NGOs.
Before the same fishery might have been leased Lo a fisher cooperative but
de facre control lay in the hands of moneylenders. Tn “community led
CBFM™ all local stakeholders. including fishers. are involved in planning
and implementing decisions o ensure more sustainable fishing. More
olten this approuch has been adopted where there is no leasing and where
i PAPD wus used.

Releuse of fish to augment the natural populations and stocks, this
could include carps which do not reproduce and have to be stocked each
vear, and/or native species that can reproduce and repopulate the water
body.
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fishing rules in place in CBFM sites with and without
PAPD and most (over 80%) of the community were
reported in focus groups to be aware of these rules. there
were about five times more rule breaking mcidents and
many more conflicts in the non-PAPD sites than in the
PAPD sites.

In all CBFM sites it was expected that participant
communities would agree on their management activities.
institutions and organisations, and that they could reduce
internal conflict among participants. Lower numbers of
conflicts within the community at PAPD sites could be
attributed to wider consensus linked with PAPD and
increased confidence among the commitlee (o negotiate or
bargain with others within or outside the local community.
Further. the CBFM project has helped establish ‘cluster
commiltees” comprising of representatives of adjacent
CBOs which coordinate among adjacent water bodies
within the clusier area, helping to reduce conflicts with
people from meighbouring areas (und more PAPD than
non-PAPD sites are in such cluster locations).

In the analysis model both PAPD and water body type
(which is associated with property rights and CBO type)
had significant effects on the number of rule-breaking
incidents. The floodplain beels have always been private
land and typically the involved villages recognise common
rights among their inhabitants to fish in the wet season,
multi-stakeholder committees were established in  this
environment in both PAPD and non-PAPD sites und had
few rule-breaking incidents. Rivers were leased fisheries
until 1993, open access since then made implementing rules
difficult, consequently under CBFM conflicts were more
common, but less so in PAPD river sites. The non-PAPD
rivers have fisher-led CBFM, which explains the tendency
of others to break rules that were developed by only a
certain group.

For example. in Shuluar Beel community members
cooperated and complied with decisions made in a PAPD.
although in the previous 8 months the NGO made little

Table 6

progress in bringing together the community to manage
this floodplain beel. The many ditch owners there
previously drained out their ditches to catch all the fish
trapped after the wet season. During PAPD. the ditch
owners committed not to completely drain the ditches, and
some of the ditch owners joined the management
committee Lo continue representing their views. After
adopting this rule they reported three to four times more
fish in the lollowing monsoon season. However, in the non-
PAPD site of Chitra River, the fishers agreed to protect fish
in the early monsoon when they move from the river Lo the
nearby beel to breed. But when they found that their
neighbours were catching fish at that time in the beel.
lacking an underlying consensus the fishers broke their own
rules and also started to fish. Thus, the planning process
and inclusiveness of PAPD compared to agreements
among one group of fishers was critical to the acceptance
of local fishing rules.

3.4. Benefits

In the participatory assessments, management commit-
tee members and fishers not involved in the committee
separately assessed benefits for themselves and for their
community in the short term. This was done in terms of the
types of benefit they had or expected and their importance
on a scale of 1-10. Significantly more types of own benelits
were reported in PAPD sites (Table 5). On average
respondents reported one more type of own benefit and
rated their importance higher at PAPD sites. This was most
evident in open beels, the management bodies in PAPD
and non-PAPD floodplain sites represent different users
and everyone found some benelits. Increases in fish were
reported in almost all PAPD sites, and most respondents
saw income and knowledge gains. Almost 75% of non-
PAPD sites also reported fish catch increases but income
and knowledge gains were less common (Table 6).

Types of own benefit received or expected in the future identified through participatory assessment (percentage of respondent [ocus groups reporting)

Types of own henefits PAPD Non-PAPD
— MC Poor fisher MC Foor lisher

Fish increased 94 94 72 72
Income increased 72 61 39 36
Knowledge increased fl 56 kR By
Protein consumption increased f [} 0 0
frmgation 22 7 17 11
Income peneratimg activity introduced i3 11 (B ]
Fish .pricc decreased f & 17 0
Ensured economiic uplitt 11 17 { 6
Partieipation 22 f 11 0
Dwnership/right over witer body 0 11 6 U}
Recognition by Government/ NGO 6 & 6 il

Multiple responses were possible: the maximum number of responses was 18 for each of the four respondent catcgories for cuch type ol ‘henetit,

MO = member of management comimitiee of community-based organization.
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Short-term community benefits were few and did not
differ with PAPD. More long-term community benefits
were identificd. Focus groups in both PAPD and non-
PAPD sites emphasised fishery benefits such as increased
biodiversity. conservation measures and limiting fishing
effort; but participants where there had been a PAPD
regarded community participation and linkages with local
government as important long-téerm benefits. whereas in
sites without PAPD establishing ownership and access for
fishers were expected.

In case studies. the participants from PAPD sites
mentioned increased income as their main benefit—as a
result they can send their children to school, and can afford
health care and betler lood. especially lor children. They
now report consuming more fish. Some ol the beneficiaries
mentioned inereased knowledge through PAPD. training,
meetings, and through meeting visitors. They particularly
mentioned the PAPD as the first gathering where they
freely raised their own problems and proposed solutions
that were taken into consideration, They felt that they were
given attention and they were not controlled by anyone.
The same types of benefits were reported in non-PAPD
sites but were not so widespread at the time of assessment.
Foecus group respondents from non-PAPD sites said that
decisions were taken in a big meeting where powerful
people dominated decisions and poor people were given
less attention.

3.5, Transaction costs

The evidence rejects the hypothesis that PAPD requires
participants to spend more time on CBFM. Instead people
in PAPD sites appeared to spend less time for community
action in the past year. The analysis included both
PAPD and respondent type as factors. Combining PAPD
and non-PAPD sites, management commitiee members
spent more than double the time of poor fishers, which was
expected. This mcludes time for meetings and the fact
that while [ishing the committee members, being
responsible for the rules set by the committees, are
watching to see that rules are not broken. Given the lower
incidence of rule breaking and conflict. the reduced time
spent on CBFM in PAPD sites suggests that already
after about 2 years those management actions that are in
place are being observed voluntarily because of the general
consensus reached through PAPD. The other factor is that
poor fishers have less involvement in NGO groups in
these sites than they do in the non-PAPD sites. These
savings and credit groups take up time in addition to that
related with resource management (of course they also

bring direct benefits to those group members in the form of

loans and training). Another factor is that a higher
incidence of conflicts in the non-PAPD sites means that
more time is taken up in addressing conflicts and legal cases
in some of these sites.

4. Implications of findings
4.1. Implications for participatory planning

This study shows that broader-based community-led
CBFM associated with PAPD was [ar more effective than
narrower fisher-led CBFM associated with many of the
non-PAPD sites. The PAPD process differs from less
structured approaches such as PRAs as it considers
opinions of each stakeholder group separately and Lhen
presents cach stakcholder group’s plans to all stakeholder
groups in a plenary session so that all can understand each
others” problems and suggestions, Common and uncom-
mon issues are then considered for final planning. In PAPD
the scope for powerful people to dominate poor people’s
views in the planning stage should be minimised by
balanced facilitation. since the views of each stakeholder
group developed separately are shared with one another in
the plenary sessions.

Participation may force the participants to agree with the
majority. In some non-PAPD sites it was reported that
participants did not say directly what they wanted 10 avoid
antagonising more powerful elders or neighbours, suppori-
ing some of the criticisms of participation (Mosse. 1994),
However, in PAPD sites the evidence suggests that the
opportunity to discuss issues initially. in separate stake-
holder groups. helped ensure that actions that benefited the
poor were laken. Ensuring participation of poor people
(fishers and non-fishers) in the PAPD in homogenous
groups let them express their own views without [ear and
anxiety. Consequently they felt honoured and more
confident in group discussions. In addition. through
interaction with leaders and officials and exposure to
outsiders in the PAPD plenary they became more confident
in demanding services.

It is argued that projects influence the way in which
people express their needs through participatory methods.
However, in PAPD many types of needs were raised by
dilferent stakeholder groups. Although the CBFM project
focused on addressing wetland and fishery management
needs. other community needs were voiced in the PAPDs
and in those sites the NGOs addressed some of these needs,
for example providing tubewells for drinking water and
sanitary latrines.

Concerns over elite domination have been raised
regarding CBFM, and regarding actions based on con-
sensus that are perceived as further empowering those
vested interests that may have manmpulated decision
making in the first place (Mohan, 2002). The case studies
revealed no evidence that PAPD was associated with elite
dominance. In PAPD sites most CBOs (95%) were [ormed
with representatives ol different types of stakeholder yet
local elites have not taken control for their profit. In non-
PAPD sites most CBOs (78%) were formed just of poor
fishers. vet in these sites the number of conflicts and court
cases has been high, often over attempts by local clites to
control the fisheries. This may also be affected by the
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productivity and lease value of the water bodies, which
tended to be lower in PAPD sites”. There is evidence during
the same period from the Fourth Fisheries Project in
Bangladesh that CBOs developed without PAPD but
including a wide range of local stakeholders tend to be
dominated by elites where there are more valuable
resources and funds to be handled by the CBO. for
example in water bodies leased from the government and
ones with annual stocking of fish (Aeron-Thomas, 2003:
Beoum. 2004).

4.2 Iuplications for community-based management

Case studies indicated that the nature ol mteractions
between community and government differ with the use of
PAPD. In PAPD siles, government officials were invited in
the final plenary of each PAPD, they saw and could make
suggestions about or endorse the outcomes, but had not
been involved in the stakeholder working groups. At these
sites, the PAPD participants proposed who would repre-
sent their interests in the CBOs. In non-PAPD sites,
participant lists were prepared by the NGOs and endorsed
by the Department of Fisheries. which then played a more
leading role in the development of plans by that group of
participants. Thus, the PAPD plenary session allowed
linkages (o bhe established with concerned government
officers. after the stakeholder groups had developed their
views and proposals. Government officials were happy to
see local knowledge. skills, analysis, and proposals
presented, and generally made supportive commitments
during the plenary, giving the resulting CBOs greater
confidence.

The average number of resource management activities
planned was about the same for both PAPD and non-
PAPD sites, bul the number implemented was more than
double in PAPD sites. Two examples illustrate the
processes involved. In Fatki River the community agreed
in PAPD that re-excavation of silted up parts of the river
was needed, They discussed the plan with government
engineers, and then organised the labour team for
implementing the plan. All types of stakeholders were
involved in the process and there was no opposition.
However. in Dubail Beel (non-PAPD) the participants
took decisions on land purchase and excavation Lo deepen
dry season fish habitat, but did not consider the risk that
this could not be achieved without funds and consensus;
conflivts arose over the land and the plan was not
implemented.

The type of waler body was sipnificant as a confounding factor for
several indicators, Property rights and conflicts are associated with water
body type. Open heels were leased to the CBOs, rivers had no lease
pavment, and Qoodpliins are private land thal is o seasonal common pool
fishery, Bven without a PAPD the CBOs in floadplains tended to be multi-
stakeholder, and for some indicators such as collective action the PAPD
sifect in Aoodplains was less than Tor rivers (where open access made i
very difficult to introduce management plans and rules without a wide
consensus develaped through PAPD).

Community-based management in general is expected to
minimise conflict and rule breaking and increase coopera-
tion and voluntary compliance among community men-
bers. Due to greater social cohesion, higher awareness and
better coordination with different agencies. internal conflict
among the participants in CBFM sites where there was a
PAPD was less and rule-breaking incidences were few.

The initial transaction costs for [fishery management
were expected to be high because PAPD and implementa-
tion of the planned actions were predicted to take more
time from participants (for workshops) than in non-PAPD
sites. However, this study found some evidence that
transaction costs were less in the PAPD sites than in the
non-PAPD sites. even including the time laken lor the
PAPD, which may be associated with achieving greater
consensus and voluntary compliance.

The number of days between NGO staff recruitment and
CBO formation depended on the capacity and skill of the
stall and the approach adopted. In PAPD sites. the CBO
formation was [aster because the community itsell pushed
the staff to help form a CBO and implement their planned
actions. In non-PAPD sites staff lacked a structured
approach to planning, and spent a great deal of time
coordinating and organising people for CBO formation.
Moreover, the community itsell’ was not so sure about the
project objectives, what activity the NGO wanted and the
expected outcomes. In the case of PAPD sites, community
members could plan what to do under the project at the
start and they had an opportunity to put any questions to
the implementing NGO, the wider community. the local
representatives. and government agencies during the
PAPD.

The time scale of this study focuses on PAPD as an
initial input to the process of establishing community-
based management. The eventual sustainability of CBOs
and the fisheries, and the benefits accruing to fishers in the
long term are the ultimate indicators of effectiveness. A
slow inclusive process might be more or as ellective as one
based on PAPD. The evidence so far indicates positive
changes. including in governance. related to the PAPD
sites, and there is some urgency for this because without
management changes these fisheries are rapidly degrading.
To update the assessment we reviewed project assessments
of all the same CBOs conducted in April 2006. These were
subjective assessments made by staff not working directly
in these sites that considered the role of poor fishers. extent
of conflict, linkages with government. absence ol clile
influence, fish and biodiversity changes, and the manage-
ment and financial capaeity of the CBOs. These were
scored from | to 10 (highest), and a PAPD cffcct was still
present (mean score for PAPD sites 6.4. for non-PAPD
sites 4.0). None ol the PAPD sites scored below 4
compared with a third of non-PAPD sites, which appear
to be failing to develop effective community-based
management., While limited in scope this suggesis thal
PAPD has had a more lasting positive influence on the
Process.
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5. Conelusions

This study provides gquantitative evidence that PAPD is
effective in terms of more efficient and inclusive participa-
tory planning and initiation of communily-based resource
management. It also shows that PAPD increases participa-
tion of the poor. and brings decisions, actions and benefits
faster because of the consensus created.

To design effective community management in a site, all
stakeholders™ opinions on feasibility. pros and cons of
options, and assessment of the benefits and disbenefits to
each stakeholder need to be judged. PAPD provides those
opportunities. PAPD identified those people interested to
mobilise for common interests. and also helped reveal
linkages of the villagers with the local power structure and
government agencies,

PAPD was very effective in its aim of developing plans in
a participatory way keeping in mind all stakeholders’
interests. There is strong evidence that plans prepared
through the PAPD processes were mostly implemented.
and it took less time to implement actions after the
planning process and also after CBO formation, saving
time and costs in facilitating participatory management of
natural resources.

The study assessed changes over only aboul two years.
which was too short to conclude on the sustainability of
CBFM mncluding the institutions developed with or with-
out @ PAPD. However. there is limited evidence that the
CBOs imitiated through PAPD have remained more
effective. suggesting that PAPD results in longer lasting
advantages that should be sustainable. This supports the
use of multi-stakeholder planning processes, rather than a
focus on specific target groups, and shows the effectiveness
at the local level of a structured process that helps to draw
out areas of consensus over natural resource problems and
solutions,

These benefits can be scaled up within Bangladesh in the
natural resources sectors. which are increasingly taking a
community-based approach. They are also relevant inter-
nationally. Awareness of PAPD has not vet changed the
practices of many organisations in Bangladesh. For
cxample, in the CBFM project all partner NGOs were
oriented in and participated in a demonstration PAPD in
2002, yet most did not use it widely. One reason is that
most of these NGOs have a target group approach that
focuses only on households within a specific poverty range
and do not see that a more inclusive PAPD approach and
consensus can be merged with specific support for poor
fishers and other poor resource users. PAPD should not be
seen as another technique or formula, but as a starting
poinl, that can be effective when it is {ollowed by flexible
and responsive support Lo address local resource manage-
ment needs. Further efforts are needed to promote the use
of PAPD since this study indicates that the PAPD process
provides a structured approach and a [local point for
generating local plans and their effective implementation,
better community participation, greater unity among

stakeholders including the poor. and support from local
leaders. compared with community-based management
with NGO support but with no PAPD.
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Abstract

Concern uboul the agricultural soil resource in England has led to the introduction of a range of megsures, which potentially ¢hullenge
farmers” knowledge about the soil and its management, Our understanding however of how well-equipped farmers are with rezard 1o
effectively carrving out more complex and knowledge intensive sustainable soil management practices is limited. Specifically, by drawing
om the concept of scientific and tueit forms of knowledge. this paper examines the knowledge of soils held by Farmers through analvsis of
data collected from semi-siructured interviews with farmers and agricultural advisors and supplemented with data from un extensive
postal questionnaire survey of advisors. The data indicate that, while farmers are technically well informed. they can often luck the in-
depth seientific knowledge required to implement more complex practices such as using the nutrient value of manures, They also reveal
that, while mest farmers have good knowledge of their own soils, their weit knowledge of soil management ean be weak. notably in
relation to cultivation. The paper concludes that although farmers” knowledge about seil and its sustainable management appears in
general to be well developed there are some areus. which need to be significantly enhanced and as such require both a policy response and
further research effort.

2007 Elsevier Lud, All rights reserved.

Reywords: Scientific knowledge: Tueit knowledge: Farmer: Agriealtural advisor; Soil mamaeement; Best management practice: Dilluse pollution:

Cultivation

1. Introduction

The centrality of knowledge to agriculture has been
highlighted by a number of commentators (Winter, 1997;
Morgan and Murdoch, 2000), with knowledge described as
the “fourth luctor ol production” because ol the widely
differing knowledge. skills and aptitudes larmers need (or
producing food (Winter. 1997), This is the case today more
than ever belore with the emergence ol policies encoura-
ging more sustainable farming  practices. which are
considered Lo be more complex and more demanding on
the skills and knowledge of farmers than conventional
farming (Kloppenburg. 1991: Réling and Jiggins, 1994).
Mounting evidence of threats to the agricultural seil
resource have brought calls for more sustainable manage-
menl of this vital resource and recent policy developments

TTel: +44.(0) 12427141 34422

E-nrl adedress: ingrame glos.acuk.

(1301-4797/8 - see front matter « 2007 Elsevier Lid, All rights reserved.,
don 101016/ envman 206,12 036

in Europe and in England mean that demands on Farmers’
soil management competencies will increase. However., our
understanding of the nature and extent of knowledge about
this crucial resource held by farmers in England is poorly
developed, particularly in comparison with our apprecia-
tion of how they manage, and impact. other natural
resources such as water. nature and landseape (Lowe et al..
1997: Morris and Potter, 1993, Harrison et al., 1995).

As such. this paper reports the findings of research mto
the nature and extent of farmers’ knowledge about soils
through analvsis of data collected from semi-structured
mterviews with farmers and agricultural advisors drawn
primarily from those interacting with two projects in
England' promoting soil management practices: the UK-
wide Soil Management Initiative (SM1) and the Landeare

"The locus on England rather than the UK us a whaole is justified as
policy making i5 deyvolved 10 the agnicultural departments of the
constitutive countries Le. England, Wales. Scotland and Northern Irelund.
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Partnership in the south-west of the country. The inter-
views were supplemented with data from an extensive
postal questionnaire survey of advisors.

2. Increasing demands on farmers by policy makers

Decline in soil quality in the UK has been largely
attributed to intensive arable [arming. Subsidies provided
as part of the Common Agricultural Policy (CAP) through
the 1970-1980s encouraged continuous arable cropping.
winter cereals, increased cultivation with heavier machin-
ery. ploughing up of pasture, minimal rotations. the
inappropriate use of marginal lands, and overgrazing in
upland areas all resulting in negative consequences for the
soil (Boardman. 1990; Baldock and Mitchell, 1995; DETR.
1998: Joint Nature Conservation Council, 2002). More
recenl reports suggest that these practices are continuing
and the farming community have been urged to improve
their understanding and husbandry of soil (Environment
Agency, 2004a, b).

Following calls for more sustainable use of soil (Royal
Commission on Environmental Pollution. 1996: Defra.
2002a. b) & number of policy initiatives have emerged in an
attempl Lo counter the increasing threats to the agricultural
soil resource both in Europe and in England (DETR, 2001:
Commission of the European Communities, 2002). These
include “The First Soil Action Plan for England® (Defra.
2004a); the requirements for farmers to prepare a Soil
Management Plan as a condition of receiving the Single
Farm 17’:1}41*.81113 (Defra, 2005); and in some cases for
payment under the new Environmental Stewardship
Scheme. These, together with the introduction of catch-
ment sensitive farming as part of implementation of the
ECs Water Framework Directive (Defra. 2004b), all
herald a new cra ol policy concern for soil in England.
The farmers™ responsibility in achieving the goals asso-
clated with these policies is clear, as stated in a popular
farming press magazine ‘Soil management is something no
farmer can afford to ignore’ (Farmers Weekly, 2004a).

These policics build on previous initiatives, which have
promoted more sustainable *best management practice’ of
soil to farmers (MAFF. 1998. 1999a. b: ADAS et al.. 2000;
Environment Agency. 2001). Best management practices
for soil are based on a number of fundamental principles of
opod soil husbandry includifig: maintenance of soil
structure through enhanced soil organic matter content
and protection [rom compaction, overworking and runoff;
as well as the management ol soil'as a bulfer for nutrients
by using artificial and organic fertilisers effectively and
efficiently. Farmers can lack familiarity and experience
with such practices (Park et al., 1997). which are considered
10 be morc knowledge intenmsive than conventional
practices in that they are non-prescriptive and demand

“As parl Common Agricullural Policy (CAP) reforms implemented in
2003, farmers will have o meet new ‘cross-compliance” standiirds designed
to protect the environment hefore they recerve their Single Farm Payment.

attention to detail. observation. as well as an under-
standing of the scientific principles on which they are based
(Roling and Jiggins, 1994: OECD, 2001). Clearly. knowl-
edge is particularly significant given the complexity of the
practices and the need for farmers to adapt them to their
own soil types. It is to the issue of farmers’ knowledge that
the discussion now turns.

3. Farmers’ knowledge about soil and its sustainable
management

Whilst it is accepted that (armers’ knowledge of soil
management is important little 1s known about the nature
and extent of such knowledge. It has long been recognised
that farmers need new knowledge and skills to take on the
demands of sustainable agricullure (Winter. 1997) but Lhe
suggestion has been that such knowledge is poorly
developed due to the continued ‘productivist modes of
thinking” within the farming community (Curry. 1997;
Pyrovetsi and Daoutopoulos, 1999; Wilson, 2001). Today
concern remains about whether farmers have the right
skills set to deliver the Government's goals for sustainable
farming (Defra, 2004¢; University of Reading, 2005).

Potentially. at least this knowledge and skills inadequacy
extends to soil management: Scientific and policy reports
highlighting the degradation of agricultural soils clearly
mmply that farmers are not managing them sustainably
(Boardman et al., 2003; Environment Agency. 2004a, b). A
poor knowledge base coupled with lack of experience of
complex new technologies and practices has been high-
lighted as a constraint to more sustainable management of
the soil. This has been demonstrated lor other knowledge
demanding practices. which provide soil and environmen-
tal benefits such as integrated farming systems (Morris and
Winter. 1999), reduced tillage (Tebrugge and Bohrnsen.
2001: Davies and Finney, 2002; Coughenour, 2003).
managing nutrients in manures (Smith et al., 2000. 2001)
and organic farming (Burton et al., 1999). Concerns
expressed in 1970 about farmers’ lack of awareness of soil
condition when cultivating (MAFF, 1970) appear to be still
valid (Davies and Finney. 2002). while today larmers are
reported to have insufficient understanding of the reasons
and techniques for soil management (Central Science
Laboratory, 2004).

However, this negative view of farmers’ competence is
guestioned by the farming industry who claim that soil is
managed sustainably (National Farmers' Union, 1994) and
is in “good heart’, arguing that agricultural activities in the
UK are synonymous with stewardship and conservation of
the resources they rely upon (Ward, 1995). Such nurturing
and stewardship are seen to be part of being a ‘good’ and
knowledgeable farmer (McEachern. 1992: Burton. 2004).
More generally, farmers regard their own knowledge in
managing the environment as very important and often
undervalued (Wilson. 1997: Harrison et al.. 1998 Seymour
et al., 1998). They place high value on their expericnce
and use this as their primary source ol knowledge for
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management decisions (Contant. 1990; Fearne, 1991:
Lyon. 1996:Tsouvalis et al.. 2000). A growing literature
in other countriecs (Romig et al.. 19953; Walter et al.,
[997; Bruyn and Abbey, 2003) also demonstrates that
farmers have considerable knowledge of their own soil. are
able to identify characteristics of soil guality and have
developed a rich vocabulary to describe it (van der Ploeg.
1989; Romig et al.. 1993: Liebig and Doran, 1999;
Tsouvalis et al., 2000; van Rompaey et al., 2001; Curtis
et al., 2003),

These different accounts demonstrate the range of views
held about larmers’ ability to hold and apply knowledge
about soil and in part reflect the heterogeneous mix of
farmers and their practices. Indeed the temporally and
spatially diverse way in which farmers know and under-
stand their farming systems has already been identified
(Raedeke and Rikoon, 1997). It is clear however that there
is a lack of evidence about farmers” knowledge of soil in
England and about their capacity to implement more
complex sustainable soil management practices that policy
is now demanding.

4. Theoretical considerations

Conceptual approaches to understanding farmers’
knowledge in relation to natural resource management
have a broad base drawing both on behavioural (Napier et
al.. 1984; Lichtenberg and Zimmerman. 1999: Ryan et al..
2003) and cultural approaches (Carr and Tait. 1991: Long.
1992: McEachern. 1992: Harrison et al. 1998: Tsouvalis et
al., 2000; Burton, 2004); as well as on perspectives that
relate knowledge to social and experiential learning (Lyon,
1996: Roling and Wagemaker. 2000: Russell and Ison,
2000).

Developments in sustainable agriculture have brought
new understandings of knowledge in the context of
farming. A number of commentators have developed the
notion that sustainable agriculture is knowledge intensive
involving the adoption of technologies that require a high
level of management skills. with an emphasis on observa-
tion, monitoring and judgement (R6ling and Jiggins, 1994;
Park ct al., 1997: Tebrugge and Bohrnsen. 2001; Cough-
enour, 2003). Implementing these highly technical practices
is thought to require some understanding of the under-
pinning scientific principles and physical processes (Van-
clay and Lawrence, 1994: Pretty. 1995). At the same time. it
is considered that sustainable systems and practices are
highly dependent upon traditional local and ‘ecosystem
sensitive’ knowledge, with general principles applied in a
site-specific way (MacRae et al., 1989; Kloppenburg. 1991;
Norgaard, 1984). Arguably, then, the knowledge farmers
need for sustainable soil management must consist of both
a technical understanding of the principles of soil manage-
ment or ‘scientific knowledge’, as well as an intuitive, local
or ‘tacit knowledge’. or at least an ability to interpret
technical knowledge in a local context drawing on
experience. through observation and monitoring.

The notion of knowledge compnsing of scientific and
tacit knowledge elements provides a uscful framework for
this research, where scientific km)wlcdge} is understood to
be universal, objective and decontextualised and tacit
knowledge® implicit, indigenous and context dependent
resulting from talents. experience and abilities. Scientific
knowledge is itself. in part, comprised of what Lundvall
and Johnson (1994) call “know-why",” which is the knowl-
edge of principles, rules and ideas of science and
technology, it therefore concerns application. ‘Know
how™ (Lundvall and Johnson, 1994) and *practical knowl-
edge’ (Thrift. 1985) share many features of tacit knowledge.
being informal and learnt from experience of watching and
doing. Characteristics of both scientific and tacit knowl-
edge are highly relevant to soil management, the former
because understanding and managing soil requires techni-
cal application of scientific principles and decontextualised
generalities and the latter because soil is a spatially
heterogeneous material “rooted to place’ and is intimately
linked through cultivation to farm practices.

Tacit knowledge 18 [undamentally Tlinked to direct
experience and the practical, sensuous and personal skill
that develops with attention to a specific place (Hassanein
and Kloppenburg, 1993). It is [frequently claimed that
farmers have an intimate and intuitive tacit knowledge of
the soil on their farms and a refined understanding of local
spatial and temporal processes, gained through vears of
walking and cultivating the land (Winklerprins, 1999).
Descriptions interpreted through the local environment
have been explored and soil-quality assessments are firmly
established by furmers in observational field experiences
using senses ol touch, taste, sight and smell; while soil
physical properties become ‘known’ to farmers through in-
field experiences (Romig et al., 1995; Walter et al.. 1997;
MeCallister and Nowak 1999). Winklerprins (1999, p. 151)
explores this idea defining “local soil knowledge” simply as
*knowledge of soil properties and management possessed
by people living in a particular environment for some
period of time’. Such tacit or local knowledge is considered
to be more relevant to sustainable agriculture (Kloppen-
burg, 1991: Murdoch and Clark, 1994),

“Scientific knowledge is ulso referred to ay cadified expert/formal/
stundardised/codified and institutionally legitimate. It is described as
exphcit knowledge which can be systematised, written. stored and
transferred (Norgaard, 1984),

Tacit knowledge is also referred to as local/lay/indigenous/informal
and traditional. It is thought to be “strongly rooted in place... location
specific” (Murdoch and Clark. 1994): and “has to do with thearies, beliefs.
practices and technologies that all people have eliborated without direct
inputs from the modern, formal and scientific establishment” (McCorkle.
1989},

*In Lundvall and Johnson's (1994) typology “know-what™ refers (o
knowledge about facts, which is largely codified. “know-why' is the
knowledge of principles. rules and ideas ol science and technology.

“In Lundvall and Johnson's (1994) typology “know-how® refers 1o skills.
the capability 1o do something al practical level, as reflected in action and
has a significant tacit component,
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However, others claim that such local tacit knowledge is
exaggerated and distorted and warn against mythologising
it suggesting that it can often be nothing more than a set of
improvisational capacities summoned by needs (Molnar
et al., 1992: Richards, 1993). It has also been argued that
indigenous soil knowledge, although still of great value in
developing countries (Sillitoe, 1998), has no relevance to
modern agriculture where farmers have come to rely
heavily on scientific applications in agriculture (Morgan
and Murdoch, 2000). For many, science is just as capable.
or more capable of finding sustainable solutions (Molnar et
al., 1992; Murdoch and Clark, 1994). Farmers in western
countries have arguably been assimilating scientific infor-
mation into their own knowledge f(or decades. They
operate highly (technical arable systems imcorporating
advanced technologies (Ward, 1995; Tsouvalis et al.,
2000) and demonstrate adaptations, practical solutions
and produce experimental knowledge, sometimes using
scientific method (Wilson. 1997; Harrison et al. 1998:
Tsouvalis et al., 2000).

Debates about the respective value of scientific and

tacit forms of knowledge have lead many rescarchers to
criticise this categorisation and argue that these know-
ledge forms are fundamentally complementary (Romig
et al.. 1995 Walter et al., 1997) and that knowledge
is comprised of blends of all knowledge forms. that
it is heterogeneously constituted (Long, 1992: Murdoch
and Clark. 1994; Clark and Murdoch, 1997).
Thus, knowledge that farmers hold. or need to hold. about
soil and its management is arguably a mixture of both
seientific and tacit knowledge as it needs to combine an
understanding of new technologies with a new awareness
and sensitivity of natural resource management (Réling
and Jiggins. 1994: Pretty. 1995). The extent to which
farmers are ‘equipped’ with this blend of knowledge for
sustainable soil management 1s a central concern of this

study.

5. Methodology

The qualitative and quantitative data on farmers’
knowledge of soils. which are presented in this section.
are derived from interviews with a selected group of
farmers and agricultural advisors supplemented by an
extensive postal questionnaire—survey of a range of
advisors, Semi-structurcd interviews were undertaken with
farmers and adwvisors in the context of two soil manage-
ment initiatives in England. The UK SMI is an indepen-
dent organisation which aims to address the problems of
soil compaction. structural degradation and erosion by
promoling the management of soil structure through
appropriate cultivations and practices such as revised
plongh fillage. well managed reduced or conservation
ulfage” and removal of sub-/surface compaction. The

"Reduced nllage and conservation tillage reter to non-inversion tillage.
The former also called “minimum or minimal tillage' is “shallow tllage’

Landcare Partnership. a project piloted by the Environ-
ment Agency in the Upper Hampshire Avon catchment in
the south-west of England, promotes better farming
practices (BFP) to control diffuse farm pollution. Untimely
cultivation; maize with late cultivation and often excessive
manure application; outdoor pigs: inappropriate manure
applications; and lack of nutrient budgeting have all been
identified as high risk practices particularly in the areas of
more erosive Greensand and of Weald clay. which are
exposed in some valleys in this mainly chalk catchment.
The BFP proposed all aim to restrict run-off of sediment
and loss ol nutrients primarily through promoting appro-
priate cultivation techniques and the use of nutrient
management plans to allow for manure nutrient content.”
The catchment is one of 40 priority calchments recently
designated for delivery of catchment sensitive farming by
the government.

Selection and sampling of farmers lor interviews within
both projects was based on attendance at demonstration
days and involvement n the project. For SM1 all farmers
(15 in total) who had attended two recent demonstration
days were approached and of these eight agreed to be
interviewed. These comprise arable farmers Lypically from
large arable units (>3500 acres) in the East and East
Midlands regions. In addition, two [armers [rom the SMI
hoard were interviewed. For Landcare all farmers (eight in
total) who had recently attended a recent demonstration
event were contacted and five agreed Lo be interviewed.
Their farms are typically mixed with cereal. dairy cattle and
sheep and some pig rearing. Two farmers who had
provided demonstration sites for the project were also
interviewed. Interview details are given in Table 1. The aim
of farmer selection was mnol lo extrapolate from a
representative sample but to explore through detailed
analysis and descriptive narrative the defining character-
istics of farmer knowledge. for this reason there is nuv
attempt to typologise the interviewees in the following
analysis.

Selection and sampling of advisors for interviews was
based on attendance at demonstration days, involvement
and potential interaction with the project. For SMI all
advisors listed as members (seven in total) and all those
who had attended recent events (eight in total) were
interviewed. In addition. a sample of 20 advisors

(foomote continued)

(< 100mm without inversion). the lutler deseribes any non-inversion
tillage, which leaves at least a third of the soil surface covered by crop
residues; it includes direct drilling, shallow and deep tllage (Davies and
Finney, 2002). Both are considered by some commentators (LUK SML
2002) to improve soil structure, bioti, soil organic matter and reduce
Srosion.

*To manage manures effectively farmers need (o know the nutrient
content of applied manures; apply manures evenly and al Known rutes;
rapidly incorporate manures (where appropriate) or use an application
technigue thut will minimise ammonia losses; apply manures in spring
(where possible) to reduce mitrate leaching losses: take the nulnent supply
{rom manures into account when caleulating morganie fertiliser additions:
and ensure total N per year does not exceed 230 kg/ha.
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Tahle |

Characteristics of farmers and advisors interviewed and themes discussed

Landeare Partnership

Soil Management Tnitiative

Farmers imerviewed (N=T)

1. Mainly arable farm on chalk with winter wheat and arable break craps (field beans and oil sced rape).

Seme sheep. SO0 ueres

Y

A Mixed Tarm on chalk. Arable rotations with spring barley: suckler cows. indeor pigs. 200 acres

4. Mixed [arm hordering chalk and Pewsey Vale clay, suckler cows, sheep and aruble, 250 ucres

n

6. Arable furm on mainly chalk with winter wheat. break crops. also sheep. 330 acres

~4

Advisors interviewed (N = 29)

10} pariners (agronomists, RDS advisors. conservation advisors, ¢te.)
4 event attendees

15 local agronomists. merchunts. consultants ete

Themes discussed in mlerview
What is the nature and exten! of furmer knowledge about:

® managing manures and their nutrients

e practices leading to crosion

® best management practices 1o prevenl run-oft
e sources of information

e (he aims ol the project

2. Arable farm on chalk with winter wheat, oil seed rape and lield beans. 350 acres

. Pairy farm, with forage maize and grass silage. 180 acres. Clayey soils. some Greensand,

. Dairy [armer with some forage maize and grass silage. Clay with some Greensand, |50 acres

Farmers interviewed (N = 10)

1. Arable farm. Leicestershire. Combinable
crops on loams. 440 ucres )

2. Arable [arm, Herts. Combinahle erops on
chalky soils. Boulder clay, 730 acres,

3. Arable farm. Cleveland. Combinahle erops
on light seils, loams. 320 acres.

4. Arable farm, Rutland. Combinable crops
on clayey soils. Reduced (illage. 800 acres

5. Arable farm., Leicestershire. Loamy soils,
Cereals with break crops. 300 acres.

6. Arable farm Leicestershire. Clavs with
sandy loams. Cercals with break crops (peds
or beans). 40 head suckler herd. 450 aeres

7. Arable farm. Kent. Cereals with break
crops plus sheep. 1200 acres

&, Arable farm. Leicestershire. Cereals with
break crops (peas or beans), 660 atres

9. Arable farmi. Wores. Clay loam over clay.
Reduced tillage. 600 acres.

10, Arable furm. Warwickshire, Some sheep.
Reduced tillage on Evesham clays. 1000 acres.

Adwisors mterviewed (N = 35)
7 board members

Nevent attendees

20 agronomists/consultants

Themes discussed in interview
What is the nature and extent of farmer
knowledge aboul:

@ s0il structure and its examination
cultivations/appraprizate cullivations
reduced tillage

cilises of problems

sources of information

the aims of the project

were selected for their specialism in combinable crops.
cultivation or soil management from the directories of the
Association of Independent Crop consultants (AICC) (120
members) and British Institute of Agricultural Consultants
(BIAC) (280 members). All Landeare advisor partners (ten
in total) were interviewed as were those who had attended a
recent demonsiration event (four in total), In addition, of
the 20 agronomists, seed merchants, farm management
companies and consullants operating within the catchment
identified using the AICC and BIAC directories. and the
local telephone directory, 15 agreed to be interviewed.
The interviews with farmers and advisors were ‘semi-
structured” in thal they were conversations informed by
common themes relevant to the issues addressed by the
Initiatives rather than specific questions (listed in Table 1).
Questions were open ended o allow deeper exploration of
topics. The interview schedule provided structure and

ensured the same issues were discussed in each case. it was
supported with reference Lo relevant publications.”
Qualitative data from interviews were complemented by
quantitative data [rom an extensive questionnaire of
advisors. Questionnaires were senl to 304 individual
advisors in five categories as follows: conservation adyi-

sors'’; Rural Development Service agri-environment

"Publications referred to during the interviews for definitions, explana-
tions and lists of best management practice included; Managing Livestock
Manure booklets (ADAS et al., 2000); MANNER (MANure Nitrogen
Evaluation Routine) a PC decision tool: Best Farming Practices: Profiting
from a Good Environment (Environment Agency. 2001); A Guide 1o
Managing Crop (UK SML 2002) and Visual Soil Assessment (UK SMI,
2005).

"Conservation advisors, mostly in the NGO *Farming and Wildlife
Advisory Group'. are farm conservation specialists.
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scheme advisors''; independent agronomists; ADAS'
advisors and distributer (commercial)  agronomists
(FACTS)."" Due to the different approaches to identifying
potential advisors non-probability sampling was used to
target certain sectors. I total 163 guestionnaires were
returned with an average response rate of 40% for the first
four categories. It was not possible Lo estimale a response
rate for the FACTS respondents. '

In total. 17 farmers and 64 advisors were interviewed
within the two projects and 163 advisors surveyed
nationally. Advisors were used as the main key informant
due to restricted farm access following an outbreak of [oot
and mouth disease at the time of the study. Advisors are
arguably well placed to provide a balanced and well
informed opinion about farmers. They have a good
understanding of, and regular contact with, farmers; they
observe their activities frequently and have one of the
closest relationships with Farmers and their farms (Angell
et al.. 1997: Ingram and Morris, 2007). Each advisor can
also draw from their experience of advising a number of
farmers. typically up to 20 farmers each within a relatively
wide geographical area, enabling them to develop a broad
impression of the farming community. This contrasts to
individual farmers whose experiences are narrower, being
tied to a particular farm enyironment and business.
Advisors also arguably provide a more objective view of
whalt is happening on-farm as farmers may be reluctant to
own up to poor knowledge and practice. Interviewing
advisors as well as farmers also provides different accounts
and interpretations which can triangulate and complement
gach other. The nation-wide survey results add to the
multiple sources of evidence and assist in the triangulation
of gualitative material.

In the sections presenting the empirical material, the
scientific knowledge element of farmers” soil knowledge
will be examined, that 1s, their understanding of the
requirements and principles ol soil best management
practice. The extent of farmers’ engagement with using
nutrients in manures from interviews in the Landcare
initiative gives a more detailed measure of their scientific
understanding. Insights into the tacit element of farmer solil
knowledge are gained by examining farmer and advisor
vicws of about farmer local knowledge ol their fields and
their experience. skills and competence in practical soil
management. Detailed consideration is given Lo lacil
knowledge of cultivation practices drawing on the inter-

"Defra’s Rural Development Service project officers manage and
sdminister governmenl lunded apri-environmen! schemes.

“ADAS, formerly the government advisory service. was privatised in
W07 and now operates as g consultancy, although it still undertakes
covironmental protection dissemimition work for the government.

“FACTS provides o national traimng svllabus and accreditation for
srable advisars and Farmers, Tramning inchides soil and nutrient manage-
ment.

"Ouestionnaires were e-mailed on behall of the author through the
FACTS orgrmisation fo an unknown number and seetor of the member-

ship.

views [rom the SMI initiative. Although results are
presented separately below it is understood that the two
knowledge forms are in reality intimately linked.

6. Farmers’ scientific knowledge of soil

6.1. Farmers’ scientific knowledye of soil in relation to soil
hest management practice

The interviews revealed that there is a range ol
compelencies amongst farmers in relation to scieniific
knowledge. Many of those intervicwed are professional,
highly skilled, intelligent graduates, with one farmer
FACTS and BASIS'" (rained, and three farmers holding
responsible positions within national agricultural organisa-
tions. They are competent in preparing their own fertiliser
recommendations, using and mterpreting research station
results and can grasp difficult issues such as the soil
nitrogen dynamics. Some advisors’ views confirm this, they
consider farmers to be technically knowledgeable and ag
having an understanding of principles that underpin best
management practice. As one independent agronomist (A)
said ‘Most farmers I deal with are aware of good husbandry
techniques and go to great lengths to keep soil in good order’.
For them there is clear evidence of good techniques being
used. However, this view is notl shared by all advisors, as
one distributor agronomist’s (RP) remark demonstrates:
*They are appalling at sail husbandry, they take their soils

Sfor granted and don’t necessarily look after them as much as

they should do’. This lack ol consensus among advisors
about this aspect of farmers’ knowledge is reflected in the
questionnaire responses with only an average of 40% of all
advisors agreeing Lhat larmers are technically well in-
formed about soil management (Table 2). Views among
advisors and farmers explored in interviews suggest that.
although in a very broad sense farmers practice good
husbandry. it is the depth of farmers’ technical under-
standing of soil management that is limited. as one agri-
environmenl! scheme advisor (F) explained:

They are aware of gross errors of management but not
aware of more subtle things they can do. There’s
awareness that the problem exists on one level but not
vet sufficient awareness ol 1ssues leading to that.

Advisors claim that farmers. although aware of pro-
blems. do not nccessarily tie them down to their own
practise. This was borne out in the Landeare interviews
where. although farmers acknowledged that certain man-
agement practices lead to increased run-off. none accepted
that their individual practices were responsible. attributing
the problem instead to other sources such as highways or
to their neighbours. Even when the run-off was traced to
their own farm. they blamed extreme weather events rather
than their own practices. A farmer’s (P) remark cpitomises

YBASIS is un Independent Registration Scheme lor the Pesticide
Industry and oversees FACTS.
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this view, I've seen water run of from my fields and it's
browen flowing straight into the river. Nothing could be done
about it, we're on free draining land if it's washing off here
it's washing off evervwhere’.

Soil management is seen by advisors as quite a
complicated issuc which o number of farmers do not fully
understand, particularly with more demanding techniques
being introduced. They consider that, although a very
important issue, soil management is requently ignored due

to lack of knowledge by farmer. Indeed the majority of

advisors (average 74%) responding to the guestionnaire
thought that lack of knowledge and skills about soil
management options was important in explaining (armers’
[atlure to use more sustainable practices (Table 3). Without
the knowledge or acquired skill farmers are thought by
some advisors to give up and drop back to more familiar
inlensive production methods:

I would entirely agree that for more environmentally
favourable practices for soil you need more knowledge
and skill and il you don’t have that or don’t develop it
quickly then vou will give it up and drop back to
intensive production methods which have been (ried and
tested (Farm Manager/Agronomist V).

Some farmers accepl they are ignorant in this respect as
onc (Farmer B) remarked ‘I know everyvthing about
machinery, a little about crops, but very little about the soil.
Even though Iworl the land, T still don’t know enough about
soif . For many realisation that they lack such under-

Table 2
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standing was part of their motivation for attending the
demonstration days provided by the projects.

6.2, Farmers' scientific knowledge of soil in relation to
mumaging mitrients in maniive

A large part of the prometion of soil best management
practice in the Landcare initiative has been aimed at using
manures as part of the nutrient budget for the fami, This
requires some understanding the principles of nutrient
dynamics in the soil and heing able to estimate amounts,
and the nutrient content, ol manure so thal artificial
fertiliser rates can be adjusted accordingly. Interviews with
farmers and advisors working in the catchment revealed
that this is still very challenging and invelves unfamiliar
skills for farmers who often lack the experience of high
fertility situations. As one independent agronomist (EB)
remarked “Whar we're doing, advisors and farmers alike,
we're all scratching our heads asking how much should we
allow for that [manure |? A large number ol advisors (some
19 out of the 29 interviewed) within the catchment see
ignorance of the value of manures as an obstacle claiming
that the majority of larmers, dairy farmers in particular,
still regard it as a waste product that has to be disposed of
rather than as a valuable source of nutrients. They arguc
that the farmers they work with are often unable or
reluctant to measure the amounts of manure used and that
manure applications are roughly estimated, spreaders are
uneven and manures are often mixed from different animal

Advisors” response to the question: o what extent do you agree that most farmers you advise are technically well informed about soil management!

% of respondents within each advisor category

Vo average

Conservation DEFRA RDS Independent Distributor ADAS
agronomists agronomists
Agree 13 41 44 54 48 40
Netther apree nor disagree S0 S0 29 23 39 3K
Disugree 35 i 26 23 13 02
No. of valid respondents 32 22 71 [3 23 Total 101

Table 3

Advisors' response Lo the question: How imporlant is lack of knowledge and skills about soil management options as a factor in explaining poor uptike of

soil best management practices?

Y ol respondents within each advisor category Ve average
Conservation DEFRA RDS Independent Distributor ADAS
dgronomists agronomists
Not mportant 3 14 13 9 2 B
Neither important nor not 9 24 24 7 26 &
impuortint
Important 62 63 84 72 74
No. of valid respondents 32 21 70 13 23 Total 139
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sources. an agri-envirenment scheme advisor (F) supports
this view:

They don’t know what's in it in many cases, haven't a
clue what the analysis is, they are reluctant to do
analyses whether slurry or solid, they haven't got a clue
as to how much they put on. The whole thing is very hit
and miss.

Four farmers interviewed in the catchment confirmed
this view aceepting that they still view manure as a waste
product. rather than an asset, this was particularly the case
with dairy and small mixed farms where maize becomes a
dumping ground for manure. They also tend to regard
nutrient budgeting as a complex process beyond their
capabilities. However, progressive and bigger farmers were
deseribed by some advisors interviewed in the calchment as
more disciplined about accounting for manure, measuring
its value as part of their nutritional programme and using
more sophisticated spreading machinery. They are under-
stood to be gaining knowledge about the nutrient value of
manure, and are increasingly using or. il arable-only.
buying in manure. sewage sludge or poultry manure. and
have seen benefits to soil structure as well as realised the
economic sense ol the practice. Three of the larmers (two
from mixed farms of about 500 acres) mterviewed in the
catchment had started to incorporate manures into their
nutrient budgeting; one described the benefits:

Yes definitely we estimate how many tonnes ol manure
and where it went on. Where [ put a lot of manure on
last year. I put a lot less N top dressing on, so its helping
me again and saving me money. I'm sure manure is all
good for the soil structure and composition (Farmer
MF).

However, although some farmers are beginning to utilise
manure nutrients, an agri-environment scheme advisor for
the area suggested that nutrient budgeting is a “closed
book™ (o 95% of farmers with only the larger arable
farmers taking an interest, with perhaps only 5% of
farmers and 15% of land being subject to a nutrient
balance,

These results suggest that the extent of farmers’ scientific
knowledge concerning soil management is variable and in
some cases not fully developed. Many farmers and advisors
interviewed and surveyed point-to good husbandry and
oood technical knowledge as evidence of knowledge about
soil management. However, interviews revealed that the
depth of this knowledge about soil can be limited.
Although advisors suggest that there is ‘considerable
understanding of the soil’, they consider that farmers
remain ignorant about the more subtle things, in particular
farmers do nol always have sufficient knowledge to make
the link between certain practices and their consequences
suggesting lack of understanding of underpinning princi-
ples or “know-why’. This might explain why only 40% of
advisors surveyed (Table 2) agreed that farmers arc
techmeally well informed about soil management. In terms

of having or acquiring the scientific knowledge needed to
incorporate nutrient budgeting into managing manures the
larger more progressive [armers appear most likely to be
accounting for manures. since it is thought they can alford
advice and analysis and are more likely to be experienced.
from their arable practices, in nutrient budgeting. Advisors
consider that for many farmers this is still a challenge. that
they ‘“haven’'t got a Farmers tend to agree.
particularly smaller dairy and mixed farmers who are
constrained by the size of arable land on which they can
spread manure. the condition of the often heavier soil. and
their own lack of experience ol nutrient budgeting. Given
these constraints they are less likely to seek out and develop
knowledge on the value of manure.

clue’.

7. Farmers® tacit knowledge of soil

7.1. Farmers’ tacit knowledge of soil in relation to soil best
mandagement practice

All the farmers interviewed had some knowledge of soils
in terms of their spatial heterogeneity. physical properties
and response under different cultivation practices. In
support of this an average of advisors 65% agreed that
farmers had a good knowledge and understanding of their
soils (Table 4). All farmers interviewed appear to have
some knowledge of how the soils differ in their fields in
terms of depth. texture and drainage, although the level of
detail they used varied. Farmers deseribed variation using
cither a local term, a textural (e.g. sandy. silty) or
geological reference. and in some cases a formal classifica-
tion. While some used vague terms such as ‘thick bits” and
‘thin bits™ others, notably those implementing reduced
tillage. knew their fields intimately, even to the point of
contesting the soil series map, and some held extensive
records of yield for different soil types.

All farmers interviewed also appear to have developed a
practical ‘working knowledge’ of their soils through regular
cultivation which enables them to judge its structure and
condition. Accordingly, soils were often described by
farmers in terms of their ease ol cultivation. with fterms
such as “light and easy” or “heavy' used. Some drew
relationships between soil texture, structure and soil
moisture, distinguishing heavier soils as having better
natural structure and better water retention but being
more difficult to plough. One farmer who practices reduced
tillage emphasised the significance of the weather lo these
properties:

The weather is so important. this land. my father taught
me. he said “the one thing that works this land is weather
and you will never force it’, and he was so right. Because
it is heavy land, vou have to cultivate dry or drill dry,
yvou can’'t do both wet and expect Lo gel a good crop
(Farmer Y).

In describing farmer knowledge of soil, lerms and
phrases such as ‘intuitive knowledge’, ‘being in tune with
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the soil’. or ‘understanding the soils’, which express a less
tangible form ol knowledge. were commonly used by
farmers and advisors, This [eel for soil is linked to their
central function on the farm. as one advisor remarked
“They [farmers] don't know necessarily about soils bur they
have an intuition about soils because that's their livelihood'.
Asgociated with this is the attachment some farmers have
lor soil, as one advisor commenting on farmers’ response
to soil erosion said *It's like loosing their birthright, furmers
hate to see the soil running off.” Those more knowledgeable
farmers described experience. long-term observation and
record keeping as contributing towards this intuitive or
tacit knowledge.

Some advisors and farmers however dispute that farmers
have any such attachment or intuitive knowledge of soil.
Farmers who consider themselves to be good soil managers
are very critical ol other [armers. for example, one (Farmer
L) said “They don't have any intuitive feel, no they don't. 1
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don't think they have the slightest interest, not the ones !
know anvivay!” A number of advisors also claim that
continued poor practice and abuse of soil is evidence of =
lack of such knowledge. In accordance with these senti-
ments. but in contrast to previous comments in favour of
farmers’ knowledge of their soils. an average of 54%,
advisors surveyed agreed that most farmers they advised
are not concerned with good agricultural practice for soil
management (Table 5) supporting one advisor’s view that
Farmers batile on regardless, not really working with soif
and the conditions'. Alse-an average 79% consider that soil
degradation is a problem in English agriculture (Table 6).
In support of this more than 55% advisors on average had
observed severe compaction, water erosion, capping and
poor drainage in the last two years which they attributed to
poor soil management (Fig. 1), although most respondents
stressed the localised and irregular nature of these
incidences with their occurrence often coincident with very

Table 4
Advisors’ responise to the question: To what extent do you ugree that most farmers you advise have 1 good knowledge and understanding ol sails on their
farm?
% of respondents within each advisor category Vi average
Conservilion DEFRA RDS Independent Distributor ADAS
dAgronomists AETONOMISLS
Agree 41 73 63 77 70 65
Neither agree nor disagree 50 27 22 23 30 in
Disagree 4 0 13 0 1] 5
No. of vulid respondents 32 =2 71 13 23 Tatal 161
Table 5
Advisors’ response Lo the question: 1o what extent do you agree that most farmers vou advise are not concerned with good agricultural practice for sail
management
% of respondents within each advisor category Yo average
Conservation DEFRA RDS Independent Distributor ADAS
AErononists Agronomists
Agree 28 39 70 HY 44 54
Neither agree nor disagree 30 4] 23 23 52 38
Disupree 22 ] 7 8 4 bt
No, af valid respondents 32 23 71 3 23 Total 161

Table 6
Advisors’ response 1o the question:

to what extent do you think soil degradation is a problem in English ugriculiure?

% of respondents withimn each advisor categary

" average

Conservation DEFRA RDS Independent Distributor ADAS
agronomists 4gronomists
No problem exists 0 (0 18 0 4 4
Do not know 0 17 17 25 26 17
Yes problem exists 100 83 65 73 70 79
No. of valid respondents 32 23 71 12 23 Total 161
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Fig. 1. Advisors response 1o the guestion: indicate the severity of any
ineidences of degradation, which you have observed in the course of your
work over the last 2 years which can be attributed Lo inuppropriate land
use or poor soil management?

wel conditions. Advisor observations and opinions will
¢learly be influenced by the type of client. his farming
system and soil type. however these figures do suggest thal
a large number of advisors drawn from a national sample
have concerns about soil management. and do concur with
interviewee comments.

7.2. Farmers' tacit knowledge of soil in relation to
cultivation

The nature and extent of tacit knowledge of soil can be
explored through farmers’ cultivation since these opera-
tions bring the farmer into direct sensual contact, through
sight, feel and smell. with the soil. Farmers and advisors
interviewed within the SMI project provide an interesting
view on the nature of this knowledge. There is universal
agreement amongst them that cultivation is a very skilled
activity. with important decisions needing to be made
aboul the timing. and the interval between subsequent
suceessive cultivations. as well as the choice of machine.
Poor cultivation decisions and practices are regarded by
the majority of advisors as the main reason for soil
structural degradation including compaction and surlace
capping which lead to crosion. This is attributed to lack of

thought, as one advisor said “My view is the level of

competence in terms of cultivation is not necessarily that
great hecause farmers don't think about what they are doing’.
More specifically farmers” lack of observation and exam-
mation of soil is blamed. Although there is thought to be
zn enormous amount of understanding of soil amongst
farmers the main problem. in the opinion of those advisors
mvolved with SMI. is that “they do not know how io
cxapnine their soil (o determine how much cultivation s
required’. This lack of inspection is compounded by the
oressures Lo get crops drilled, even when weather condi-
tions are unsuitable, coupled with the availability of very

powerful machinery, which compact the soil and cullivate
deeper than necessary:

It's one almighty rush. There is not enough kicking
plods, it’s more crash bang wallop and getting in before
the next job rather than thinking things through. They
only look at top. OK they will scuff in with their boot.
the surface where the seed is going, to make sure it’s in a
good condition, but what happens beyond there... they
have very rarely gone out and put a spade in the ground
and dug a hole to see what's happening (Farmer L).

For these that do have the time or the interest Lo inspect
soils, advisors consider that a further problem arises
because farmers are often ill equipped lo interpret what
they see. The farmers interviewed who had attended the
SM1 demonstration days agreed that they had limited
experience in inspecting the soil and benefited in particular
from this element of the demonstration event. Although
most of the time farmers are seen to get cultivations right.
advisors consider that when things go wrong they can
have quite a visible impact both agronomically and
environmentally:

In the days with horse and plough they knew it
intimately and couldn’t do much damage. now with
huge machinery they can do a lot of damage very
quickly before they have gained the experience, Even the
most in tune farmers can make those mistakes on a big
scale (Independent agronomist J).

This is verified by the advisors’ comments and survey
respondents’ observations of localised compaction and
water erosion (Fig. 1). Farmers themselves recognise the
problems brought by larger machinery. and the pressures
soils are under. as one (Farmer P) remarked “We have huge
tractors now and see the damage we are actually doing to the
soils’, There was a suggestion from a number of advisors
(nine out of 31) that farmers are more removed from the
soil than they used to be. With farms getting bigger, labour
a constraint, and the demands of paper work. farmers have
less opportunity to visit their fields, many leaving culliva-
tions to their tractor drivers and field walking to their
advisors:

No farmers don’t know their soils intimately, they’re
hopeless. The generation of [armer who knew their soil
are those that spent a lot of time in their fields walking
up and down but they don’t now, they haven't got time
for that nor the interest. (Independent agronomist DG).

The inference is that use of large machinery is threaten-
ing their knowledge of the soil since this technology
removes their physical and sensual contact with the soil,
obscuring any visible signs of problems with the subsoil,
which may have been detected earlier by someone on fool.
However. some farmers defend themselves against such
claims. suggesting that it is only on larger farms with hired
labour where this is a problem. as one (Farmer M)
remarked ‘It all depends how much you leave 1o your
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agronomist. A lot of farmers, myself included, still like to get
oitt there and walk acrosy the field’.

In contrast to the farmers described above who fail to
examine and understand their soils, three larmers inter-
viewed who have been practicing reduced tillage were
notable exceptions. Reduced tillage systems require close
and regular observation of the surface and subsoil
condition and demands a new understanding and aware-
ness of soil. As such these [armers demonstrate an
appreciation and an intimate knowledge of their soils.
One described his “awakening” in understanding the soil
through inspection and moving away from performing
operations through habit:

Speaking personally ten years ago 1 never even thought
about it. I didn’t look at the soil, I didn’t dig holes. [
didn’t look for earth worms. We would subsoil every
year before we planted oil seed rape and we wasted
thousands of pounds doing that and probably did more
harm than good because that was the thing you did, it
was habit (Farmer L).

These represent an interesting cohort of farmers who are
both knowledgeable about their soils and enthusiastic
about the methods they have discovered to manage them
sustainably. These farmers tend to be characterised not by
type of farm enterprise or farm size but by their
commitment and readiness to observe, experiment and
learn, which enables them to build up invaluable knowl-
edge over time.

This analysis presents a complex picture of farmers’ tacit
soil knowledge. Although the advisors surveyed largely
agree that farmers are knowledgeable about their own
soils, the majority also agree that farmers are not
concerned about soil. This might suggest that knowledge
of soil does not automatically qualify farmers to be
interested in its protection or husbandry or that other
factors prevent knowledgeable farmers from demonstrating
concern. Advisor interviews reflect this division of views
with some considering that farmers do have tacit knowl-
edge, describing them as being ‘in tune’ or having ‘intuitive
knowledge’ of soil, referring to it as their ‘livelihood™ or
their “birthright’ and others describing farmers as disin-
terested, not ‘in tune with'. ‘not working with the soil’ and
not knowing their soils intimately. Farmers themselves
tend to acknowledge that, when it comes to soil manage-
ment, as with any other aspect of farming. there are good
farmers and bad farmers. Evidence (rom farmer interviews

reveal that whilst all farmers could offer a description of

their soils. these were at different levels of detail, some
making very general and sometimes vague comments about
variable texture and ‘workability’. others demonstrating an
intimate knowledge. Many acknowledged that. although
they knew the spatial patterns of their soils. they lacked a
full understanding of soil particularly in relation to its
examination and cultivation and accepted that problems
occurred. none however accepted that they were ‘hopeless’
as suggested by some advisors.

Advisors considered that lack of intuitive knowledge
particularly concerning soil structure was demonstrated by
poor competence in cultivation and consequent soil
degradation. Clearly. the potential for farmers to damage
the soil using larger machinery is a recurring theme and this
is attributed to lack of inspection, and poor interpretation,
of soil and to the habit of carrying out degrading
operations without thinking about the consequences. The
loss of connection with the land and the pressure to
complete operations compounds the problem. Farmers
who have experience _of reduced (illage however do
demonstrate an appreciation of the soil brought about by
lcarning through examination, observation and monitor-
ing. They have a greater tacit knowledge and a detailed
understanding of how their soils behave under culiivation
and/or changing weather. These farmers are highly eritical
of other farmers’ lack of interest and degrading practices.

8. Discussion

This paper describes the views advisors and farmers hold
about the nature and extent of farmers’ soil knowledge in
England. Although the research cxposes sonic conflicting
opinions. both within and between the farmer and advisor
communities. there is a general consensus that. although
farmers are largely knowledgeable, many appear to lack
the in-depth scientific and tacit knowledge necessary lor
carrying oul more complex sustainable soil management
practices,

The survey results provided a general picture of the
extent of advisors’ views about farmer soil knowledge while
the advisor and farmer interview data elaborate on these
views in more depth. exploring the nature of this knowl-
edge in the context of the two projects. The advisors were a
valuable and informed source of comment for this
research. Their range of views reflect the diversity of
situations that they deal with, in terms of their clients, their
systems, environment and soil types. They also reflect their
own knowledge, standards and interpretations of what
constitutes degradation and good soil management. How-
ever, correspondence between the views of the dilTerent
types of advisors who responded (o the survey suggest that
advisors have a largely unified view about [armers’
knowledge. This is with the exception of conservation
advisors who are less involved in practical farming matters
on the farm and therefore arguably less aware.

Farmers interviewed as part of the SMI initiative
represent predominantly larger arable farmers from the
castern parts of the country who are seeking to understand
soil management in the context of reducing crop establish-
ment costs through reduced tillage techniques, The Land-
care farmers [rom the south-west have a more diverse
farming background and are looking for practices that will
lead to both reduced sediment and nutrient loss in response
to pressure [rom the Environment Agency. fisheries and the
local public. As such their interests differ. however some
commonalties have been revealed. Farmers [rom both
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projects are knowledgeable about their own soils however
they acknowledge that they are challenged by practices
such as managing manures and appropriate cultivations
which they recognise as very skilled activities. It is
particularly interesting to note that even within a sample
of self-selected farmers drawn from those who had
attended demonstrations, i.e. motivated individuals. the
majority in both projects accept that soil is still a resource
they do fully understand and indeed that is why they are
seeking knowledge about 1ts management.

The research has shown that the relationship between the
different knowledge [orms is complex and that scientific
knowledge relies considerably on tacit knowledge for
interpretation particularly at the level of local farm
implementation. Cultivation practices involve highly
skilled operations using technical and scientific knowledge
but this knowledge needs to be combined with local
knowledge of soil and weather conditions to be effective.
Similarly, experience is central to tacil knowledge and vet it
contributes to farmers bemg able to confidently apply
scientific knowledge as with nutrient budgeting. Results
sugeest that only by having a full complement of scientific
and tacit can farmers be fully ‘equipped’ to implement soil
best management practice. However, for both forms of
knowledge there 1s a sense that farmers have some
knowledge but not enough, they are ‘in tune but equally
...there is considerable ignorance’ or ‘they are aware of
aross errors of management but not aware of more subtle
things they can do” or “there is an enormous amount of
understanding about the soil but where farmers fall down is
they would not examine it". This highlights the fact that in
many cases farmers do not have sufficient in-depth
knowledge thal sustamnable soil management demands.
This lack of knowledge is considered by the majority of
advisors surveyed to be important in explaining poor
uptake of best soil management practices.

The potential for damage done by larger machinery and
poor cultivation decisions is a recurring theme. Back in the
1970s the Strutt report remarked that farmers’ lack of
knowledee of the composition of the subsoil was leading to
mistakes and to unjustified risk taking” (MAFF 1970), it
appears that this continues to be the case today as
machinery capable of damaging the soil structure is used
without sufficient thought given to the subsoil condition.
Because of the risks even the most “in tune’ farmers are
thought to be “very capable of making big mistakes'.

Failure to examine the condition of the soil prior to
cultivation 1§ seen as a major underlying cause of poor
cultivation decisions. Many farmers appear to no longer
have the time to walk their fields or inspect the soil and
inability to interprel what they see compounds the
problem. It has been argued that, before the advent of
the productivist era and associated technological evolution.
farmers usually had an intimate knowledge of their land
holding, its fertility and composition through practices of
rotation and ploughing, with local knowledge attuned to
the rhythms of nature and tied to the farm and the local

ecosystem, of which soil is a central component (Morgan
and Murdoch, 2000). The suggestion is that during the
intensification of UK agriculture in the period 19501980
this farmers” local knowledge base was replaced by
specialised and commodified agricultural inputs. This
research suggests that the farmers’ soil knowledge base
may also have been eroded throughout this transition: that
the use of hi-tech machinery, compounded by time and
labour constraints on the farm. has displaced the tradi-
tional relationship farmers had with their soil landscape.
Previously, ‘in the day with horse and plough they knew
the soil intimately” but ‘the generation of farmers who
knew their soil and spent a lot of time in their fields walking
up and down™ has been replaced by those who rarely walk
the farm and have lost connection with the land. This is
with the exception of those SMI farmers who. through the
practices of reduced tillage, are rediscovering the soil; they
are arguably forgetting the old habits of cultivating
without inspection and relearning how to examine and
interpret soil conditions, processes that Morgan and
Murdoch (2000) claim are necessary Lo acquire knowledge
for sustainable farming. This analysis of course is based on
advisors views and, although accepted by some [armers
interviewed. was contested by others who claim to walk
their fields regularly. However the prospects for UK
agriculture, with continued reduction in farm income
support, declining crop prices and consequent re-structur-
ing and adjustment, mean that farmers will have less
resources. time and labour to address soil management
matters. They are also more likely. in striving for efficient
systems. Lo use larger machines or employ contractors to
undertake their operations. thereby diminishing their
connection with the land even further (GFA-RACE and
[EEP. 2003).

In conclusion, there is evidence of some farmers being
well equipped Lo carry oul suslainable soil management;
however, some areas will have to be significantly enhanced
and standardised to meet the new policy challenges.
specifically improvement of the “know-why' clement of
scientific knowledge. relating poor management practice
to consequences, and improvement ol the ‘know-how
element of tacit knowledge that enables farmers to examine
soil and interpret what they see. Achieving these improve-
ments will require different approaches. Enhancing scien-
tific knowledge requires explanation through training and
demonstration, as provided by the new BASIS certificate in
soil and water management offered o larmers (Farmers
Weekly. 2004b), publications (Defra, 2005), and work-
shops and demonstration events. such as those offered by
SMI and Landcare. Enhancing tacil knowledge requires
farmers to learn through practice. Practical demonstrations
are a popular method for showing [armers how Lo examine
and interpret soil condition: however, this research has
revealed the value of experience gained on-farm. Although
this has to be an individual endeavour it could be
facilitated by competent practitioners. This research has
shown that individuals within the farming and advisory
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communities are well informed. concerned and knowledge-
able about seil and as such could support on-farm learning
either through farmer discussion groups or one to one
advice. Ultimately. farmers need to be encouraged to
allend training courses and demonstrations, to seek
assistance from advisers and to learn for themselves.
Policy demands will provide an impetus for some while the
cosl savings offered by practices such as reduced tillage and
managing manure will provide incentives for others who
are searching for ways of surviving in a competitive
industry (UK SMI, 2002: Defra. 2004d: Environment
Agency. 2005). Enthuswastic farmers, such as those
practising reduced tillage, also have a role to play as
‘champions’ or “influencers’ of good soil management
within the farming community.

It has long been recognised that farmers need new skills
Lo take on the new demands of sustainable agriculture but
little has been known about seil, this research has gone
somie way to address this gap in the English context. 1t will
be important to build on this research in the future by
consulting a larger sample of farmers to elaborate further
the extent and nature of their knowledge about soil and to
inform policy by identifying constraints and opportunities
for improving this knowledge.
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Abstract

The disposal of manure on agricultural land has caused walter quality concerns in many rural waltersheds. sometimes requiring state
cnvironmental agencies o conduet total maximum daily load (TMDL) assessments of stream nutrients. such as nitrogen (N) and
phosphorus (P). A best management practice (BMP) has been developed in response to a TMDL that mandates a 50% reduetion of
annual P load to the North Bosque River (NBR) in central Texas. This BMP exports composted dairy manure P through turfgrass sod
fromi the NBR watershed to urban watersheds, The manure-grown sod releases P slowly and would not require additional P fertilizer for
up to 20 years in the receiving watershed. This would eliminate P application to the sod and improve the water quality of urban streams,
The soil and water assessment tool (SWAT) was used to model a typical suburban watershed that would receive the sod grown with
composted dairy manure to assess water quality changes due to this BMP. The SWAT model was calibrated to simulate historical flow
and estimated sediment and nutrient loading to Mary’s Creek near Fort Warth, Texas. The total P stream loading to Mary's Creek was
lower when manure-grown sod was transplanted instead of sod grown with inorganic fertilizers, Flow, sediment and total N vield were
the same or both cases at the watershed outlet. The SWAT simulations indicated that the turfgrass BMP can be used effectively (o

import manure P into an urban watershed and reduce in-stream P levels when compared to sod grown with inorganic fertilizers.

i 2007 Elsevier Lid. All rights reserved,

Keywords: Munure; BMPs: Urban water quality: Nutrient export: Phosphorus: Turfgrass: Wa tershed modeling: SWAT: TMDL

1. Introduction

In 2001. the Texas Commission on Environmental
Quality (TCEQ) and the United States Environmental
Protection Agency (USEPA) approved the recommenda-
tions of two separate total maximum daily load (TMDL)
assessments that sugegested a 50% reduction of soluble
reactive phosphorus (SRP) to seetions of the North Bosque
River in central Texas. One ol these sections, at the
headwaters of the North Bosque River. is known as
the Upper North Bosque River (UNBR) watershed. The
UNBR walershed is located in Erath County, the largest
milk producing county in the State of Texas (USDA-ARS.
2003). The number of dairies in the watershed constantly

g(_‘ormspond:‘ng author. Tel.: F1'970847:8703: fax: + 1979847 8627.
E-mail adefress: c-munstera tamnedu (C.L. Munster).

O301-4797% - see Itont matter © 2007 Elsevier Lid, All nghts reserved.
doi 101016/ jenvman 2006, 12030

changes as a function of feed costs and milk prices (Hauck,
2002). but approximately R0 active dairies and 40000
cows were distributed throughout the watershed in 2002
(Munster et al., 2004).

McFarland and Hauck (1999) demonstrated that the
largest phosphorus (P) loadings 1o the North Bosque River
originated from dairy waste application fields (WAFs). In
response to the TMDL recommendations. the State of
Texas subsidized manure composting facilities in the
UNBR watershed in order to move approximately 50%
of the manure off of the dairies (TCEQ. 2003) and reduce
the cost of exporting the nutrients out of the watershed. In
September 2000, the TCEQ and the Texas State Soil and
Water Conservation Board (TSSWCB) began subsidizing
the transport of fresh manure from dairies to the
composting facilities located in the UNBR and the Leon
River watersheds (TCEQ, 2003). This compost has been



230 CoE Richardy et gl ) Journal of Environmental Management 86 12008 ) 220245

uscd by the Texas Department of Transportation (TxDOT)
to stabilize roadside embankments at construction sites
(TCEQ. 2003) and by the Texas Water Resources Institute
(TWRI) in cooperation with the US Army to revegetate
areas of the Fort Hood Western Training Grounds
(TWRI, 2004a). However., new markets that do not
require subsidies are needed Lo utilize the approximately
150,000 m” of surplus compost currently available in the
watershed (TCEQ, 2003: TWRI. 2004b).

The UNBR TMDL implementation plan states that
“land application remains one of the best and most
appropriate methods for dealing with large amounts ol
animal wastes” (TCEQ. 2002). Successful land application
is achieved when nutrient transport into surface waters is
minimized (TCEQ, 2002) and crop nutrient uptake is
maximized so that a large percentage of the applied
nutrients can be harvested and exported. The suggested
turfgrass sod BMP utilizes P in the composted dairy
manwre to grow turfgrass al proposed sod larms in the
UNBR watershed. The top-dressed (surfuce applied)
manure-grown sod would be harvested an average of 1.5
times per year and cach harvest would remove the sod. the
composted dairy manure and a thin layer of topsoil. The
sod and topsail would be exported out of the UNBR
watershed to suburban developments in nearby walter-
sheds. The value of the turfgrass sod would allow growers
Lo transport the manure nutrients from the dairies to the
turfgrass ficlds and ultimately out of the UNBR watershed.
This turfgrass sod BMP has the potential to eliminate the
nced for state subsidies to move excess manure from
impaired watersheds (Hanzlik et al., 2004).

Turfgrass produced with top-dressed composted dairy
manure can be sold at a premium because of its unique
properties, including accelerated establishment rate and
increased cation exchange capacity, aggregation, organic
maltter. and water holding capacity of the soil (Murray.
1981). Therefore, the increased amount of manure P and
organic matter adds value to the manure-grown sod.
Import of manure P in sod can eliminate applications of
inorganic P fertilizer for establishment and for annual turf
maintenance. Previous studies indicaled sod transplanted
from fields supplied with 190 kg P/ha of manure P raised
soil-test P at the receiving site to 130 me P/kg soil (Vietor
et al., 2004). If return of clippings and the dense plant
population in the sod laver minimizes annual loss of
nutrients after transplanting (Kopp and Guillard, 2002:
Kussow. 2004), soil-test P can remain above turl P
sufficiency levels for 10-15 years (Carrow et al., 2001). In
addition, import of manure P with sod over time could
alleviate regulatory constraints similar to partial P fertilizer
bans in Minnesota (MAWD, 2003).

Although turfgrass sod is not produced in the UNBR
watershed at this time, approximately 3219 ha of suitable
sites were identified in Erath County (Munster et al.. 2004),
In addition, the market for turfgrass sod is expanding in
the Dallas/Fort Worth (DFW) metroplex. which is only
160 km from the UNBR watershed (Hall. 1999). Currently.

the DFW metroplex purchases and hauls about 60% of
transplanted sod [rom distant Jocations, including the
Texas Gull' Coast and Oklahoma (Munster et al.. 2004).
The proximity of this growing urban market, which is
connected to the UNBR watershed by major roads.
favored the expansion of dairy production in the UNRBR
watershed in the 1980s and 1990s. Munster ¢t al, (2004)
estimated approximately 396440kg P/year could be
exported from Erath County alone il manure was applied
at a rate of 200 kg/ha to turfgrass production sites totaling
2643 ha. .

Vietor et al. (2004) demonstrated that sod erown wilh
lop-dressed manure P can be transplanted without
increasing runoll losses of total dissolved P (TDP) when
compared to transplanted turfgrass sod fertilized with
inorganic P. It was also demonstrated that losses of TDP
and total Kjeldahl N (TKN) from turfgrass top-dressed
with manure or inorganic fertilizer can approach three
times that lost from sod transplanted [rom fields where
composted dairy manure was apphed (Vietor et al.. 2004).
However, the impact of importing this turfgrass sod
containing manure nutrients on water quality needs to be
evaluated lor suburban waltersheds.

Bednarz and Srinivasan (2002) simulated the impact of
suburban development on flow and sediment yield at the
outlet ol a suburban stream named Mary's Creek near Fori
Waorth, Texas. The study predicted increases in flow and
sediment yield for Mary’s Creek after the construction of 4
proposed development named Walsh Ranch through
simulations of & hydrologic model known as the Soil and
Water Assessment Tool (SWAT) (Neitsch et al.. 2002).

Limited streamflow, sediment and nutrient data were
available for Mary's Creek. A USGS gauging station
located at the outlet of Mary’s Creek provided historic
streamflow data (rom 1998 to 2002 for model calibration.
Moreover. Bednarz and Srinivasan (2002) successfully used
this streamflow data for SWAT model simulations of
sediment transport. However. previous modeling studies
have simulated effects of changes in land management
without calibrating the watershed model to measured data
(He. 2003: Santhi et al., 2003: Tripathi ¢t al,, 2004). In
addition, techniques are available for estimating sediment
and nutrient loads needed for calibration of watershed
models. Tripathi et al. (2003) utilized a pre-calibrated and
validated SWAT model to identily critical sub-watersheds
to aid in the development of cffective management plans in
India. Chen et al. (2000) used crop yields and experimental
field data to calibrate sediment and nutrient loads in the
Environmental Policy Integrated Climate Model or Ero-
sion Productivity Impact Caleulator (EPIC) (Williams
et al.. 1984). Land cover and surface flow were considered
the predominant control factors in simulations of sediment
and nutrient export from the watershed. Wickham and
Wade (2002) similarly demonstrated that land use was 2
major factor in N and P transport and loss in surface
walters. For the Walsh Ranch study, a technique proposed
by Bhuyan et al. (2003) was used to calibrate the SWAT
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model. This technique separates nutrient and sediment
losses into stormflow and baseflow losses.

In this study. the SWAT simulations were used to predict
nutrient transport responses to two turferass import
treatments on the Walsh Ranch development. The first
treatment was sod (ransplanted from fields where inorganic
fertilizer was applied. The second treatment was turfgrass
transplanted from fields where composted dairy manure
was applied.

The primary objective of this paper was to assess waler
quality changes in a suburban watershed due to a turfgrass
BMP that imports sod transplanted from turfgrass fields
where lop-dressed composted dairy manure was applied.
This assessment used field data from turfgrass sod field
research and the SWAT hydrologic simulation model to

Table |

The land-use dist