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Chapter 4 

IMPACT OF DEVEMPMENT A C T I V I T I E S  ON THE HYDROIDGIC CYCLE 

4 . 1  CfIANGES I N  THE HYDROLOGICAL DATA 
The long-term geomorphological development has formed s t a b l e ,  but seasonal ly  

var iab le  conditions f o r  the l i f e  of typ ica l  ecosystems i n  d i f f e r e n t  p a r t s  of the 
na tura l  environment. A family of these s t a b i l i z e d ,  l o c a l  ecosystems forms the  
regional  ecosystem, which i s  c h a r a c t e r i s t i c  f o r  t h e  relevant  landscape and c l i -  
matological condi t ions.  

Inputs t o  and outputs  from the  ecosystem a r e  moved by the hydrologic cycle. 
This cyc le  a l s o  serves a s  the pr inc ipa l  vehicle  of mtter and energy i n s i d e  the 
ecosystem. The s e t  of l i n k s  of the hydrologic cyc le ,  inf luencing the l i f e  and 
development of ecosystems, is  formed by the  hydrometeorological regime, which is 
character ised mainly by p r e c i p i t a t i o n ,  water  qi ia l i ty ,  groundwater t a b l e ,  runoff ,  
i c e  and sediment d r i f t  d a t a ,  temperature and sunshine. 

Human a c t i v i t i e s  which take p lace  i n  the  framework of the  na tura l  environment 
inf luence the d i f f e r e n t  components of t h i s  svstem. I f  t h i s  inf luence 
d i f f e r e n t  components of the ecosystem does not  exceed the l i m i t s  of thP homeo- 
s t a s i s  of  the  system, the  system i s  a b l e  t o  achieve the o r i g i n a l  equilibrium 
again i n  the  l o n r t e r m .  But o f t e n  human a c t i v i t i e s  a l s o  inf luence the s t ructr i re  
of the  system. These s t r u c t u r a l  changes, above a l l  the  change i n  the  water re- 
gime (water q u a l i t y ,  runoff ,  groundwater tzible, i c e  and sediment d r i f t ) ,  r e s u l t  
i n  sudden o r  long-term negat ive changes, i . e .  i n  the degradation of l o c a l  o r  
regional ecosystems. 

on the 

The e f f e c t s  of human a c t i v i t i e s  on the hydrologic cycle  can be dis t inguished 
a s  

(a )  purposeful ,  i . e .  requested consequences of water development p r o j e c t s  
and measures, 

(b)  non-requested, i .e .  the  secondary e f f e c t s  of  a c t i v i t i e s  which have 
another piirpose o r  unintent ional  e f f e c t s .  

Both these e f f e c t s  can be e i t h e r  des i rab le  o r  undesirable .  Because of the  a s  
y e t  uncoordinated economic development on a global s c a l e ,  the undesirable e f f e c t s  
o f t e n  p r e v a i l .  The e f f e c t s  of human a c t i v i t i e s  cause a change i n  both the quan- 
t i t a t i v e  and the q u a l i t a t i v e  aspec ts  of t h e  hydrologic cycle. The quant i ta t ive  
and q u a l i t a t i v e  aspec ts  a r e  mutually interconnected. A change i n  the volume of 
water i n  one process of the hydrologic cycle r e s u l t s  i n  a change i n  the concen- 
t r a t i o n  of  dissolved and suspended matter  as wel l ,  i . e .  i n  the water q u a l i t y .  
Chanpes i n  water  q u a l i t y  inf luence the  course of  these hydrological processes 
(water po l lu t ion  decreases the  i n f i l t r a t i o n  and evaporation rate e t c . )  ~ thus 
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TABLE 4.1 

Phenomenon Remrks 
Sirrpli f ied equation 

Influenced factors  and causes of 
t he i r  change 

k - changes i n  energy balance 
changes i n  the quantity of C 

Rain fa 11 k - coef f ic ien t  of 

P = k  . E  condensation nuclei 
condensation 

E - evaporation changes i n  a i r  motion 
E 

C 

- see  evaporation and evapo- 
t ranspi ra t ion  

Intercept ion P - ef fec t ive  r a i n f a l l  I,T,S,D - by changes i n  the land 
surface and i n  the vege- 

I = P - P  S - stemflow t a t i v e  canopy and l i t ter  
P = R + S - I2 

Te - throughfall 

I2 - l i t t e r  intercept ion e 

loss 

Depression and k - detention kd - changes i n  the  land surface 
detent ion s torage coef f ic ien t  construction of channels and 

reservoi rs ,  surface drainage D = k d . A  A - area surface A - changes in  the  area surface 

I n f i l t r a t i o n  vf - actual  i n f i l t r a t i o n  S - changes i n  the  hydraulic con- 
1 v = -- . S . t f 2  

- $  S - so rp t iv i ty  duc t iv i ty  and i n  o ther  s o i l  
v , ~  - constant i n f i l  t ra-  

t ion  r a t e  m i s t u r e  content and in  the 
t - t i m e  from the beginn- overland flow depth 

ing of the process 

propert ies  including the + v,< 

vk - Changes i n  permeability 

Subsurface runoff k '  - coef f ic ien t  of t h e  I - by changes i n  the head 
C = A . v f  
vf = k f  . g r a d y  
vf = kfl .  I 

unsaturated flow 
kf - coef f ic ien t  of hyd- 

r a u l i c  conductivity 

resu l t ing  from water with- 
drawals, i r r i ga t ion  g 1  

"Y - s o i l  water po ten t ia l  kf - by clogging e t c .  

Evaporation and 
evapotranspiration land surface including canopy 
ET = kx . EbJ 

kx - coef f ic ien t  of the 

- evaporation from 
f r ee  water surface 

kx - changes i n  the land surface 

Overland flow K - coef f ic ien t  of K - chances i n  the land roughness 
r a i n f a l l  i n t ens i ty ,  and slope 

Qs = K . H" slope and roughness m - resu l t ing  changes in  the flow 
H - depth of flow H - resu l t ing  changes in  the flow 
m - coef f ic ien t  of flow depth 

Concentrated R - hydraulic radius v l ,  v2,R,k,&- change i n  the chan- 
surface ninof f L - length of the stream nel cross sect ion 
Qr = A . vs s t r e t c h  L - changes i n  the length of the 

R +  channel roughness n - changes i n  the channel 
2 n - coef f ic ien t  of channel s t r e t ch  

h - difference i n  water roughness 

k - reduction coef f ic ien t  

v s = - *  
tables  

w n  
% 

.[ZgAh+k(vt - v;)] 

Hydrological processes and fac tors  of t h e i r  equations, influences of human 
a c t i v i t i e s .  



264 

inf luencing the re levant  quant i ty  of water (Tab.4. l ) .  
The q u a n t i t a t i v e  inf luence on the course of the hydrologic cycle  is a resul t  

of 

( a )  an acce lera t ion ,  extension o r  f a c i l i t a t i o n  of any process of the hydro- 
log ic  cycle  i n  the p a r t i c u l a r  space, 

( b )  a r e t a r d a t i o n ,  l i m i t a t i o n ,  suppression o r  discont inuat ion of any of the 
hydrologic processes i n  the p a r t i c u l a r  space. 

Such an extension o r  suppression r e s u l t s  i n  the absorpt ion o r  re lease  of 

energy, thus inf luencing the course of  o ther  hydrological processes i n  s i t u  and/ 
o r  i n  another a f fec ted  space. 

The q u a l i t a t i v e  inf luence on the course of the hydrologic cycle  is  a r e s u l t  
of 

( a )  an increase o r  decrease i n  the compounds of the hydrologic cycle ,  which 
have a l s o  previously been i t s  na tura l  component, 

(b)  the in t roduct ion  of such new elements and compounds i n t o  the cycle  and 
a contingent increase of t h e i r  content  i n  t h e  cycle .  

These compounds o r  elements may become 

(a, an enduring o r  temporary accessory component of a l l  the processes of the 
hydrologic cyc le ,  t h e i r  content  being thinned o r  decomposed during these pro- 
cesses ,  

(b)  an enduring component of water resources ,  the a i r  mass o r  the l i v i n g  
m t t e r ,  t h e i r  content  beinp gradual ly  accumulated. 

The change i n  any value of the hydrological d a t a ,  including the change i n  
water q u a l i t y  i n d i c a t o r s ,  can be expressed by the equation 

91 = 

qo - 

4 1  - 

(4 .1)  
3 m3 s-l -3 A k  (m ) . , m.a .s . l . ,  g.m ) qo + k=l  

the na tura l  value of  any parameter of the hydrologic cycle  not  influenced 
by human activities 
the a c t u a l  value of the hydrometeorological parameter influenced by human 
a c t i v i t i e s  

A1, An - increments/decrements a r i s i n g  from d i f f e r e n t  human a c t i v i t i e s  
1, 2 ,  ......., n 

I t  i s  r a t h e r  d i f f i c u l t  to  determine the exact values of these increments o r  
decrements. They can be separa te ly  measured o r  assessed by some mathematical 
method, o r  by modelling i n  exceptional cases only. They are provoked by many 
f a c t o r s ,  whose inf luence is long-term, v a r i a b l e  and sometimes a l s o  e r r a t i c .  
"heir i n t e r p l a y  is extremely d i f f i c u l t  t o  follow up i n  d e t a i l  and appears to  be 
s t o c h a s t i c .  Their  usual determination is therefore  based on a comparison of the 
na tura l  and transformed values 

k=l rLl- - q 1  - qo (m, m'.s-l, m.a.s. l . ,  g.m -3 1 (4 .2)  
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The increments/decrements have to be assessed by 
methods of water balance 
research on experimental r i ve r  basins 
methods of hydrological analogy 
s t a t i s t i c a l  methods 
mathematical or physical modelling 
comparing data of the a f fec ted  and non-affected period 
comparing data  of the a f fec ted  and non-affected s imi la r  catchment 

4.2 CHANGES I N  THE HYDROLOGICAL BAIANCE 
To ascer ta in  the quant i ta t ive  e f f ec t s  of h m n  a c t i v i t i e s  on the hydrolopic 

question in to  elements cycle ,  i t  appears prac t icable  to  subdivide the area i n  
which correspond to ,  f o r  example, re levant  sub-catchments and to  separate  the 
atmospheric and l i thospher ic  branch of the hydrologic cycle (Fig. 4.1.) .  

Qn 

G n  Gn-1 

Fig. 4.1. Schematic representat ion of the atmospheric (a) and t e r r e s t r i a l  (b) 
branch of the water cycle: A - input and output of water vapour, P - precipi- 
t a t ion ,  E - evapotranspiration, Q - surface water discharge, G - groundwater 
discharge, A G, A E  - storage,  Cn - water consumption 

Elements of the hydrological balance which represent  the deep percolation and 
s torage i n  f lora  and fauna can be omitted to simplify the problem. Bearing th i s  
i n  mind, t h e  hydrologica1 balance in the atmospheric branch of the hydrologic 
cycle can be modelled by the equation 

An-1 + En = An + Pn + AEn 

Pn - E = - E  + A  

Pn - 

En - evaporation i n  the element n 

n n n-1 - *n 

v e r t i c a l  and horizontal  p rec ip i ta t ion  in  the element n 

( 4 . 3 )  
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AF, 

h-l - water vapour input  of the element n 

A, 

- increment i n  the water vapour content i n  the atmosphere of the element n 

- water vapour output of the element n .  

The balance of the l i thospheric  branch of the hydrologic cycle can be expre- 
ssed as follows: 

Pn + Qn-1 + Gn-1 En + Qn + Gn +ACm + C& 

Q,-l - surface water inflow 

Qn - surface water outflow 

&-1 - groundwater inflow 

C, - groundwater outflow 

AG, - increment o r  decrement i n  the groundwater content 

C, - water consumption inside the area i n  question 

(4.4) 

Depending on the hydrological conditions, the terms of the  equation 4.4 Cm-l 

and Gn, which express the groundwater inflow and outflow, can be omitted because 
the i r  difference is not  important. The water consumption G, 

omitted, being mainly the component of the evaporation G. 
equation 4.4 can be s implif ied to  

may a l so  of ten be 
I n  th i s  way, the 

(4.5) 

Analysing a long-term period, the  increment i n  the  groundwater storage does 
not  change: I n  th i s  way 

This equation, expressed f o r  the overa l l  catchment a rea ,  can be expressed very 
s imp 1 y : 

(4 .7)  

because i n  th i s  case Qn-l = 0. 

The exact  average value of the evaporation (and a l s o  of the s o i l  moisture) 
cannot be measured and evaluated d i r ec t ly ,  because i t  changes considerably 
during the day and from place t o  place.  They can therefore be derived from the 
long-term average values of prec ip i ta t ion  and surface flow, which a r e  measured 
da i ly  and a r e  r e l i ab le  enough. 

The equations of the hydrological balance make i t  possible ,  therefore ,  to  
check the r e l i a b i l i t y  and accuracy of the cha rac t e r i s t i c  averages of the hydro- 
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logical  parameters. 
Connecting the equations 4.3 and 4 . 5  i t  follows that 

and for  a closed catchment area 

Gn = -En + An-1 + An - Qn ( 4 . 9 )  

Rearing in  mind the s t ab lp  water content i n  the l i thosphere and atmosphere 
over waste areas  i n  the long-term, the d i r e c t  r e l a t ion  of the long-term averaEes 
fo r  a b ig  catchment i s  

Under these conditions, which a r e  not  appl icable  f o r  short-term da ta ,  the 
s o i l  water increment equals the decrease i n  the  humidity in  the atmosphere and 
vice-versa. 

Analysing the above equations, the following conditional conclusions can be 
derived f o r  large catchments: 

( a )  As a r e s u l t  of an increase in  the outflow from the catchment, the water 
vapour outcome is decreased, causing a decrease i n  the probabi l i ty  of precipi- 
t a t ion  occurrence in  the area a f fec ted ,  whose pos i t ion  depends on the d i rec t ion  
of the prevai l ing a i r  mss movement. A decrease i n  the water outflow causes an 
increase in  the mentioned probabi l i ty  (Eq. 4.10). 

(b)  As a r e su l t  of an increase i n  evaporation i n  the catchment, the proba- 
b i l i t y  of prec ip i ta t ion  occurrence in  th i s  catchment i s  increased, a s  f a r  a s  
the conditions f o r  i t s  condensation have not changed, i . e .  the increase i n  
evaporation does not  necessar i ly  lead t o  a decrease i n  outflow (Eq.4.7). 

An increase i n  outflow decreases the average prec ip i ta t ion  of the area 
in  question. A decrease i n  outflow increases the probabi l i ty  of i ts  occurrence. 

Equations of the hydrological balance make it  possible  to  define a l o t  of 
s imi la r  conditioned re la t ions ,  but the r e su l t i ng  hydrome teorological s i tua t ion  
a l s o  depends on the influence of the  neighbouring areas .  

The fac tors  AE - the  increment i n  water vapour i n  the atmosphere - and AG - 

the increment i n  the s o i l  and groundwater - a c t  a s  regulators .  The increase in  
the vapour content of the a i r  leads to i ts  oversaturation. The increase i n  the 
water contentof  reservoirs  and s o i l  may have the same r e s u l t  when the supply 
of energy enables an increase i n  evaporation. 

balance alone. They a r e  a l s o  determined by the basic  laws of physics. An analysis  
of the quant i ta t ive  influence of man on the hydrologic cycle  has to be based on 
the equations of the relevant  hydrological processes and on changes in  the 
relevant  en t ry  data (Tab. 4.1). 

( c )  

Changes i n  the hydrologic cycle do not ,  therefore ,  depend on the hydrological 
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Fig.  4 .2 .  Basic i n t e r r e l a t i o n s h i p s  of the main processes i n  the atmospheric, 
l i t h o  (and pedo)spheric and hydrospheric system 

The changes which inf luence the elements of the  hydrologic cycle  can be cate- 
gorized i n t o  mutually interconnected 

(a) 
(b)  
(c) 
The changes i n  the E a r t h ' s  sur face  - a s  the consequences of c lear ing ,  agr i -  

c u l t u r a l  production, urbanizat ion,  i n d u s t r i a l i z a t i o n  and t ranspor t  - influence 
the d i s t r i b u t i o n  of the  volume of water among the d i f f e r e n t  processes of the 
hydrologic cycle: in te rcept ion ,  depression and de ten t ion  s torage ,  evaporation, 
i n f i l t r a t i o n ,  groundwater runoff ,  dispersed and concentrated surface runoff .  
They a l s o  inf luence t h e i r  i n t e n s i t y  and pace. 

changes i n  the E a r t h ' s  sur face ,  
changes i n  the energe t ic  balance, 
changes inf luencing the process of p r e c i p i t a t i o n  ( F i g . l . 2 ) .  

The changes i n  the  enerpy balance a s  a r e s u l t  of human a c t i v i t i e s  occur with- 
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i n  the framework of the natural  processes, whose in tens i ty  i s  enormoiis. In  the 
pas t  there have been 
g lac ia l  years about every 100,000 years .  Inter-glacial  periods have been rela- 
t ive ly  shor te r ,  l a s t ing  some 10,000 years .  The present epoque seems to s t a r t  i n  
next g lac ia l  period. The average global temperature is  a t  present  + 14.8OC. 

Man's a c t i v i t i e s  increase the energy input i n to  the atmosphere through 

(a )  

f a i r l y  regular t rans i t ions  between warm i n t e r g l a c i a l  and 

the increasing hothouse e f f ec t  of the  atmosphere as  a r e s u l t  of the 
increasinp quant i ty  of carbon dioxide i n  the a i r  and through pol lut ion of the 
a i r  by other  gases and aerosols ,  

(b) the hea t  production (Tab. 4 .2) .  

TABLE 4.2 

Mankind ' Time E s t i m t e  of Relevant Rate of change 
influence period the increment surface towards the end 

temperature of the time 
increment period 

OC ('C/decade) 

Carbon dioxide 2000 AD + 25% +0.5 to  2 0.2 to 0.8 
content of the 2050 AD + 100% +1.5 to 6 0.3 to 1.2 
a thmosphere 

Adding chloroflu- 2000 AD 0.8 ppbv +0.1 t o  0.4 0.04 to 0.2 
orocarbons to the 2050 Ad 2.5 ppbv 0.25 to  1 0.02 to 0.1 
troposphere 

~~ ~ ~ 

Nitrous oxide N 2 0  2050 AD + 100% 0.25 to 1 0.02 to 0 .1  
content of the 
a thosphere  

Direct  addi t ion 2100 AD 50-fold 0.5 t o  2 0.05 t o  0.2 
of heat  increase 

Adding aerosols ,  ? ? ? 

pat terns  of land use 
? 

+ 1.2 + 0.5 
changes 2050 AD + 4.0 + 0.7 

Total expected 2000 AD - 

S m r y  of anthropogenetic influences on the global mean surface temperature 
according to Kellogg (1977). 

The changes i n  the energy balance a r e  interconnected with a i r  mss movement. 
They influence not only the evaporation r a t e ,  but a l s o  the water vapour con- 
densation. During th i s  second process, the l a t en t  hea t  of vaporization/fusion 
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is released . Thus, precipitation is conditioned not  only by the presence of 
condensation nuc le i ,  but  a l s o  by the t ransfer  of t h i s  l a t e n t  hea t  to other  a i r  
masses. 

The changes i n  the energy input a l s o  depend on changes on the Ear th ' s  surface. 
Changes i n  the so l a r  radiat ion absorbed by the surface have an e f f ec t  on the heat  
balance, a s  w e l l  a s  on the loca l  climate. They a r e  completely heterogeneous, a s  
a r e  the i r  consequences, too, resu l t ing  from the influence of other  fac tors .  

TABLE 4.3 

Land surface Albedo ( X )  Land surface Albedo (%) 

Snow: fresh 85 Forest  : 
old 70 deciduous i n  autumn 33-38 

me1 t ing  30-65 i n  spring 16-27 

Water (depending on the oak in  spr ing & summer 18 

angle of incidence ) 2-78 pine fo re s t  6-19 

Soi l  and rocks: 

Chalk and limestone (white) 45 

16-30 Granit and s imi la r  rocks 12-18 

Sil iceous sand(white,yellow) green 8-27 

spruce 14 

f i r  10 

Grassland: 

dry 

dry 
w e t  

34-25 Fields : 
29 Cereals(depending on ripeness) 10-25 

Clay dry 29-3 1 ploughed dry 12-20 

w e t  16 ploughed w e t  5-14 

Albedo, the coef f ic ien t  of the ref lectance of so la r  ene rw according to Lamb 
(1972). 

An increase in  the surface m i s t u r e  and a change in  the colour of the ea r th ' s  
surface from br ight  t o  dark, fo r  example, causes a decrease i n  the albedo (Tab. 
4.3). Flooding m y  cause by i t s  water table  an increase i n  the albedo, depending 
on the angle of dip of the hea t  rays. Agricul tural  a c t i v i t i e s  influence the 
albedo not  only through the type of p lan t ,  but a l so  through relevant  agr icu l tura l  
p rac t ices .  Thus, wan's a c t i v i t i e s  both increase and decrease the value of the 
albedo. The chain of consequences (Fig.4.4) depends on many loca l  fac tors ,  while 
the r e su l t i ng  consequences may be qu i t e  d i f f e ren t .  I n  the case of t he i r  important 
influence on the heat  balance of the Earth, they m y  even cause important changes 
in  d i s t a n t  a reas .  

The th i rd  category of changes t o  a f f e c t  the hydrologic cycle includes factors  
which d i r ec t ly  influence the process of prec ip i ta t ion ,  such a s :  
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( a )  changes i n  the s o i l  and a i r  humidity, 

(b) a r i s e  in  the number of condensation nuclei ,  resu l t ing  i n  increased 
prec ip i ta t ion  in  the d i rec t ion  of the a i r  mass movement from the entry of the 
pol lut ion,  

( c )  radioact ive elements (Krypton K r ,  T r i t i u m  T r ,  Radon Rn and other  products 
of Uranium U ) ,  enter ing the atmosphere no t  only a s  a r e s u l t  of the generation of 
nuclear power and enriching the nuclear fue l ,  bu t  a l s o  through the incomplete 
combustion of l owqua l i ty  coal. 

An ionizat ion of the mentioned elements increases the e l e c t r i c a l  conductivity 
of the a m s p h e r e ,  decreasing i ts  e l e c t r i c a l  charge. Rain can occur under a 
s t rong e l e c t r i c a l  char* of clouds only. The occurrence of radioact ive gases in  
the atmosphere decreases the probabi l i ty  of r a in  occurrence and its in tens i ty .  

The e f f ec t  of the mentioned fac tors  m y  a l so  be contradictory: the a i r  pollu- 
t ion aggravates the condensation of the water vapour by increasing i ts  tempera- 
tu re ,  but  simultaneously forms the condensation nuclei  which f a c i l i t a t e  t h i s  
process. Owing to  these complicated relat ionships  and feedbacks, the course of 
hydrological processes and the influence of anthropogenetic fac tors  a r e  remrk- 
ably s tochas t ic :  Different  consequences correspond t o  ident ica l  causes, each of 
them having a d i f f e ren t  probabi l i ty  of occurrence, depending on the influence of 
the o ther  elements of the system. 

4.3 INFLUENCE OF FORESTRY AND AGRICULTURE 
Vegetative canopy a s  a component of  t he  s t ruc tu re  of the hydrologic system 

influences the ava i l ab i l i t y  of water resources and the negative e f f ec t s  of water 
occurrence. Different  types of vegetation, the densi ty  and s t ruc ture  of the 
growth, the topography of the surface,  the qua l i ty  and quant i ty  of the l i t t e r ,  
humus and s o i l  layer  have a considerable e f f ec t  on 

discharges, 

i n  runoff and increased minimum discharges, 

( a )  the short-term re ten t ion ,  whose consequence is a decrease i n  flood 

(b) the long-term accumulation, whose consequence is a decreased f luctuat ion 

( c )  
(d) the water qua l i ty .  
This e f f e c t  cons is t s  i n  

( a )  
(b) 

the protect ion of the land surface aga ins t  erosion,  

decreasing the concentration of the surface runoff and i ts  veloci ty ,  
changing the dispersed surface runoff from the natural  recharge of pre- 

slackening the pace of the melting of snow, 
causing water losses  through high evapotranspiration, 
catching the horizontal  r a i n f a l l  i n  mountainous a reas .  

c ip i t a t ion  to groundwater runoff, 

(c)  
(d) 
( e )  
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Hv 

Fig.  4.3.  Retention, re ta rda t ion  and anti-erosion e f f ec t  of the biosphere and 
i t s  influence on r a i n f a l l  and evaporation: ( a )  region w i t h  vegetative cover, 
(b) region without vegetative cover: 
E v >  Eh; Iev  Iek , ;  HV Hh; min Gh < min Gv. 

Pev i Ph < P,; Qmxv << Qmaxh; 

In  th i s  way vegetat ive canopy inf luences,  i n  pa r t i cu la r ,  (Fig.4.4) 

flood discharges #nax 
minimum discharges Qmin 
to t a l  annual runoff Qa 

the erosion process and its in tens i ty  Ie 

ql-n the water qua l i ty  

to t a l  annual r a i n f a l l  Pa 
and the r a i n f a l l  occurrence P 

the groundwater regime Gg 

The in te r re la t ionship  of these entry data of the runoff process and of the 
r a i n f a l l  can be expressed by the equation 
Qlpax, Qmin, Qa ,  Gg, I,, 91-n = P . fl-6 (Xc,X,Js,X~,Xg,X~) (4.11) 

Xc - climatological f ac to r ,  including the energy input ,  
Xv - fac tor  of the vegetative canopy, depending on i t s  composition, age and s t a t e  
X s  - s o i l  f ac to r ,  depending on the so i l  type, s t ruc ture  and permeability, charec- 

ter ized by the course of the suct ion pressure o r  by the sa tura t ion  and the 
coef f ic ien t  of the hydraulic conductivity, 

Xm - morphological f ac to r ,  including the shape of the s lope and its posi t ion,  
but  a l s o  the locat ion of erosion r i l ls  and channels, 

XR - geological f ac to r ,  including the s t ruc ture  and permeability of the geolo- 

Xx - water management 
g ica l  formations and t h e i r  communication with the land surface,  

f ac to r ,  including a l l  other  pos i t ive  and negative influ- 
ences to  a r i s e  from human a c t i v i t i e s ,  e.g. from the production of hea t ,  
land and s o i l  management, mining, thus having an impact on a l l  previous 

fac tors .  
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I DEFORESTATION O F  I 
TROPICAL A R E A S  J 

INCREASED A L B E D O  

DECREASE IN ENERGY INPUT 

DECREASE IN EVAPORATION AND RADIATION OF 
ENERGY FROM L A N D  SURFACE 

DECREASE IN AIR MOTION AND PRECIPITATION 

I DECREASED TRANSFER OF T H E  L A T E N T  HEAT 1 COOLING OF THE M I D D L E  A N D  UPPER TROPO- 
SPHERE IN  TROPICAL A R E A S  

SOUTHERN AND NORTHERN LATITUDE, DECREASE OF THE 
EQUATOR TO P O L E  TEMPERATURE GRADIENT 

DECREASE I N  H u t i i D i T Y  ,,,*AT T R A N S F E R  IN T H E  
DIRECTION OF MERIDIANS 

GENERAL DECREASE IN  TEMPERATURE AND PRECIP ITATION 
B E T W E E N  45 AND 8 5 O O F  T H E  NORTHERN 40 A N D  6 0 ° 0 F  
THE SOUTHERN L A T I T U D E  

Fig. 4.4 .  Chain of consequences of deforestat ion i n  t ropical  regions according 
to Pot te r  e t  a l .  (1975). 

The in t ens i ty  of hydrological processes on the boundary of the pedosphere 
and atmosphere can a l so  be derived from the material and enerrry balance of the 
relevant  ecosys tern. Intercept ion is  a l so  important, depending on the composition 
of the vegetat ive canopy, i t s  age, densi ty  and state and on climatological fac- 
t o r s ,  especial ly  on the r a i n f a l l  regime. Transpirat ion,  depending on the biomass 
quant i ty  and a l so  on the charac te r i s t ics  of the vegetative canopy, is f a r  l e s s  
impor tan t . 

The influence of the vegetative canopy on the hydrologic cycle can be charac- 
ter ized by simple parameters such as i t s  composition, densi ty ,  height  and volume 
i n  the  system of the atmosphere and by the densi ty  and depth of the root  system 

i n  the pedosphere. But o ther  in te r re la ted  fac tors ,  such a s  pedological, geologi- 
ca l  and topographical f ac to r s ,  may exceed the i r  importance under spec i f i c  local 
conditions of change i n  the vegetative canopy. Due to  these complex inter-  
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re la t ionships ,  changes 
global consequences (Fig. 4.5) .  

i n  the vegetative canopy over vas t  areas  m y  a l s o  provoke 

4.3.1 In te rcept ion ,  Evapotranspiration and I n f i l t r a t i o n  

The extent  of intercept ion depends very much on the charac te r i s t ics  of  the 
vegetation. The difference between the s m e r  and winter values and the i r  ave- 
rages depends on the type of prec ip i ta t ion ,  r a i n f a l l  and snowfall. In  fores t s  
a t  low a l t i t u d e s  intercept ion i s  an important negative component of the water 
balance. Under conditions of prevai l ing evaporation, intercept ion decreases the 
to t a l  runoff .  A t  higher a l t i t u d e s ,  when horizontal  p rec ip i ta t ion  from mountain 
fogs preva i l s ,  in tercept ion increases the t o t a l  p rec ip i ta t ion :  dr ip  and stemflow 
exceeds the value of evaporation of the intercepted water. (Tab. 4 . 4 ) .  

TABLE 4.4 

- ~~ 

Prec ip i ta t ion  Intercept ion (%) 
( seas on) Young Pole Timber Noble 

growth t r e e  t r e e  t r e e  

650 m ( sumer )  12 20 30 39 
550 mn (winter) 10 22 26 32 

Rainfal l  in tens i ty  Spruce Beech 

Low 81.7 71.9 
Medium 54.8 24.8 

High 24.1 17.7  

Increase i n  average intercept ion with the age of the vegetat ive canopy according 
t o  Delfs (1956) and values of the  ac tua l  intercept ion i n  coniferous and decidu- 
ous fores t s  (%) according to  Eidmn (1968) .  

The ac tua l  t ranspi ra t ion  of the vegetation depends on the r a i n f a l l ,  the 
a v a i l a b i l i t y  of water i n  the s o i l ,  the energy input ,  and the quant i ty  and func- 
t ion of the biomass. Different  species of vegetat ion,  e .g .  agr icu l tura l  products 
have d i f f e ren t  water requirements, depending on the i r  s t n x t u r e ,  especial ly  on 
the r s t i o  of t he i r  underground and surface pa r t s .  

The water requirements of wood species do not  d i f f e r  as much. The difference 
between the water requirements of hardwood and softwood, of quickly and slowly 
growing loca l  wood species i n  Central European conditions is  reported to  be 
comparatively small, fo r  water requirements depend on the densi ty  and develop- 
ment stage of the  relevant  wood: they increase noticeably with age. Only some 
exot ic  species  a r e  reported to  have low water requirements, but not exot ic  
i ndus t r i a l  wood, which is  r a r e  l i ke ly  to  be planted i n  these conditions. 
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The leve l  of evapotranspiration i n  fores t s  i s ,  under cur ren t  climatological 
conditions, higher than tha t  of o ther  types of vegetative canopy, depending not 
only on the wood species and the var ie ty  of d i f f e ren t  s to r i e s  of other  p lan ts ,  
but a l so  on fores t ry  prac t ices .  Actual evapotranspiration from highly productive 
agr icu l tura l  land i s  lower, under the same c l imto lon ica l  conditions, than the 
evapotranspiration of a fo re s t  with l i t t l e  wood production. The evapotranspi- 
r a t ion  r a t i o  of fo re s t  
on the 

and agr icu l tura l  land depends to  a s ign i f i can t  extent  
energy input required t o  evaporate the to t a l  year ly  r a i n f a l l  (Fig. 4.5).  

Jt 
TROPIC, TUNDRA DRY,  SUBTROPIC 

Fig. 4.5. The r a t i o  of evaporation from fores t s  Ef and from f i e lds  E, i n  
r e l a t ion  to  the r a t i o  of the energy input  Jef and the energy Jt  needed to  
evaporate the to t a l  yearly r a i n f a l l  P according to  Rudyko (1973). 

Two basic  theore t ica l ,  but contradictory cases of the water mamgement func- 
t ion 3f s o i l  and vegetative canopy can be distinguished: 

( a )  The i n f i l t r a t i o n  increases with the growing accumulation capabi l i ty  of 
the s o i l  and the veqetat ive canopy, 

(b)  The i n f i l t r a t i o n  r a t e  decreases with the growing accumulation capacity 
of the s o i l  and vegetative layer .  

In  the f i r s t  case of a simultaneous increase i n  the i n f i l t r a t i o n  and accumu- 
l a t ion  capaci ty ,  the amount of the evaporated r a i n f a l l  grows with the increasing 
accumulation capaci ty ,  thereby reducing the surface runoff. In such s o i l s  the 
highest  groundwater runoff occurs a t  medium values of i n f i l t r a t i o n  and accumu- 
la t ion ,  and runoff f o r  both high and low values of i n f i l t r a t i o n  and accumulation 
decreases to  almost zero. In such s o i l s ,  given 
the high i n f i l t r a t i o n  r a t e  enables almost a l l  s o i l  water to  be evaporated. The 
surface 
4 . 6 ) ,  is supplemented by the groundwater runoff rrainly fo r  medium values of 
i n f i l t r a t i o n  and accumulation. 

su f f i c i en t  supply of energy, 

runoff ,  whose values decrease with the increase i n  evaporation (Fig. 

I n  the second case, where the i n f i l t r a t i o n  r a t e  of the s o i l  cover is low, 
although i ts  accumulation capacity is high, most of the r a i n f a l l  flows away as  
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Fig. 4 .6 .  The theore t ica l  impact of perviousness and of the accumulating e f f ec t  
of the s o i l  layer  on the d i s t r ibu t ion  of the r a i n f a l l  P 
groundwater runoff Gg and on the formation of r ive r  discharges Qr and evapora- 
t ion E according to  howi tch  (1970). 

a t  surface runoff Qs, 

dispersed or Concentrated 
o f f  and evaporation a r e  low fo r  low i n f i l t r a t i o n  r a t e s .  With the growing i n f i l -  
t r a t ion  r a t e  and simultaneously decreasing accumulation capacity, the dispersed 
surface runoff decreases and the groundwater runoff increases. Evaporation is 
low f o r  both high and low values of i n f i l t r a t i o n :  the r a i n f a l l  changes in to  
surface 
ra t ion  values and the lowes values of the concentrated runoff occur a t  medium 
values of i n f i l t r a t i o n  and accumulation. 

surface runoff. The values of both groundwater run- 

runoff o r  percolates  in to  lower geological layers .  The highest  evapo- 

Under conditions of a low i n f i l t r a t i o n  r a t e  of the s o i l ,  the surface runoff 
concentrates without any important influence of the groundwater runoff. TJnder 
conditions of a high i n f i l t r a t i o n  r a t e ,  the surface runoff concentrates with an 
important i n f lumce  of the groundwater: the f luctuat ion of i ts  values is smaller, 
provided the accumulation capacity of the s o i l  is  su f f i c i en t .  

The above analysis  was based on a theoret ical  hypothesis of s t ab le  physical, 
chemical and biological  propert ies  of the s o i l  layer  and the vegetative canopy. 
I n  r e a l i t y ,  these propert ies  depend on the  s o i l  s t ruc ture  and its state, a s  well 
a s  on the development s tage of the vegetation and i ts  s t a t e .  Cultivated agri- 
cu l tura l  land underpes  comparatively more important and more frequent changes 
than fo re s t  land, which u n d e r s e s  basic  changes during clear ing.  The changes of 
the 
prac t ices .  

ploughing, and depend to  a large extent  on the duration of the period between 
ploughing and r a i n f a l l .  Primitive ploughing loosens the s o i l  till down t o  a 

depth of 0.12 m,  horse ploughing t o  0.16 m ,  and mechanized ploughing t o  0.3 m. 
Mechanized autumn 

agr icu l tura l  land a r e  seasonal, depending on the pa r t i cu la r  cu l t iva t ion  

The i n f i l t r a t i o n  propert ies  of agr icu l  tu ra l  land a r e  a f fec ted  especial ly  by 

ploughing slows down the winter runoff ,  changing a substant ia l  
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par t  of the surface runoff in to  gromdwater runoff, simultaneously increasinp 
the volume of the s tored r a i n f a l l  and snowfall. This Posi t ive influence can be 
reduced o r  d i s tor ted  by the weight of t rac tors  packinp the lower s o i l  layers .  

The extent  of the influence of mechanized ploughing on the i n f i l t r a t i o n  r a t e  
depends not  only on the s t a t e  of argregat ion,  but a l s o  on the climate and the 
nature of the prec ip i ta t ion .  

I t  appears to  be more important i n  areas  with a low to t a l  year ly  r a i n f a l l  and 
a low s o i l  humidity. Concerning the influence of p lan t  species ,  the continuous 
cu l t iva t ion  of cereals  decreases the i n f i l t r a t i o n  r a t e  to a minimum value. The 
e f f e c t  of the cu l t iva t ion  of cerea ls  i n  ro ta t ion  is more favourable from th i s  
point  of View, and the cu l t iva t ion  of fodder crops in  ro ta t ion  most favourable 
of a l l .  

The i n f i l t r a t i o n  r a t e  of pastures and fores t s  tends, on average, to  exceed 
th i s  property of a m i c u l t u r a l  o r  urbanized land. These lands dis t inguish them- 
selves  from the ap r i cu l tu ra l  land by t h e i r  extensive and dense root system. In  
f o r e s t s ,  not only species of the lower p lan t  s t o r i e s  and the l i t ter  layer  con- 
t r i bu te  to  th i s  property, but  a l s o  the favourable biochemical propert ies  of the 
fo re s t  s o i l ,  which generally has a good s t ruc tu re  and a high humus content. 

The i n f i l t r a t i o n  propert ies  of fo re s t  land a l so  depend on the p lan t  species 
and t h e i r  age, a s  w e l l  a s  on cu l t iva t ion  and c lear ing  prac t ices .  The highest  
i n f i l t r a t i o n  r a t e  is produced by the  s o i l  of mixed 
t i ve  property i n  comparison with ag r i cu l tu ra l  and pasture land is fur ther  
helped by 
upmost s o i l  l ayer  only. 

fo re s t  cul tures .  This posi- 

the less s ign i f i can t  e f f e c t  of f reezing,  which penetrates into the 

4.3.2 Influence of the Vegetative Canopy on Floods and Erosion 
The r a t e  of surface runoff depends especial ly  on the topography, the in f i l -  

t r a t ion  r a t e  and, t o  a lesser degree, a l s o  on intercept ion losses .  On agricul- 
t u ra l  lands these propert ies  depend on the agr icu l tura l  p rac t ices ,  especially 
on the depth and method of ploughinp, a s  w e l l  a s  on the p lan t  species and the i r  
development s tage .  I n  fores t s  surface runoff 
heavy ra ins .  I n  spruce and deciduous fores t s  surface runoff m y  appear under 
extreme topographical and s o i l  conditions and during heavy ra ins ,  when the, s o i l  
and l i t t e r  layer  is destroyed by improper c lear ing  pract ices .  

tardat ion.  The accumulation e f f e c t ,  o r  s torage of water, is  a l so  aided by the 
root  system and the depth of the s o i l  layer .  The retardat ion of the runoff i s  
caused by the change of the surface runoff in to  groundwater runoff ,  by the 
in te rcept ion  of the plants  and l i t t e r ,  and by the roughness of the land surface. 
This e f f ec t  a l s o  decreases the erosion r a t e  and the concentration of the surface 
runoff. In  fores t s  the concentration of surface runoff in to  r i l ls  and channels 

occurs l a t e r  than on psstures  and agr icu l tura l  land (Fig. 4 .8 ) .  

is  almost imperceptible, even a f t e r  

The protect ive e f f e c t  of the vegptation canopy form of accumulation and re- 
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0 .  

P . 

C .  d .  

Fig. 4.7.  The impact of venetat ive canopy on the rainfall-runoff process: (a )  
multistage fo re s t ,  (b) s ing le  stage fo res t ,  ( c )  grassland and f i e l d s ,  (d)urba- 
nized a rea .  The values of the relevant  hydrological phenomena a r e  proportional 
t o  the width of re levant  arrows: 
Pa = p b > P c < P d ;  E a > % > E c > E d ;  Qsa<Qsb<Qsc<Qsd ;  G a >  C;b’ G c )  ‘d 
Q b < Q a <  Qc< Qd; Ha> Hb> H c >  Hd 
P 
runoff ,  G 

- prec ip i ta t ion ,  H - vapour condensation, E - wapora t ion ,  QS - surface 
- poundwater runoff ,  9 - t o t a l  runoff and maxirnuni discharges. n 

Accumulation on a f fores ted  land occurs to a more s ign i f i can t  extent  during 
lower r a i n f a l l  and runoff than during extreme r a i n f a l l  and maximum floods. Floods 
with a one year  frequency of occurrence may increase a f t e r  c lear ing  more than 
ten times and floods with a hundred year  frequency of occurrence several  times, 
i n  inherent  dependence on the s i z e  of the catchment, the depth of the s o i l  and 
i ts  
inf luence on the decrease i n  discharges i n  comparison with deforested areas .  
The accumulation and re ta rda t ion  e f f ec t  largely depends on the sa tura t ion  of the 
s o i l s ,  i . e .  on the frequency of r a i n  occurrences and on the in te rva l  between 
them. I f  the accumulation capacity is exceeded, t h i s  causes an immediate increase 
i n  the surface runoff. 
The water management function of fo re s t s  depends considerably on h m n  a c t i v i t i e s  
and espec ia l ly  on f o r e s t  management. IJndis turbed fo res t  cu l tures  a r e  character- 

moisture before the r a i n f a l l .  Forests with shallow s o i l s  have no important 
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ized by the i r  important 
s torey fores t s  cul tures  transform floods more e f fec t ive ly  than cul t ivated s ingle  
s torey monocul tures  , and f a r  more e f f i c i en t ly  than pastures o r  cul t ivated 
agr icu l tura l  land (Fig. 4 . 8 ) .  

protect ion e f f ec t s  aea ins t  floods and erosion. Multi- 

60 0 

400 

200  

0 

CANOPY REDUCTION 

Fig. 4.8.  (a) The increase in  the to t a l  annual surface runoff and i n  the 
f luctuat ion of discharges as  a consequence of c lear ing  an afforested catchment 
according t o  Zelen9, KPeEek and Kretmer (1979); p - the decrease i n  the biomass 
( % ) , Qr - t o t a l  year ly  runoff ,  ()f - flood discharfres. 

(b) 
accordine to Rosch and Hewlett (1982): 1 - coniferous, 2 - deciduous, 
3 - bush. 

The increase in  t h e  t o t a l  annual runoff Qa as a consequence of c lear ing 

Mechanized clear ing,  the t ransport  of timber and the network of t ransport  
c o m n i c a t i o n s  decrease th i s  pos i t ive  function. The a c t i v i t i e s  of c lear ing,  
harvest ing,  t ransport  and other  machines 
i t s  s t ruc tu re ,  which is conducive to  i n f i l t r a t i o n ,  both i n  fores t ry  and agri- 
cu l ture .  The movement of t ransport  machines, such a s  for  towing logs, form 
r i l ls ,  gu l l i e s  and channels fo r  the concentration of surface runoff ,  whose in- 
creased t r ac t ive  force accelerates  the erosion process. 

tend to  compact the s o i l ,  destroying 

The d i r e c t  re la t ionship  between the runoff coef f ic ien t  and s o i l  wash and 
t ransport  was proved by means 
land grading for  the mechanized af fores ta t ion  increases the runoff coef f ic ien t  
of fo re s t  land by up to 0.8 (Tab. 4 .5 ) .  

of measurement. Murzaev (1977) indicates  tha t  the 

VeEetative canopy forms an e f fec t ive  protect ion aga ins t  erosion for  the land 
surface.  The bes t  protect ion i s  formed by na tura l  ecosystems. The resis tance of 
cu l t iva ted  fores t s  without 
smaller ,  because of t he i r  gecmetrical arrangement, monotonous p lan t  species and 
human a c t i v i t i e s  during the i r  cu l t iva t ion .  Nevertheless, fores t s  generally form 
an e f f i c i e n t  
4.6).  

comprehensive anti-erosion measures is  re la t ive ly  

protect ion aga ins t  erosion, i f  no t  destroyed by harvesting (Tab. 
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TABLE 4.5 

croup charac te r i s  t i c s  Water Timber Piirpose 
E~M geme tn production 
function 

I Forests  of catch Exclude s o i l  erosion,  no t  
ments used f o r  superior  i n f e r i o r  t o  r e s t r i c t  runoff , safe-  
rmmicipal water  

supply 

guard the water qua l i ty  

Ia Forest  i n  zones of 
s a n i t a r y  protec- exceptional 
t ion  of water conditioned 

q u a l i t y  

Balance the runoff fluctua- 
t i o n ,  p ro tec t  the land 
apa ins t  erosion 

balanced I1 Forests  in  
upper ca tchmen ts 

111 111-1 pro tec t inp  S o i l  p ro tec t ion ,  r i v e r  bed 

IIIa Rank. canopy exrent ional  condi tioTed t i o n ,  san i ta ry  pro tec t ion  
IIIb Canopy protectin:. of loca l  water resources, 

exceptional conditioned t r a n s f o m t i o n  of surface 

canopy s t a b i l i z a t i o n ,  bank protec- 

loca 1 water 
resources water i n  to groundwater runoff 

I I I c  I n f i  1 t r a  t ion  
f o r e s t  b e l t s  

excepticnal conditioned 

Cateporization of  f o r e s t  canopy a s  a function of i t s  water wnagenient function 
according t o  KreEmer and BPle (1975). 

Pastures have s i m i l a r  p o s i t i v e  e f f e c t s ,  i f  no t  destroyed by being overnazed  
o r  trampled d m  by herds. The res i s tance  of c u l t i v a t e d  f i e l d s  aga ins t  erosion 
is s u b s t a n t i a l l y  Imier. 

the q u a l i t y  of  the sur face  water. Its high i n f i l t r a t i o n  capabi l i ty  s imi la r ly  
influences the proundwater 
of eroded mater ia l  i n  w a t e r  , thereby reducinp the durat ion of water tu rb id i ty  
in brooks, creeks 
seven times due to  defores ta t ion .  

The ant i -erosion e f f e c t s  of the vege ta t ive  canopy have a favourable e f f e c t  on 

q u a l i t y .  The decreased erosion decreases the volume 

and r i v e r s  . The content  of sediments m y  increase f i v e  t o  

Also important a r e  o ther  changes i n  water 
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TABLE 4.6 

land use t /  106 b 2 / y r  Relat ive to  
f o r e s t  = 1 

Fores t  8.5 1 
Grassland 85 10 
Abandoned sur face  mines 850 100 
Cropland 1700 200 
Harvested f o r e s t  4250 500 
Active sur face  mines 17 000 2000 
Construction 17 000 2000 

Representat ive r a t e s  of erosion from various land uses according t o  Canter (1983) 

q u a l i t y  a f t e r  c l e a r i n g ,  caused by the decay of orpanic mat ter  and by the 
increased leaching of nutriments: 
- the increase i n  the concentrat ion of n i t r i d e s  e . g .  from lmg/l t o  60-80 mg/l 

(Hubbard Brook - IJSDA Fores t  Service 1975) 
- the increase i n  the phenol concentrat ion to  0.6 m g / l  (Kyomiqe, Hart e t . a l . ,  

1981). 
f i v e  to  t h i r t y  fold increase i n  the calcium, mgnesium and 
i n  the outtlow (Sopper, 1975). 
The inf luence of aqr ic i i l tu re  and s i l v i c u l t u r e  on f loods,  erosion and water 

- potassium content 

q u a l i t y  can be mnaged, i n  par t ic i i la r :  

( a )  by the s e l e c t i o n  of s u i t a b l e  p lan ts  and woods and by the arrangement of 
re levant  cu l tures  and p l o t s ,  and of the c o m n i c a t i o n  and drainage network, by 
s u i t a b l e  c u l t i v a t i o n  p r a c t i c e s ,  namely by ploughing along isohyets and horizon- 
tal f r i r r m s ,  by sowing without plouging, by the r e s t r i c t i o n  of land c u l t i v a t i o n ,  
by a r a t i o n a l  crop r o t a t i o n ,  by 
arranged along water courses ,  by the 
b e l t s ,  i n f i l t r a t i o n  and overshadowing of f o r e s t  b e l t s ,  c u l t i v a t i o n  of r i l ls ,  by 
t e r r a c e s ,  d ikes ,  channels and by 
l i m i t  e ros ion ,  

c i i l t iva t ion  i n  s t r i p s ,  by i n f i l t r a t i o n  s t r i p s  
pro tec t ive  c u l t i v a t i o n  of grass ,  by wind 

pro tec t ing  the destructed land surface to 

(b)  by measiires which l i m i t  the compacting of the s o i l  surface and improve 
the s o i l  q u a l i t y  and humus content so a s  t o  increase the r a t e  and the degree of 
explo i ta t ion  of mineral f e r t i l i z e r s ,  

( c )  by the c u l t i v a t i o n  of  r e s i s t e n t  f o r e s t  c u l t u r e s ,  which remain s t a b l e  i n  
winds and d i f f i c u l t  snow and i c e  condi t ions,  by pref fe r ing  s e l e c t i v e  and p a r t i a l  
c l e a r i n p ,  and by the inmediate r e c u l t i v a t i o n  of c lear ings i n  vast areas .  
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4 . 3 . 3  Influence of the Vegetative Canopy on Rainfa l l  and Runoff 

The roughness of the fo res t  cover, higher i n  comparison with deforested a reas ,  
has an important 
of motion of the lowest layer  of the atmosphere and causes turbulence of the a i r ,  
thus improving the conditions for  the 
influence has been proved not  only theore t ica l ly ,  
ever f o r  extremely vas t  fo re s t  areas  only. Kalinin (1968) mentions tha t  the 
influence of large 
20% i n  the sumner season and by some 8-10% i n  winter. The impact of deciduous 
and mixed fores t s  can be estimated a t  about one half  of the above values. The 
influence of spruce fores t s  is higher, assessed a t  a roughly 30% increase i n  
precipi ta t ion i n  the sumner season in  comparison with deforested areas .  This 
positive influence on r a in fa l  cannot be considered i n  areas  
la t ive ly  small fo re s t s .  

In  addi t ion to  t h i s ,  fores t s  increase horizontal  p rec ip i ta t ion ,  depending on 

influence on the precepi ta t ion process. It  decreases the r a t e  

condensation of the water vapour. This 
but a l s o  s t a t i s t i c a l l y ,  hcw- 

pine fores t s  increases the level of prec ip i ta t ion  by about 

With sca t te red ,  re- 

the a l t i t ude  and dis tance from the sea. Foj t  and KreEmer (1976) estimated, fo r  
central  European conditions and mountanuous humid areas ,  the influence of fores t s  
as  having 
comparison with deforested areas .  Karpov (1962) estimated the value of annual 
horizontal  p rec ip i ta t ion  by a 13% increase i n  the yearly t o t a l  r a i n f a l l  (Fig. 
4.7) .  

dis t r ibu t ion .  Snow accumulates in  fores t s  t o  the detriment of deforested 
p lo ts .  Roughton1(1970) mentions the following fundamental points :  

a supplement of almost 400 mn to  the values of ve r t i ca l  r a i n f a l l  i n  

The influence of fo re s t s  on a i r  motion has a remarkable e f f e c t  on snowfall 

( a )  Snow accumulates mainly i n  small openings i n  fo re s t s ,  espec ia l ly  a t  l m e r  
a l t i t udes .  The optimum s i z e  of opening f o r  snow accumulation is  about one to  ten 
times the height  of the surrounding fo res t  cover. Targe openings do not have 
such a pos i t ive  inf luence because of the wind e f f ec t .  

(b) The e f f e c t  of fo re s t s  on snowfall is  more a red is t r ibu t ion  of the snow, 
ra ther  than any overa l l  increase i n  p rec ip i ta t ion .  It appears a s  a pos i t ive  
supplement to  the water balance i n  smll catchments only. 

(c) The red is t r ibu t ion  of snow in to  deeper f a l l s  over smaller areas  attenu- 
a t e s  
discharges, 

ing the duration of the  s n m  melt. The decreased r a t e  of melting contr ibutes  to  
the good accurmilation and re ta rda t ion  function of fo re s t s ,  mn i fe s t a t ed  by a more 
s t ab le  regime of noundwater, springs and surface water. 

p i ra t ion  of ecosystems , generally exceeding the contr ibut ion of the increased 

the  runoff from the melting of the s n m ,  thus decreasing the spr ing peak 

Forests with in te rmi t ten t  deforested p lo ts  have a favourable e f f ec t  on extend- 

The runoff from af fores ted  areas  is grea t ly  influenced by the high evapotrans- 
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p r e c i p i t a t i o n .  The increase i n  the  t o t a l  year ly  runoff from afores ted  areas  i n  
comparison wi th  areas  without f o r e s t  has been s t a t i s t i c a l l y  determined only for  
extremely la rge  catchments with moderate evapotranspirat ion a s  a consequence of 
higher  v e r t i c a l  and horizontal  p r e c i p i t a t i o n .  

I n  the case of small a f f o r e s t e d  a reas  a lower year ly  runoff has been statis- 
t i c a l l y  documented i n  comparison with a reas  of the same s i z e  and charac te r ,  but 
without f o r e s t s ,  a s  a consequence of higher  evapotranspirat ion.  ‘lc Arthur and 
Cheney (1965) have measured a n  increase i n  the t o t a l  year ly  runoff of between 
43 and 235 
f o r e s t  f i r e .  Higher values have been measured i n  the f i r s t  years 
f lagra  t ion .  

of the hypothet ical  runoff of the a f fores ted  catchnent a f t e r  a 

a f t e r  a con- 

The values  of the increase i n  the t o t a l  year ly  runoff due to  defores ta t ion  
depend not  only on the percentage of the reduct ion i n  the f o r e s t  cover and i t s  
type (coniferous,  deciduous, bush) ,  but also on the t o t a l  annual p r e c i p i t a t i o n  
and i ts  state of aggreqation (Fig.  4.9) .  

The impact of the s i l v i c u l t u r a l  a c t i v i t i e s  on the runoff c o e f f i c i e n t  c depends 
on the following groups of f a c t o r s  
c = I P S ( L ’ S 1 , S * ,  R 1 ’ R 2 , P )  (4 .12)  

L - s t a b l e  l o c a l  f a c t o r s ,  espec ia l ly  the drainage area shape and s lope i ,  s o i l  
depth and type s and eeology g ,  

S - s i l v i c u l t u r a l  p rac t ices  and conservation serv ices ,  namely the s tand densi ty ,  
type and dens i ty  of  f o r e s t  roads,  movement and type of t ransport  mechanisms, 

1 

S2 - r a t i o  and type of deforested p l o t s ,  extending the durat ion 
R1 - type of c u l t u r e ,  i ts  r o o t  system and the amount of biomass, 
R2 - the r a t i o  of middle-aged tree c l a s s e s ,  which have the highest  in te rcept ion  

- the s t a t e  of aggregat ion of the  p r e c i p i t a t i o n  and i t s  coincidence with the 

of snow melting, 

and t r a n s p i r a t i o n  l o s s e s ,  
P 

season and s a t u r a t i o n  per iods.  
The decrease i n  r a t i o  on the  a r e a  sur face  by 30% i n  dependence on other  con- 

d i t i o n s  causes an increase i n  flood discharges of s i x  times o r  even more. The 
f a c t  t h a t  r a i n  f o r e s t s  are being destroyed by man a t  the r a t e  of  about llxl06ha 
every year  appears a l s o  a s  a warning i n  th i s  connection. 

Rut under condi t ions of a n  in tens ive  f o r e s t  explo i ta t ion  and f o r e s t  manage- 
ment, the r a t i o  of a f f o r e s t e d  a reas  is n o t  the only decis ive fac tor  of the water 
regime. This depends s u b s t a n t i a l l y  on the  depth of the s o i l ,  the age, species  
and condi t ion of the f o r e s t ,  and on cu l t iva t ion  prac t ices  (Tab. 4 . 7 ) .  Fully 
a f f o r e s t e d  a reas  may have a n  i n s u f f i c i e n t  inf luence t o  balance the water regime 
as a consequence of wrong f o r e s t r y  prac t ices  which concentrate  the runoff. 

main wood, without increasing the flood discharges,  Per ina and Krecmer (1973) 
To increase the t o t a l  year ly  runoff from af fores ted  areas where spruce is  the 



2 84 

TABLE 4.7 

Clearing period 100 years 
decreased fo re s t  density f u l l  fores t  density 

Clearing period 120 years 

Class Years Area Biomass Annual water Area Biomass Annual water 
concen- consumption concen- consump tion 
t ra  t ion t ra t ion  

fac tor  
CX) (&.ha-’) ( X I  (2 .ha - l )  

I. 0-20 20 1.0 3 60 10 1.0 180 

11. 20-40 20 0.8 52 0 20 1.0 560 

111. 40-60 20 0.8 730 20 1.0 800 

IV I 60-80 20 0.8 670 20 1.0 720 

V. 80-100 20 0.9 560 20 1.0 600 

VI. 1oc-120 0 0.0 0 10 1.0 2 60 

- 3300 - Total  annual 100 2840 100 
consmp ti on 

The impact of fo re s t  density (b iomss  concentration measured i n  t per hectare 
and compared with theoretical  values of f u l l  density according to  Schwabach 
(1890) on t o t a l  annual runoff. Pine fo re s t  i n  area with to t a l  annual r a i n f a l l  
1200 mm. 

r e c m e n d  
( a )  

the following biotechnical measures : 
The cu l t iva t ion  of fores t s  with a low stand density i n  areas with low 

To increase the r a t i o  of younger tree classes and the r a t i o  of clearing 
horizontal  p rec ip i ta t ion  i n  order to decrease the interception losses. 

(b) 
(openina) surfaces,  and to l i m i t  the 
which have highest  interception and transpiration losses,  i .e.  to shorten or  to 
extend the period of clearing i n  areas with low horizontal p rec ip i ta t ion .  

r a t i o  of the middle-aged t r ee  classes,  

(c )  The change of tree species i n  areas with low horizontal  p rec ip i ta t ion ,  
i .e. t o  replace species with high interception and transpiration losses with 
species which have low interception and transpiration, to subs t i t u t e  deciduous 
trees fo r  spruces. 

with high horizontal  p rec ip i ta t ion  and high stand density, and a decrease in  the 
r a t i o  of the youngest growth and clearings destined for  a f fores ta t ion .  

(d) A considerable increase i n  the r a t i o  of the old spruce forests i n  areas 

(e )  The deforestation of su i tab le  areas in  accordance with the planned ex- 
tension of the cult ivated land, pastures , towns, industry and recreation 
development . 

t he i r  roo t  system: deep, shallow, in te rmi t ten t ,  surface e t c . ,  t he i r  stage of 
The runoff coef f ic ien t  on agr icu l tura l  lands depends on the cult ivated species, 
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TABLE 4.8 

Month 4 5 6 7 a 9 10 

Grass land 6 13 37 l i  12 16 16 
Winter rye 2 4 17 25 8 0 0 
Spring wheat 0 3 10 24 16 0 0 
and bar ley 
Po ta  toes 0 0 2 9 26 30 14 

The impact of f i e l d  crops on water accumulation i n  s o i l  (%) according to 
Rulavko (1971). 

Erowth and on the course of the p-owth depending on the s o i l  thickness and type, 
the aRricultiira1 pract ices  and the state of aggregation of prec ip i ta t ion .  Mea- 
surements on ag r i cu l tu ra l  s o i l s  docment a considerable loss  of water accumula- 
t ion in  comparison with s a s s l a n d ,  whose value depends on the season (Tab. 4.8). 
The change of pastures with a deep root  system in to  agr icu l tura l  f i e lds  m y  
r e s u l t  i n  a 30% increase in  the to t a l  yearly runoff ,  when the r a i n f a l l  occurs 
mainly i n  the vepetation period. Also important a r e  agr icu l tura l  pract ices:  crop 
ro t a t ion ,  weed removal, the depth and period of ploughing, agr icu l tura l  c o m e r  
vation services .  howi t ch  (1968) 
year ly  runoff depending a l s o  on the r a in fa l  d i s t r ibu t ion  by sme 25 t o  75%. 
Nevertheless compacting of the deeper soil layers  by heavy t rac tors  and o ther  
ag r i cu l tu ra l  machinery increases the surface runoff. 

shows tha t  deep ploughing can decrease the 

The in t ens i f i ca t ion  of apr icu l tura l  production, r e su l t i ng  in  an increased 
y ie ld :  
- is  e i t h e r  

sed i n f i l t r a t i o n  r a t e  and higher moisture content i n  the root  zone due to  
agr ic i i l tu ra l  pract ices  loosening the s o i l  l ayer ,  thus l imit ing the interflow 
and decreasing the recharpe of the groundwater, which r e su l t s  i n  a decrease 
in  the to t a l  annual runoff and a decrease in  low discharges i n  water courses, 
o r  caused by b e t t e r  u t i l i z a t i o n  of water by plants .  
In  th i s  second case,  the change ( increase o r  even decrease) of the evapotrans- 

accompanied by a growing evapotranspiration, enabled by an increa- 

- 

p i ra t ion  is less important, because the i n f i l t r a t i o n  r a t e  enables an adequate 
recharge of groundwater and hemp has no s ign i f i can t  impact on the to t a l  annual 
runoff. 

The impact of ag r i cu l tu ra l  a c t i v i t i e s  on the runoff coef f ic ien t  depends on 
four groups of fac tors  

c = f a  ( L ,  A ,  R ,  P 

c - runoff coef f ic ien t  

(4.13) 
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L - s t a b l e  loca l  f a c t o r s ,  espec ia l ly  the drainage a rea  shape and slope i ,  s o i l  
depth and typp d ,  geology g ,  

A - a g r i c u l t i i r a l  p rac t ices  and conservation services, e.g. contour or o t h e r  
method of ploughinp, i ts  depth and per iod,  

R - p l a n t  spec ies ,  the depth and type of t h e i r  roo t  system, the i n t e n s i t y  of 
c u l t i v a t i o n ,  e.g. the yield-biomss r a t i o ,  

P - the p r e c i p i t a t i o n  aggregation, occurrence, i n t e n s i t y ,  durat ion and coinci- 
dence with p l a n t  growth, s o i l  processing and s a t u r a t i o n  periods e t c .  

TABLE 4.9 

Area Decrease i n  t o t a l  
annual runoff 

steppe (cu l t iva ted  land) 66 - 74 

Fields  and f o r e s t s  40 - 66 
Southern edpe of f o r e s t s  20 - 40 

The decrease i n  total  annual runoff a s  a r e s u l t  of deep ploughinp of f i e l d s ,  
expressed a s  a percentage of or ip ina l  values ,  according to h o w i t c h  (1965) .  

The s e l e c t i o n  of the p l a n t  species  and v a r i e t y  a l s o  depends on a g r i c u l t u r a l  
pract ices  and on the p o s s i b i l i t y  of conservation s e r v i c e s ,  which have a bas ic  
impact on the runoff c o e f f i c i e n t .  

An evaluat ion of  the inf luence of the vegetat ive canopy on runoff leads to 
the following conclusions: 

(a )  The consunption of water by p lan ta t ions ,  f o r e s t s  and o ther  p lan t  COIITTNJ- 

n i t i e s  depends m i n l y  on the amount a v a i l a b l e  i n  the s o i l .  

(h) Plant  ccmnunities of the same ecological  order  use approximately equal 
volumes of water. Fast-prowing tree species  do n o t  use more water than slow 
m m i n p  ones. 

(c )  Tne decrease i n  the volume of the biomass increases  the t o t a l  year ly  
runoff i n  the same way a s  the change of deep-rooted species  i n t o  sha l lowrooted  
ones. 

(d)  Tne a f f o r e s t a t i o n  of prassland o r  cu l t iva ted  land decreases both surface 
runoff and i n f i l t r a t i o n  i n t o  the groundwater. 

( e )  The chanpes of the water regime a s  a consequence of the f o r e s t  and agri-  
c u l t u r a l  p rac t ices  a r e  heteroEeneous and depend on s o i l ,  geomorphological and 
cl imatological  condi t ions.  

?he vegeta t ive  canopy a l s o  has a s i g n i f i c a n t  inf luence on the a l t i t u d e  of the 

moundwater tab le .  A developed f o r e s t  can cause i t  to drop to sane ten meters 
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below the land surface.  Clearinp and thinning r e su l t s  i n  a rise i n  the ground- 
water table ,  depending on the geomorphological , hydrogeological, c l i m  tological  
and s o i l  conditions. The deep root  system of the fores t  cover takes off  the 
water from the lower s o i l  layers .  After  c lear ing  a fo re s t  the groundwater table 
may r i s e  over the land surface.  Such a r i s e , i n  the case of low water qua l i ty  o r  
i f  the water rises through s a l t y  layers ,  a f f ec t s  the qua l i ty  of the s o i l ,  in- 
creasing its s a l i n i t y .  

4.4 INFLIJENCE OF URBANIZATION AND IND~JSTRIALI7ATION 
Urbanization and indus t r ia l iza t ion  influence a l l  the  factors  i n  the equation 

( 4 .  l o ) ,  determining peak discharpes QmX, to t a l  runoff Q ,  minimum discharges 
amin, -erosion in t ens i ty  I,, groundwater regime G ,  water qua l i t y  q and the to t a l  
r a i n f a l l  P i . e .  climatological fac tors  Xc,  the fac tor  of the vegetative canopy 
Xv, s o i l  fac tor  X,, morphological fac tor  G, geological fac tor  X,, and the water 
management fac tor  X,. 

min Qrw 1 2 3 4 5 6 h  

Fig. 4.3. 'The increase i n  flood discharges a s  a consequence of urbanization: 
P - r a i n f a l l  curve, Q - r ive r  discharge, W - detention s torage and water accu- 
mulation i n  the s o i l  l ayer ,  C, - soundwater accumulation, A - accumulation i n  
the seweraEe network. P = Wo + Go = W, + Ax + G,. IMXF'X 
minQx < rninQo; (& < Go; tqx < tqo;  ql0... q, < qlx .... . qnx (pol lut ion) .  

maxPo; tp. >ho; 
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The bas ic  hydrological consequences of iirbanization and indus t r ia l iza t ion  

a r e  a s  follows: 

( a )  a r i s e  i n  water requirements, whose t o t a l  m y  exceed the capacity of the 
water resources of the area i n  question, necess i ta t ing  the diversion of water 
from upstream sources o r  from external  r i ve r  basins (Fig. 4.11)  

(b) 
(c )  

a decrease in  i n f i l t r a t i o n  on account of the built-up areas  
a f a l l  i n  the groundwater table  and a decrease i n  the natural  gmund- 

waLer outflow 

(d) a concentration of and accelerat ion in  the surface runoff a s  a r e s u l t  of 

the change i n  the na tura l  system of drainage, and a concentration of flow i n  the 
sewerage sys tern 

( e )  a r i s e  i n  peak discharges, and an increase i n  the  yearly t o t a l  of SUI 

a rise in  erosion on land sLripped by construct ion a c t i v i t i e s  (Tab.4.6) 
increased pol lut ion of streams, a l s o  caused by waste disposal ,  which 

exceeds the capacity of the na tura l  se l f -pur i f ica t ion  processes and causes a 
steady increase in  groundwater pol lut ion 

face runoff 

( f )  
( g )  

(h) a decrease i n  the na tura l  flow capacity of r i v e r  beds due to the urba- 
n iza t ion  of the  flood p la in  and increased sediment t ranspor t ,  thus exacerbating 
flood damage 

( i )  a decrease i n  evapotranspiration w i n g  to  the r e s t r i c t i o n  of bare s o i l  
and vegetation-covered surfaces by built-up a reas ,  and an increase i n  evapora- 
t ion  due to  indus t r i a l  production 

( j j  
(k)  

hea t  production and a rise i n  temperature i n  the urbanized area 
change of the albedo, owing to the change of the qua l i ty  of the land- 

scape surface 

creased number' of condensation nuc le i ,  owing to the  a i r  pol lut ion 
(1) an increased probabi l i ty  of r a i n f a l l  occurrence a s  a r e s u l t  of the in- 

(m) a change i n  ecosystems a s  a consequence of the previous changes. 
'he increase i n  surface runoff r e su l t s  not only from the decrease i n  i n f i l -  

t r a t ion ,  espec ia l ly  through the reduced surface permeability of the built-up, 
c m n i c a t i o n  and other  surfaces ,  but a l s o  from the decl ine i n  surface roughness. 
This is caused by the replacement of the or ig ina l  vegetative canopy by the smooth 
mater ia ls  of buildings and communication l i nes .  'he topography of the area i n  
question a l s o  undergoes d r a s t i c  changes, simplifying the complicated conditions 
of the or ig ina l  unconcentrated flow by more s t r a i g h t  and shor t  ways. Tne rise i n  
s lope increases the ve loc i ty  of the overland flow and leads to  a higher concen- 
t r a t ion  of runoff. Land grading and the increase i n  veloci ty  reduce the detention 
s torage.  

The underground stora,qe has been reduced by the decline i n  the i n f i l t r a t i o n  
rate. Because the sur face  and undereround s torage are d ras t i ca l ly  decreased, 
t h i s  r e s u l t s  i n  an increase i n  the frequency of flood occurrence and an increase 
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i n  the values  of re levant  peak discharges.  In such a way, even r a i n f a l l s  occurr- 
ing during dry periods may cause high peak discharges and n o t  s u f f i c i e n t l y  
supplement the groundwater s torage.  

Urbanization and i n d u s t r i a l i z a t i o n  increase the t o t a l  year ly  runoff ,  propor- 
t i o n a l l y  with the uinpenneabi li ty of the land surface and with the concentration 
of the outflow by the sewerage system. According to Costin and Dooge (1972),  
peak dischar,pes increase f i v e  to ten times with a corresponding reduction i n  
t h e i r  durat ion,  dependinp on the frequencv of t h e i r  occurrence. The runoff coef- 
f i c i e n t  
off  (5-:5%) is  thus comparatively lower than the r i s e  i n  peak discharges (Fig.  
(4 .7) .  

a l so  rises three t o  four  t i m e s .  The average increase i n  the t o t a l  nin- 

The development of changes i n  the hydrologic cycle depends on the expansion 
of t h e  urbanized a r e a ,  and on i ts  development phase, interconnected with the 
a g r i c u l t u r a l  development of t h e  adjoining region (Tab. 4.10). 

l.!rbanization and i n d u s t r i a l i z a t i o n  grea t ly  inf luence the water regime a s  well 
a s  the values of l o w  discharges.  The reduced i n f i l t r a t i o n  leads t o  a f a l l  i n  the 
proundwater t a b l e  and to  a decrease i n  the volume of t h e  groundwater reserve,  
occasionaIly causing t e r r a i n  se t t lements .  Low discharges i n  r i v e r  courses a r e  
decreased by water withdrawals and by the reduced water recharge from ground- 
water resources .  

W i l d i n g  and t h e  r e s u l t a n t  overshadming of plots decreases the a i r  motion 
and hence the evaporation r a t e .  Concerning the t o t a l  year ly  evapotranspirat ion,  
i t  may be e i t h e r  decreased, i n  a reas  with low evaporation losses ,  o r  increased, 
espec ia l ly  i n  i n d u s t r i a l  a reas  by evaporation from cooling sys terns and i n  t ropi-  
ca l  and subt ropica l  regions by in tens ive  i r r i g a t i o n  of municipal parks and 
pardens. 

The development of vast indus t r ia l ized  and urbanized areas  a l s o  a f f e c t s  the 
t o t a l  year ly  r a i n f a l l .  Costin and Dooge (1973) est imate  i ts  increase a t  some 
10%. This r i s e  is  a consequence of the hi,pher i n t e n s i t y  of a i r  mass motion above 
the covered a r e a ,  i t s  increased temperature, caused espec ia l ly  by heat  produc- 
t i o n ,  a i r  po l lu t ion  and sometimes by the increased evaporation, espec ia l ly  from 
i n d u s t r i a l  production processes .  The increase  i n  the t o t a l  year ly  r a i n f a l l  has 
been proven s t a t i s t i c a l l y ,  bu t  no t  the rise of m x h m  values of prec ip i ta t ion .  
The increase i n  the  frequency of storm occurrence has a l s o  been recorded. The 
increased r a i n f a l l  contr ibutes  t o  the  frequency of flood occurrence and t h e i r  
duration. 

Tne most threatening e f f e c t  of urbanizat ion and i n d u s t r i a l i z a t i o n  is the pm- 
duction of hea t  energy, which is increasinE by some 5% yearly on a global  sca le .  
Tnis advancement means an increment of 500% i n  35 years .  I n  the year  2000 mny 
huge areas with a sur face  of some 103 t o  lo5 sq. km w i l l  'emerge, where t h e i r  am 
a r t i f i c i a l  h e a t  production w i l l  exceed the acceptance of  s o l a r  energy. 
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TABLE 4.1C 

Changes in  land o r  
water use 

Hydrological e f f ec t  

~~ 

Clearing, removal of Decrease in  t ranspi ra t ion ,  increase i n  evaporation. 
vegetation Increase in  overland flow, flood frequency arid peak 

floods. Increased s o i l  erosion and sedimentation of 
streams. Raised groundwater table .  Change i n  albedo. 

Plou ph inp Change i n  s o i l  s t ruc ture .  Increased i n f i l t r a t i o n  and 
evaporation. Escape of carbon dioxide. 
Liquidation of small streams and dry beds, increase 
in  overland flow and erosion r a t e ,  increase in  
sedimentation of streams ~ environmental pol lut ion.  

Larpe-scale produc- 
t ion ,  rnechaniza t ion 

Stream clogrring. Rise i n  groundwater table .  Increase 
i n  i n  evapotranspiration r a t e .  Cooling of s o i l  sur- 
face and a i r  a i r  temperature. Change i n  albedo. Chanee 
i n  s o i l  s t ruc tu re  and qua l i ty  (increased s a l i n i t y ) .  

Dra i n a  ge Drop i n  groundwater table .  Decrease i n  evapotrans- 
p i ra t ion  warming of a rea ,  change i n  albedo. Increased 
i n f i l t r a t i o n .  Change of s o i l  s t ruc tu re  and qua l i ty  
(decrease in  s a l i n i t y ) .  Impact on the qua l i ty  of the 
surface water. 

well erect ion 
Sewage disposal  

Decrease i n  eroundwa t e r  table .  
Local increase i n  s o i l  moisture. Increasing pol lut ion 
of w e l l s  and streams. 

h s s  construction: Increased erosion and sedimentation of streams. 
Land grading and Liquidation of small streams - flooding of land 
excavations during high r a in fa l l .  
Comnunica t ion and 
s tom drainage 
sys  tern cons truc t ion 

Decrease i n  i n f i l t r a t i o n  r a t e ,  drop i n  groundwater 
table  and land surface. Increase i n  surface runoff 
and flood occurrence. Lower base flow. Increased 
pol lu t ion  of streams. Change i n  albedo. 

Increased water wastage. Rise of the groundwater 
table  around wells of the previous 

Construction of the 
mass water supply 
and d i s t r ibu t ion  supply, lowered water table  i n  locat ion of the mass 

sys tern 

loca l  water 

water withdrawal. Decrease i n  runoff a t  point  of with- 

drawal and downstream. Problems of  waste water disposal 
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TABLE 4.10 (Cont'd) 

Changes i n  land o r  
water use 

Hydrological e f f e c t  

Construction of  
sewage system 

Iand drainage,  decrease i n  groundwater recharge. 
Increased pol lu t ion  of  streams, espec ia l ly  during 
low discharges and when system a l s o  used f o r  the 
d isposa l  of i n d u s t r i a l  waste water. Degradation of 
water f o r  downstream users ,  loss of  aquat ic  l i f e .  

Waste water treatmerit Decrease i n  pol lu t ion  of streams, improvement of 
p l a n t  construct ion water q u a l i t y  downstream, improved conditions f o r  

aquat ic  l i f e .  

Late urban s t a g e  

L o n r d i s  tance water Increased ninoff i n  a f f e c t e d  streams. Increased 
t r a n s f e r  evaporation from the catchment. 

Room i n  water requirements. Decrease i n  water q u a l i t y .  

Overdraft r e s u l t s  i n  land subsidence. Deep l a r g e  capaci ty  
wells 

Checkl is t  of impact of urbanizat ion a c t i v i t i e s  and of interconnected land and 
water use on the hydrologic s c a l e  and water a v a i l a b i l i t i e s .  

This w i l l  lead t o  an unproportional increase i n  the temperature over these 
s c a t t e r e d  a reas  and a l s o  inf luence the global  climate. The rise i n  temperature 
i n  the  atmosphere w i l l  increase evaporation from the  oceans: thus the hydrologic 
cycle  w i l l  be more in tense .  There w i l l  be weakened equator to-pole  temperature 
grad ien t ,  so the general atmospheric c i r c u l a t i o n  w i l l  be  less vigorous, resu l t ing  
i n  more p r e c i p i t a t i o n  i n  the region of the  present  subt ropica l  deser t s .  

The g r e a t e s t  change may occur i n  p o l a r  regions.  The a r c t i c  Ocean i c e  pack, 
present ly  highly r e f l e c t i n g ,  can, a f t e r  po l lu t ion  of i t s  sur face ,  absorb more 
s o l a r  e n e r a .  I t  may happen t h a t  the wamiing e f f e c t  described above might remove 
t h i s  i c e  pack completely. The r e l a t i v e l y  fresh water from i t s  melting has a lower 
densi ty  than nonnal sea water. Wave ac t ion  and water currents  can mix i t  with sea 
water, decreasing the probabi l i ty  t h a t  t h i s  water will f reeze  again. This w i l l  
lead to a f u r t h e r  i n t e n s i f i c a t i o n  of  evaporation and prec ip i ta t ion .  

Conceining the  r e l a t i v e l y  l a r g e r  i c e  shee ts  of  the  Antarc t ic  and Greenland, 
any smll  change i n  t h e i r  i m e n s e  volume would a f f e c t  the  mean sea leve l .  Their 
melt ine has been one of the reasons f o r  the r i s e  i n  mean sea leve l  of about 
0.2 m from the heginning of t h i s  century. A complcte melting would increase the 
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Fig. 4.10. Schematic representation of the impact of human a c t i v i t i e s  on erosion, 
water qua l i t y  ar,d selected hydrological processes. 

mean sea leve l  by about 70 m. B u t  such an event would appear to be very unlikely 
durine the next 10 to 100 thousand years. The r i s e  i n  the average global tempe- 
r a tu re  m y  not  even decrease the i r  volume because of the increased r a in  and 
snowfall, which w i l l  supplement t he i r  ice pack. 

The changes i n  the energy balance a r e  l i ke ly  to increase the temperature i n  
polar regions by about + 10°C in  the  year 2050, a l s o  extending the local vege- 
ta t ion  period: a t  the l a t i t ude  of 50' by about 15 days, a t  70' by about some 
30 days on average, depending on prec ip i ta t ion  occurrence. 

4.5 CHANGES IN WATER QUALITY 

The physical, chemical and biological  charac te r i s t ics  of water a r e  formed not  
only during i ts  penetration through the atmosphere, s o i l  and rock environment, 
but a l so  during i ts  contact  with the vegetat ive canopy,. Forests  and other  cultu- 
res therefore have an important e f f ec t  on the bacter iological  and chemical 
qual i ty  of water ,  and on i ts  turb id i ty .  This qua l i ty  a l s o  depends on the plant  
species, the composition of ecosystems, the s tage  of growth and season; a l s o  
important are the impact of pol len and the changes caused by harvesting, plough- 
ing e t c .  Changes i n  the ecosystem of the  vegetat ive canopy, i . e .  changes i n  the 
plant species o r  cu l t iva t ion  prac t ices ,  r e s u l t  i n  a change of water qual i ty .  
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Waters from af fores ted  areas a r e  general ly  of good quality,which a l s o  depends 
on the heterogenei ty  of the ecosys terns: the replacement of f o r e s t  p o ~ y c u l t u r e s  
by monocultures leads t o  an increase i n  a c i d i t y .  Rut i n  a reas  with high r a i n f a l l  
decaying vegetat ion causes water contamination, deplet ing the dissolved oxygen 
and increasing the  a c i d i t y  e t c .  , espec ia l ly  i n  t rop ica l  and subt ropica l  condi- 
t ions  of high temperatures. Water from a f f o r e s t e d  catchments can a l s o  become 
bac ter io logica l ly  contaminated by w i l d l i f e ,  and p a r t i c u l a r l y  by b i rds .  

'he pol lu t ion  of water resoiirces is a consequence of 
n a t u r a l  processes: erosion,  volcanic  a c t i v i t i e s  and b io logica l  processes, - 

and by human a c t i v i t i e s ,  espec ia l ly  by 
- 

urbanizat ion,  
- 

( f e r t i l i z e r s  and pes t ic ided)  , 
- 

- disposal  of gaseous, l iqu id  and s o l i d  wastes from industry,  t h e m 1  and 

nuclear power pmpra t ion ,  a g r i c r i l t u r ~ ,  dwelling a reas  e t c .  
- 
i n  water ,  
- 

incre2sing erosion owing t o  defores ta t ion ,  wrong c u l t i v a t i o n  prac t ices  and 

washinp of agrochmica ls  from a g r i c u l t u r a l  and s i l v i c u l t u r a l  production 

accidents  during the t ranspor t  of f u e l  and o ther  chemicals, 

subsequent leaching of wastes deposited on the sur face ,  under the grcund o r  

i n f i l t r a t i o n  of pol luted w a t e r  from or t o  groundwater resources e t c .  
The r a t i o  of these processes t o  the t o t a l  water po l lu t ion  depends on the 

nat i i ra l  condi t ions,  the development s tage  and re levant  prac t ices .  Erosion forms 
the p r e v a i l i w  p a r t  (90'7 o r  even more) of po l lu t ion  i n  countr ies  with t r a d i t i o n a l  
in tens ive  a g r i c u l t u r e .  The washine of agrochemicals may contr ibute  by more than 
50% to the t o t a l  po l lu t ion  of sur face  and groundwater resources ,  even i n  h i&ly  
i n d u s t r i a l i z e d  count r ies .  llunicipal po l lu t ion ,  due to  i t s  p a r t l y  organic or ig in ,  
i s  l e s s  harmful than the p o l l u t i o n  from industry and the s tocking of chemicals. 
Hazardous accidents  during the t ranspor ta t ion  and s tocking of f u e l  and other  
chemicals can be p a r t i c u l a r l y  dangerous, owing t o  t h e i r  q u a n t i t i e s  or  chemical 
proper t ies ,  as w e l l  a s  accideqts  i n  nuclear power p lan ts .  

The term pol lu t ion  r e f e r s  to  undesirable  changes i n  the  physical ,  chemical 
and b io logica l  proper t ies  of a i r ,  sur face  water ,  groundwater and the na tura l  
environment which prejudice the l i v i n g  conditions of hman beings and des i rab le  
b io logica l  species  and imperil these conditions i n  f u t u r e ,  as wel l  a s  lead to  a 
d e t e r i o r a t i o n  in  na tura l  resources and neEatively a f f e c t  production processes, 
a e s t h e t i c  o r  c u l t u r a l  values and endanger them i n  fu ture .  

The atmosphere and the q u a l i t y  of p r e c i p i t a t i o n  has been pol luted by carbon 
dioxide C02,  n i t r o u s  oxide N 2 0 ,  sulphur  dioxide SO2, other  gases, sulphates ,  
chlorof luoromethanes and aerosols  produced by industry,  thermic power generation, 
t ransport ,  space hea t ing ,  slash-and-bum and o t h e r  a g r i c u l t u r a l  p rac t ices  e t c .  
Mithin the framework of the  hydrologic cycle pol lu t ion  passes from a i r  to water 

and f r m  one elenent  of t h e  environment t o  another. 
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Fip. 4.11. Penetrat ion of lead Pb, produced by combustion engines used i n  publ ic  
t ranspor t ,  i n t o  the hydrologic cycle  accorddng to  Fishbein (1976). 

Pol lu tan ts  can be categorized as: 

( a )  harmless matter, which can e a s i l y  be removed from water through f i l t r a -  
t ion  and o t h e r  se l f -pur i f ica t ion  processes ,  

organisms (Fig. 4.11). 
(b)  toxic  matter and matter  causing sensor ia l  (organolept ic)  problems f o r  

( c )  
( d )  

of water. 

matter inf luencing the oxygen demand of water ,  
anorganic p o l l u t a n t s ,  dissolved o r  insoluble ,  increasing the s a l i n i t y  

Toxic matter can cause problems o r  breakdowns i n  the various biolopicnl  fmc-  
t ions of an organism and i ts  d iverse  organs (e.g. cancerogens), a s  w e l l  a s  
f u r t h e r  physiological  and psychical and evolut ional  changes (mutagens and tera- 
togens) depending on the concentrat ion and accepted quant i ty  of t h i s  matter, 
the inf luence of o t h e r  mat ter  and on the age and hea l th  s tage  of the organism. 
These problems may occur not  only s h o r t l y  a f t e r  the contac t ,  but  a l s o  i n  the 
long term over a period exceeding even 40 years (Fig. 4 . 1 2 ) .  

Research i n t o  the impact of d i f f e r e n t  kinds of toxic  mtter and, espec ia l ly  
t h e i r  synerpe t ic  e f f e c t ,  is s t i l l  i n  an e a r l y  stare. This e f f e c t  can therefore  
be n e i t h e r  q u a l i t a t i v e l y  nor q u a n t i t a t i v e l y  es tab l i shed .  The problem is  very 
ccmplicated, espec ia l ly  because of the varyinp res i s tance  of the same organisms 
under s i m i l a r  condi t ions,  because of the e f f e c t  of o ther  f a c t o r s ,  and because of 
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Fig. 4.12. Changes i n  a rsena te  compounds dur ine  the course of the hydrologic 
cycle .  

the changes i n  these matters during t h e i r  passaae through the environment. 

Some chemicals a r e  chgl ica l ly  s t a b l e  and pass through various biological  and 

physical processes without  change ( e . p .  DDT - Fig.  4. i 3 ) ,  endangerinp especial ly  

higher  organisms by t h e i r  accumulation, i . e .  remaining i n  t h e i r  organs i n  a 

s i ihstnnt inl lv  concmtra tcd  form i n  canparison with t h e i r  concentrations in  lmpr 

clarients in the hiolog,lcal chain. 

Fig. 4.13. Penetrat ion of thp i n s e c t i c i d e  DDT i n t o  the hydrolopic cycle  and i t c  
accumiulation i n  higher  organized organic mat ter  accordinp to Woodwell (1965). 
Conccntration is  hatched. 
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The harmfulness o r  harmlessness of re levant  po l lu tan ts  depend on many fac tors  
such a s  t h e i r  mutual e f f e c t ,  t h e i r  durat ion,  the preva i l ing  heal th  s tandards,  
individual  r e s i s t a n c e  e t c .  The genera1 leve l  of knowledge about these fac tors  is 
s t i l l  unsa t i s fac tory .  I t  i s  e.p. presumed tha t  50 t o  90% of the cases of cancer 
a r e  a consequence of the synerge t ic  inf luence of cancerogens. 

The h ighes t  concentrat ion of the mtter supposed to have a n  undesirable e f f e c t  
is the s a n i t a r y  admissible concentration. These concentrations can be  dis t ingu-  
ished f o r  

( a )  i n d i r e c t l y  harmful consequences, 
(b)  sensor ia l  (ormnolept ic )  consequences, 
( c )  toxic  consequences. 

TABLE 4.11 

Ga tegor ies  of waste water Comnents 

1. In tens ive ly  a c i d  o r  Contain ac ids  o r  bases i n  high concentrations. 
i n  tens i v e l y  alka 1 ine 

~~ ~~ 

2. With high degree of 
minera 1 i za  t ion  

Not s u f f i c i e n t l y  s u i t a b l e  f o r  fur ther  u t i l i -  
za t ion  i n  industry o r  agr icu l ture .  

~ 

3. With high content of Produce secondary pol lu t ion  by i t s  b io logica l  
suspended matter  decay. In jur ious  f o r  f i s h e s .  

4 .  With nlatter inf luencing Tenzids, o i l  products, grease e t c .  
the oxygen input  

5. With high content  of D m e s t i c  sewage. The change of aerobic  pro- 
cesses to  anaerobic ones. The lack of oxygen 
causes per ishing of f i s h e s .  

b io logica l ly  degradable 
'matter o r  mat ter  consuming 
oxygen chemically 

6. With roa tter k f  luencing 
the s e n s o r i a l  p roper t ies  

Chlorphenols, o i l  products, solvents  etc. 

7 .  With toxic  matter Heavy metals, pes t ic ides  , n i  t rogenic  and 
rad ioac t ive  matter .  

~ 

8. With pathogenic germs Water from s a n i t a r y  serv ices ,  tanneries  e t c .  

9. With predominant ni t rogen F e r t i l i z e r s ,  detergents .  Eutrophic influence. 
and phosphorus compounds 

10. Warn waters Decrease i n  oxygen content ,  increase i n  
metabolism of water fauna and its oxygen re- 
quirements, r e s u l t i n g  i n  a decrease i n  the 
se l f -pur i f ica t ion  capaci ty ,  providing the 
a e r a t i o n  is not predominant. 

Categories of waste water depending on the  predominant type of po l lu t ion  accor- 
ding t o  P i t t e r  (1972). 
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Waste waters can be categorized on the basis  of t he i r  main cmponents, which 
a l so  character ize  the i r  prevai l ing harmful e f f ec t s  (Tab. 4.11). Pol lut ion direc- 
t l y  caused by waste disposal is primary pol lut ion.  I f  i t  does not exterminate 
a l l  organic l i f e ,  a development of some undesirable organisms, namely detruents ,  
occurs. The mass decay of these organisms causes secondary pol lut ion.  

Human a c t i v i t i e s  draw new, mostly harmful components in to  natural  cycles and 
thus influence the natural  c i rcu la t ion  r a t e  of the main biogeoelements. In such 
a way the volume of the nitrogen c i rcu la t ion  is  increased, especial ly  by 

(a )  
(b) 
( c )  

gazeous emissions and aerosols  from burning and other  chemical processes, 
l iqu id  wastes from indus t r i a l  estates, 
the use of n i t r a t e  f e r t i l i z e r s ,  accelerat ing the biological  production 

of n i t rous  oxide. 
Nitr ides  a r e  quickly soluble and therefore  mobile, i . e .  i t  i s  d i f f i c u l t  to 

keep them i n  the s o i l  and very easy t o  wash them away. Losses by washing reach 
some 20 - 40% on average. Only a m n i a  s a l t s  can be bound i n  the s o i l ,  but they 
a r e  not  s t ab le ,  changing in to  n i t r ides  i n  s o i l .  

A d i r e c t  r e l a t ion  e x i s t s ,  therefore ,  between the content of nitrogen in  su1' 
face waters and i n  the in tens i ty  of f e r t i l i z i n g .  A subs tan t ia l  pa r t  of such con- 
tamination comes from the groundwater, pol luted by percolat ion n i t r ides  from 
f e r t i l i z e d  f i e lds .  

Five hundred mil l ion tons of n i t rous  oxide N20 enters  the atmosphere annually, 
mainly by biological  decay and den i t r i f i ca t ion  processes taking place in  s o i l s  
and oceans. H m n  a c t i v i t i e s  present ly  account fo r  some 10% of th i s  f igure.  The 
r a t e  of the den i t r i f i ca t ion  process by s o i l  organisms depends on the s o i l ' s  
ac id i ty .  The r a t i o  of N2 t o  N 0 produced by s o i l  bacter ia  increases from 0.05 
to  0.2 i n  ac id  s o i l .  The r a t e  of nitrogen and n i t rous  oxide production depends, 
therefore ,  on the production of sulphur dioxide and sulphates ,  i . e .  the i n t e r  
re la  tionships of the biogeoelements ' c i rcu la t ion  a r e  complex. 

2 

Human a c t i v i t i e s  a l so  change the unbalanced c i rcu la t ion  of phosphorus, namely 
by means of the waste water disposal  and by f e r t i l i z e r  wash from agr icu l tura l  
a reas .  The compounds of phosphorus a r e  d i f f i c u l t  to dissolve. They a r e  fixed as  
ferrum phosphates i n  ac id  s o i l s  and a s  calcium phosphates i n  a lka l ine  s o i l s .  
Nevertheless, especial ly  through the long-term appl icat ion of phosphates on l igh t  
or organic s o i l s  with a low absorption capacity, they escape and pol lu te  the 
groundwater . 

The increase i n  the carbon oxide CO and carbon dioxide CO concentration re- 2 
s u l t s  mainly from 

(a )  
plough inE, 

(b) 
Six b i l l i o n  tons of carbon oxide enters  the atmsphere per annum through in- 

ag r i cu l tu ra l  production processes, especial ly  a s  a consequence of 

the continued r i s e  i n  the burning of f o s s i l  fue ls .  
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TABLE 4.12 

Potent ia l  impact 
(diseases  ) 

Pulmonary Beryllium Be, Cadmium Cd, Chromium C r ,  Selenium Se, 
Manganese Mn 

Liver Selenium Se, Nickel Mi: carbon chloride CC14, 
chlorinated phenols 

Kidney T i  thium L i  , Lead Pb, S tronciim Sr ,  Selenium Se, 
Nickel Ni, Cadmium Cd - especial ly  cadmium sulphate  CdS04, 
e thylenglyco 1 

Nervous system Mercury Hg,  Stroncium S r ,  Manganese Mn, Lead Pb, 
Calcium Ca, Cadmium Cd 

n i t r i t e s  and n i  t r a  tes Me taheanioglobin- 
anemia 

F luor i s i s  Fluorides 

Canceerogens tar, asphal t  and combus t ion gases, Chromium C r ,  Nickel N i ,  
Beryllium Be, n i t r ides  and n i t r a t e s ,  nitrosamins, poly- 
chlor inated biphenyles, petroleum, t r i az in ,  polyuretan, 
polyvinylchloride , benzene, polynuclear arcmatic. hydro- 
carbons, chlorophom, bromophoim, asbes t ,  pest ic ides  
endrine, d ie ldr ine ,  chlordane, endring, DDT e t c . )  

Selected toxic  mat ter ,  occuring especial ly  i n  waste water and the i r  possible 
impact on human heal th .  

complete combustion i n  conditions of a r e s t r i c t ed  access of oxygen - the share 
of combustion engines i n  t ransport  is more than 75%. 

The carbon dioxide in  the atmosphere has r i sen  from 0.028% i n  1860 to the 
present 0.033% and m y  double by the next mid-century. Its content i n  the 
atmosphere increases especial ly  a s  a r e s u l t  of the change of afforested areas 
in to  ag r i cu l tu ra l  land. According t o  Wilson (1975) the percentage of the carbon 
dioxide i n  the atmosphere has r i s en  by about 10% in  the period 1860-90 by 
ploughing vas t  areas  in  America, South Afr ica ,  Austral ia  and h s t em Europe. 
The burning of f o s s i l  fue ls  increases th i s  content by about 0.0001% yearly , 
but the combustion of a l l  fuels  ava i lab le  would increase th i s  f igure  almost 
twenty times. 

Obvious addi t ions to  the atmosphere, produced by a combination of burning and 
the photochemical react ions i n  the presence of u l t r av io l e t  radiat ion,  a r e  aero- 
s o l s ,  a combination of soot  pa r t i c l e s ,  sulphur dioxide SO2, sulphates and un- 
burned hydrocarbons. An important influence is had here  by sulphur dioxide SO2 
and sulphur t r ioxide SOg, which occure especial ly  a s  a product of low qual i ty  
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flip1 burninp. The na tura l  vulcanic production of sulphur dioxide is some 140 m i l .  
ton year ly ,  while power generat ion,  space hea t ine  and o ther  human a c t i v i t i e s  
ad R sane 50% more t o  t h i s  f igure .  

A i r  po l lu t ion  inf luences water c i r c u l a t i o n  i n  an important way, because 
( a )  carbon dioxide,  chlorofluorornethanes, n i t r o u s  oxide and o ther  in f ra red  

absorbing gases absorb t e r r e s t r i a l  in f ra red  rad ia t ion  i n  several inf ra red  bands, 
thereby warminp the Farth ' s sur face ,  

(h)  aerosol  p a r t i c l e s  over a dark sur face  such as oceans increase the n e t  
albedo, bu t  lower the albedo over the land,  althouph t h e i r  overa l l  inf luence is 
not  known y e t  , 

( c )  aerosols  produced by burninp and industry a c t  as  good condensation and 
f reez inp  nuc le i ,  thus increasing the probabi l i ty  of r a i n f a l l  occurrence. 

The pol lu t ion  frcm the a i r  e n t e r s  the s o i l  and water espec ia l ly  through 

(a) washing-out of gases and aerosols  from the atmosphere by r a i n f a l l ,  

(b )  absorpt ion of  gases by the s o i l ,  vegetat ion and water, 
( c )  s e t t l i n g  of  s o l i d  p a r t i c l e s  on the vegetat ion and s o i l  and i n  the water. 
One of the obvious r e s u l t s  i s  a n  increase  i n  the a c i d i t y  of r a i n f a l l  and 

sur face  waters including n a t u r a l  l akes .  The course of a i r  po l lu t ion  is  uneven, 
and t h a t  of the a i r  motion too, s o  the a c i d i t y  of r a i n f a l l  a t  one place fluctu- 
a t e s  i n  time. R u t  the  o v e r a l l  r e s u l t  on the sur face  water q u a l i t y  is a r i s e  i n  
i ts  a c i d i t y ,  caused namely hy 

(a) 
(b)  
( c )  
(d)  
The increased a c i d i t y  of sur face  water causes changes i n  the relevant  ecosys- 

the inflow of ac id  r a i n f a l l ,  
the leaching of ac id  geological l a y e r s ,  
the inflow of ac id  waste waters ,  
the supply of s a l t s  from the sea water through the atmosphere. 

tems, manifested f i r s t  by a reduction i n  t h e i r  d i v e r s i t y .  The decrease of the 
pH f a c t o r  below 5.5 is also c r i t i c a l  f o r  most f i s h  spec ies ,  decreasing the over- 
a l l  b io logica l  a c t i v i t y  and changing the n u t r i t i o n  chains. A s i m i l a r  influence 
occurs on soi ls .  Rut the r i s e  i n  the s o i l  a c i d i t y  is  of ten  a r t i f i c i a l l y  neutra- 
l i zed  by liming i n  order  to  increase y i e l d .  

On the whole, the e f f e c t s  of pol lu t ion  a r e  remarkably negat ive (Tab. 4.11). 

The re levant  i n t e r r e l a t i o n s h i p s  are complex, and not  y e t  f u l l y  qiiantified. Tne 
r e s u l t  of anthropogenetic influences on the cl imate  , environmental q u a l i t y  and 
the hydrologic cyc le ,  a l s o  inf luencing l i v i n g  conditions and human l i f e ,  cannot 
ye t  be s u f f i c i e n t l y  quant i f ied .  

4.6 ENVIRONMENTAL IMPACTS OF WATER DEVEU)PM!SNT PROJECTS 
The explo i ta t ion  of water resources is inevi tab ly  accompanied by a disturbance 

of the na tura l  balance. The ex ten t  of the inf luence of these pro jec ts  on the 
environment depends on the ex ten t  of  the changes i n  the water repime i n  the area 

concerned (Tab. 4 .13) .  
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TABLE 4.13 

Environmental factors  (external) sys tern factors  ( in t e rna l )  

Stable  Variable Stable  Variable 

ab io t i c  b i o t i c  

climate wea th er pro jec t  hydrological ecosys tms 
peopraphical posi t ion discharges s i z e  meteorological soc ia l  
a1 ti tude i c e  purpose rnicroclima to- sys tems 
morphology phmomena opera tior? logical  
geo1ogy other  physical 
s o i l  factors  human chemi ca 1 
natural  water qua l i ty  a c t i v i t i e s  propress of 

the pro jec t  

Categorization of bas ic  factors  wnich determine the impact of water development 
on the environmmt and on human society.  

The ident i f ica t ion  of environmental impacts should be an ear ly  a c t i v i t y  i n  
the planning porcess. Environmental s tudies  a r e  needed to  r e s t r i c t  undesirable 
e f f ec t s  and ident i fy  appropriate mitigation measures. An assessment' of the envi- 
ronmental impacts requires 
- 

s imi la r  gemorphological and climatological conditions, 
- 

and networks, 
- 
calculat ions , 
- the use of m thema t i c a l  models for  mu1 t i p l e  environmental fac tors ,  
- 

a general knowledge of the impacts of s imilar  water development pro'jects under 

a systematic approach based on the iise of checkl i s t s ,  in te rsec t ion  m t r i c e s  

a quant i ta t ive  approach based on mss balance and environmental d i lu t ion  

case s tudies  and p i l o t  p ro jec ts .  
The purposes of constructing water development projects  can be c l a s s i f i ed  a s  

(a) regulat ing - provision of water fo r  d i f f e ren t  purposes and safeguarding 
of i t s  supply, a l s o  i n  periods of low na tura l  discharges and high water require- 
ments, by accumulating water i n  surface and underground reservoirs  diiring p e r  
iods of surplus ,  or by its conveyance. 

(b) control  - reduction of high discharges and high water tab les ,  runoff 
re ta rda t ion ,  s o i l  conservation, reduction of erosion,  control  of s i l t  load i n  
streams by conservation s torage,  r i v e r  t ra in ing ,  water conveyance e t c .  

(c) d i s t r ibu t ion  and drainage - water supply f o r  municipal, indi is t r ia l  and 
agr icu l tura l  use, sewage co l lec t ion  and removal etc.  

(d) qua l i ty  control  - pollut ion abatement, improvement of water qua l i ty ,  
prevention of contamination for  the protect ion of the environment and of public 
hea l th .  
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(e )  beneficial  use of land/water space - urbanization, improvement of agr i -  
cu l tura l  and indus t r i a l  production, t ransport  including inland navigation, water 
power u t i l i z a t i o n ,  recreat ional  use of water and aes the t i c  enjoyment. 

Currently water development projects  are planned for  several  purposes (Tab. 
4.14;. The s~un of a l l  the benefi ts  of a multi-purpose pro jec t  exceeds the maxi- 
mum benef i t  of any one individual  function, but thevalue of any one of i ts  func- 
t ions  i s  seldom the mximun one. Some of its functions m y  even be contradictory 
(Tab. 4.15). These contradictions may occur a f t e r  the constriiction of reservoirs ,  
for example because they a f f e c t  an extensive area and the i r  e f fec ts  d i f f e r  

(a) 
(b) 
( c )  along the headrace o r  t a i l r ace  (Tab. 4.21), 
(d )  i n  the area under supply (Tab. 4 . 1 7 ) .  

i n  the space of the reservoi r  and i t s  environment (Tab. 4 - 1 6 ) ,  

along the water coiirse downstream of the dam (Tab. 4 . 2 0 ) ,  

TABLE 4.14 

Ida ter supply - 1 , 2  2 1 , 2  0 2 2 9 3  293 

Hydropower 1,2 - 2 1,2 2 2 2 2 
Fenera t ion 

NaviKa t ion 2 2 0 3 3 0 0 

Flood control  1 ,2  1,2 0 2 0 3 0 

- 

- 

- \dater qua l i t y  0 2 3 2 0 3 3 
con t ro  1 

Environmen t a  1 2 2 3 0 0 0 0 - 
and aes the t i c  
aspects  

- Recreation 2 , 3  2 0 3 3 0 3 

Fish breeding 2 , 3  2 0 0 3 0 3 - 

0 - no o r  non-important variance 
1 - variance i n  reservo+ volme.  requirements 
2 - variance i n  reservoir operation requirements 
3 - variance i n  water qua l i ty  requirements 

Matrix of variances f o r  bas ic  purposes of reservoir construction and operation. 



3 02 

TABLE 4.15 

~~~~ ~ 

Reservoirs i n  populated 1 1 1 2 1 3 2 0 2 1 1 0 3 6 3 
areas  

Reservoir i n  abarldoned 
areas  1 1 1 1 1 3 0 0 2 1 1 2 0 7 2  

Flood control  dikes 0 0 0 1 1 0 3 0 1 0 0 0 1 4 0  
R i ve r tr a ining 0 3 3 1 1 2 2 0 1 2 2 2 3 3 5  
Bank s t ab i l i za t ion  0 0 0 1 1 0 0 1 1 0 0 0 1 5 0  
Water ways 0 3 1 1 1 0 2 0 2 2 2 2 3 3 5  

I r r iga t ion  projects  

I r r iga  t ion 0 0 0 1 0 2 2 1 1 2 0 2 0 3 4  
Dra ina ge 0 0 0 1 1 3 1 0 1 0 0 3 0 4 0  
Fishponds 1 0 0 1 3 3 1 0 3 1 1 3 3 5 0  

Sani tary eng. pro jec ts  

LJa t emork s 1 0 0 1 0 2 0 0 0 0 0 0 0 2 1  
Sewarage 0 0 0 1 0 2+0 1 0 0 0 0 0 2 1 

Water recycl ing 1 0 0 1 0 1 0 0 0 0 0 0 0 3 0  
Groundwater development 1 0 0 1 0 0 3 0 3 0 0 3 0 2 0 

Water management 0 0 0 3 1 1 1 1 2 1 0 1 0 6 1  
measures 
Afforestat ion 0 0 0 3 1 1 1 1 2 1 0 1 0 6 1  
Managed a a i c u l t u r e  0 0 0 1 0 0 1 1 1 2 0 2 0 4 2  

DiverEencies i n  the impact of selected water projects  and measures: 0 - no o r  
unimportant infl,.ience, 1 - pos i t ive  impact 2 - negative impact, 3 - depends on 
local  conditions, + with a waste water treatment 'plant 
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4.6.1 Effects  of Reservoirs and I r r iga t ion  9;stems on C1imt:e 

The flooding of an area a f t e r  pu t t ing  a reservoi r  i n to  operation changes ' the  
character  of the landscape. A uniform, compact water tab le  takes the place of 
diverse  surfaces of d i f f e ren t  character .  I n  such a way the reservoir  a f f ec t s  a l l  
the natural  processes which took place within i t s  area of influence. 

The or ig ina l  evapotranspiration of ecosystems and the evaporation from bare 
s o i l s  a r e  replaced by the increased evaporation from the f r ee  water surface,  
whose share  was or ig ina l ly  f a r  l e s s  important. This process is thus released from 
a dependence on s o i l ,  hydrogeological and physiological fac tors .  

TABLE 4.1 6 

Impact of reservoirs  on the i r  surroundings 

Flooded land Flora and Fauna Water qua l i ty  Microclirrate Dwelling value 

Rise i n  water Change i n  Abrasion Rise i n  a i r  New scenery 
table ,  increa- aquat ic  l i f e  humidity 
sed fluctua- 
t ion  

Loss of agr i -  Development Sedimentation Equalizing Improvement of 
cu l tura l  and of plankton temperature l iv ing  and 
fo res t  land organisms differences recreat ional  

conditions 

Flooded Mew predominant Production of Increased wind Increase in  
mineral f i sh  species new organic veloci ty  insec t  density 
resources matter 

Rise i n  ground Change i n  Temperature Change of Increase in  popu- 
water table  and coastal  . changes albedo,energy l a t ion  density 
increase i n  vegetation input and and i n  pol lut ion 
i n f i l t r a t i o n  rad ia t ion  

Increased Change i n  Mineralization, Decrease i n  Flooding of 
probabi l i ty  wild1 i f e zones of loca l  r a i n f a l l  landmarks and 
of earthquake species in- d i f f e ren t  monuments 
occurrence cluding fowl water qua l i ty  

Checklist of the probable impact of reservoir  construction and operation of the 
surroundings. 

The r i s e  i n  a l t i t u d e  of the surface a t  which evaporation occurs, i ts  less 
'protected pos i t ion  and its smoothness a l l  acce le ra te  t h i s  process and a f f e c t  the 
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a i r  flow. The increased input  of s o l a r  enerEy, i . e .  the change of the albedo and 
the increase i n  the water  temperature, may a l s o  cont r ibu te  t o  the r i s e  i n  the 
evaporation r a t e .  The s impl i f ica t ion  of sur face  c h a r a c t e r i s t i c s ,  the decrease in  
evapotranspirat ion,  the increase i n  a i r  humidity change reversely the conditions 
which inf luence the run of  t h i s  process. 

Depending on meteoroloyical and o ther  condi t ions,  the evaporation from the 

f r e e  water sur face  mostly exceeds the evapotranspirat ion from af fores ted  o r  
c u l t i v a t e d  s o i l s .  Both evaporation and evapotranspirat ion from the adjoining 
shore a reas  increase ,  due t o  the ra i sed  moundwa ter table  being s u f f i c i e n t l y  
suppl ied by the impounded water t a b l e  of the reservoi r .  A s i m i l a r  increase i n  
evapotranspirat ion is recorded along i r r i g a t i o n  canals .  

The increase i n  evaporation a l s o  inf luences the water q u a l i t y ,  causing non- 
productive water losses  and r a i s i n g  the concentrat ion of suspended and dissolved 
matter .  This f a c t  is  extremely important i n  a r i d  and semi-arid a reas  because of 
the extremely high evaporation r a t e  there .  The f a l l  i n  water q u a l i t y  occurs a s  a 
consequence of high evaporation, espec ia l ly  i n  shallcw r e s e r w i r s .  It  may r e s u l t  
i n  a drop of water  q u a l i t y  b e l m  the l i m i t s  of u t i l i z a t i o n  f o r  the required pur- 
pose, o r  l i m i t  the economic f e a s i b i l i t y  of the re levant  pro jec t .  

The increase i n  the mean evaporation from an area  a f fec ted  by the construct ion 
of a reservoi r  can be estimated on the b a s i s  of the following equation: 

E . A = EN. Aw + ET . (A-Aw) (m3) (4.14) 
E = r . EIJ + E T .  (1-r) (m) 
E = ET + r . (I3.I-ET) (m ) (4.15) 
A - area  sur face  (m* ) 
A, - water tab le  sur face  (m2) 
E - t o t a l  mean evaporation 
ET - mean evapotranspirat ion from the s o i l  sur face  fm) 

md - mean evaporation frcm f r e e  water sur face  (m) 

r =  $ - the r a t i o  of the water tab le  sur face  & and the a rea  sur face  A 

Leaving a s i d e  the chanpe of the p r e c i p i t a t i o n  t o t a l  and the change of mean 
evaporation, the decrease i n  the t o t a l  year ly  runoff from a catchmerit r e s u l t i n g  
from the increased evaporation reaches 

dQa = d .  (FV - ET) . A  (m3)  (4.16) 

d = rl-ro - the d i f fe rence  between the r a t i o  of the water surface and the SUT 
face of the catchment a f t e r  f r l )  and before (yo) the construct ion 
of the reservoi r  

The decrease i n  the t o t a l  year ly  runoff due t o  the impact of the constnict ion of 

an i r r i g a t i o n  
equations 4.14 and 4.16. I n  t h i s  case 

network can be  estimated i n  a s i m i l a r  way, i n  accordance with 



305 

TABLE 4.17 

Impact of i r r i g a t i o n  (drainage) 

s o i l  Chemical Fiologica 1 Hydrological Microcl im te 
p r o f i l e  impact 1mpa c t impact 

Rise i n  the Change i n  Increase Increase i n  Change i n  the 
(drop i n  the)  a c i d i t y  o r  (decrease) i n  runoff albedo 
groundwater a l k a l i n i t y  the root  depth ( i n  both cases)  
tab le  of s o i l  

IJe t t ing  Increase Increase Increase i n  Increase 
(aera t ion)  of (decrease) i n  (decrease) i n  (suppression (decrease) i n  
the s o i l  the s a l i n a t i o n  r e s p i r a t i o n  o f )  evapora- the a i r  
p r o f i l e  r a t e  of roots  t ion  humidity 

Change i n  (Escape of P lan t  diseases  Decrease cool ing 
the s o i l  nutr iments ,  provoked by ( increase)  i n  (warming) 
temperature espec ia l ly  hipher  humidity i n f i l t r a t i o n  

n i  troqen) 

Change i n  the 
s o i l  s t ruc-  
tu re  

Change i n  the 
p lan t  species  
( i n  both cases), 
weed occurrence 

Decrease i n  the 
da i ly  fluctua- 
t ion  of 
tempera ture  

Increase i n  
(suppress ion 
o f )  i n s e c t  
occurrence 

Checkl is t  of the probable impact of i r r i g a t i o n  and drainage ( i n  brackets)  on the 
water cycle  and the  environment. 

ETo - mean evapotranspirat ion from the dry-farmed 
and other  non-irrigated land (m) 

ETi - w a n  evapotranspirat ion from i r r i g a t e d  land 

ri = A i  - the r a t i o  of the i r r i g a t e d  land A; and the t o t a l  a rea  surface A 

ro = G and therefore  

A Q a i  = ri . (ET; - ET,) . A 

(m) 

(m3> (4.17) 

The increased y i e l d  a f t e r  i r r i g a t i o n  is of ten  achieved less by the growth i n  the 
overa l l  evapotranspirat ion r a t e ,  bu t  r a t h e r  by the d i f f e r e n t  and more e f f i c i e n t  
evaporation d i s t r i b u t i o n :  by i t s  increase i n  the period of p lan t  growth and by 
its decrease out  of the vegetat ion season, i . e .  by the increase i n  e f f i c i e n t  and 
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decrease in  ine f f i c i en t  evaporation. This phenomenon has Seen confirmed sta tis- 
t i c a l l y  by long-term measurements, e.g. the water table  of the Aral Sea did not 
change i n  the period 1910-60, i n  s p i t e  of the extension of the i r r iga ted  area 
from 2 t o  4 m i l l .  ha in  the catchment of i ts  t r ibu ta r i e s .  From th i s  point  of 
view an appropriate  cropping pa ttem, cor rec t  i r r iga t ion  timing and appropria te 
economic i r r i g a t i o n  pract ices  a r e  a l so  important. I n  the step-by-step develop- 
ment of i r r iga t ion , therefore ,  two stages  can be d is t inmished  
- 

to  a s i m i f i c a n t  ex ten t ,  
- 

stage of evaporation red is t r ibu t ion ,  not  a f f ec t ing  the t o t a l  annual runoff 

s tage  of increased to t a l  evaporation, decreasing the to t a l  annual runoff. 
The increase i n  the extent  of f ree  water surfaces in  the catchment owing to 

the construction of reservoirs  of ten r e su l t s  i n  a reduction i n  prec ip i ta t ion .  
This decrease in  prec ip i ta t ion  is a consequence of lager  temperatures above the 
water surface i n  the simer season in  cmparison with the or ig ina l  temperatures 
above the nonwetted s o i l  surface.  The decrease i n  the to t a l  yearly runoff may, 
therefore ,  be higher than the value establ ished according to  equation (4 .16 ) .  

An inversion of ten  occurs above an open water surface: the a i r  temperature 
does not  f a l l  with increasing a l t i t u d e ,  but rises. This inversion causes a ver t i -  
cal  a i r  
l i t y  of r a i n f a l l  occurrence, too. This probabi l i ty  is a l s o  reduced by the re- 
duced rouzhness of the reservoi r  surface in  comparison with the roughness of the 
or ig ina l  land surface.  The decrease in  the t o t a l  r a i n f a l l  has been recorded 
s t a t i s t i c a l l y ,  but  only i n  the case of extremely b ig  reservoir  surfaces. 

off  of a f fec ted  water courses, especial ly  i n  the case of big carry-over storages, 
which has an important impact on water qua l i ty .  This e f f ec t  of the operation of 
bin carry-over s torages has already been recorded on a global sca le .  

motion, decreasing the r a t i o  of i t s  sa tura t ion  - and hence the probabi- 

This a l s o  s ign i f i e s  a decrease i n  the water exchange in  the to t a l  annual run- 

The construct ion and consequent operation of reservoirs  and i r r iga t ion  net- 
works a l s o  influences the values of other  meteorological phenomena, i n  comparison 
with the or ig ina l  s t a t e  without any reserwir o r  i r r iga t ion .  The hea t  capacity 
of water is four to  f ive  times higher  than tha t  of a i r  o r  s o i l  and rocks, and 
the l a t e n t  hea t  of so l id i f i ca t ion  and evaporation is also comparatively high. 
Water bodies a c t ,  therefore ,  a s  a cooler par t  of the environment during a rapid 
increase i n  a i r  temperature, e .g .  i n  spr ing and during the morning hours. During 
a f a s t  f a l l  i n  a i r  temperatures, e.g. i n  the evening o r  i n  au tum,  they function 
a s  a warmer pa r t  of the environment. Likewise, they warm the adjoining a i r  layer 
during cool summer nights .  The hea t  of the water body l i m i t s  the f luctuat ion of 
the temperature of the surface a i r  l ayer ,  a l s o  influencing the thennic zonation 
of the a i r  on the reservoi r  shore. 

This influence can be measured especial ly  i n  deep va l leys ,  and has a d i f fe ren t  
impact depending on the rad ia t ion  s i tua t ion .  During rad ia t ion  back t o  space, 
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which occurs par t icu lar ly  during br ight  n ights ,  the lowest temperatures in  a 
val ley without a reservoir  a r e  a t  the foot of the s lope,  when calm. Lmer mini- 
m m  night ly  temperatures a l s o  occur in  th i s  zone. I n  the middle pa r t  of the 
s lope a warmer zone with higher values of minimum night ly  temperatures appears. 
A t  the top of the s lope,  the temperature decreases again (Fig. 4.14 a ,b) .  

In  a val ley with a reservoi r  the night  temperature decreases upwards to  the 
top of the s lope.  The difference between day and night  temperatures i n  a valley 
with a reservoi r  is higher a t  the top of the s lope,  but a t  its foot  i n  a valley 
without a reservoi r .  In  a val ley with a reservoi r ,  a more intensive wind motion 
occurs, because warmer a i r  above the water table  is replaced by cooler s t r a t a  
which descend from the top of the slope. 

Fig. 4.14. The course of a i r  temperatures (da i ly)  Td, night ly  Tn) 
ture  of the s o i l  surface Ts and of a i r  humidity I J  i n  a val ley :a) before and 
(b) a f t e r  the construct ion of a reservoir  during rad ia t ion  s i  tuaLion according 
to Ma19 (1979). A i r  motion above the reservoir  shore during calm; (c )  c lear  day, 
(d) c l ea r  n ight .  The occurrence of the inversion I and fog F: R - re f lec ted  
rad ia t ion ,  CA - cool a i r ,  TJA - warm a i r ,  C - a i r  c i rcu la t ion ,  E - evaporation. 

the tempera- 
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On a br ight  day, the highest  temperatures occur a t  the foot  of the slope i n  a 
val ley without a reservoir  
val ley w j  th a reservoi r ,  the hea t  capacity of the water body reduces the morning 
temperatures. Their decrease to  the top of the slope is measurable when windy 
(Tw), and negl igible  when calm (Td). 

and decrease upwards t o  the top of the slope. In  a 

The a i r  flow depends on the changes of temperature. The lower roughness of 
the reservoir  surface promotes horizontal  a i r  movement. The influence of b ig  re- 
servoirs  therefore changes the shape of t h e  re levant  wind rose,  increasing the 
occurrence of s t rong winds from the reservoir to the shore, namely alonE i t s  
longest dimension. The wind rose is extended i n  th i s  d i rec t ion .  

The a i r  movement is more marked i n  shallow val leys ,  while i n  deep valleys this  
only appl ies  i n  the case of a coincidence in  the d i rec t ion  of the val ley and the 
prevai l ing s t rong winds. During calm and durinp radiat ion back to  space i n  the 
spr ing 
being replaced by the cooler a i r  coming from the expanse of the reservoir  i t s e l f .  
This cooler a i r  is replaced by the  s t i l l  cooler a i r  from the upper iayer  of the 
amnosphere (Fig. 4.14 c ) .  

season i n  daytime, the warmed a i r  r i s e s  above the reservoi r ' s  shores, 

The a i r  humidity depends on the evaporation r a t e .  In  a f l a t  area an influence 
of some 10 - 15% of the r e l a t ive  humidity reaches to  a dis tance of some 100 m in  
the d i rec t ion  of the wind, even i n  the case of r e l a t ive ly  small reservoirs .  The 
highest  a i r  humidity is a t  the reservoir  surface,  and th i s  decreases towards the 
top of the s lope i n  deep val leys .  The course of thp a i r  humidity i n  valleys with- 
out  reservoi rs  is the reverse: its values a r e  about 3% lower a t  the foot  of the 
s lope than a t  i t s  top. 

The high a i r  humidity a t  the water tab le  and the occurrence of the inversion 
layer  r e s u l t  i n  fog formation where the cool a i r  flaws in ,  thus increasing the 
frequency of fog occurrence i n  val leys  with reservoirs  - o r  large headrace, tail- 
race and diversion canals ,  especial ly  during periods without winds (Fig. 4.14 d) .  

on the frequency of wind occurrence and on its in tens i ty .  The change of the 
microclimate a l s o  depends on the change of the so l a r  radiat ion input and on i t s  
re f lec tance ,  derived from the change of the area surface.  Different  species of 
the vegetat ive canopy a r e  replaced by the uniform water tab le ,  whose ref lectance 
depends on the angle of incidence. 

The degree of influence of a reservoir  on the local  climate therefore depends 

Changes of the absorption and ref lectance of so l a r  radiat ion,  together with 
changes of temperature and humidity, a l so  influence the ecosystems on the shore 
i n  question. The energy input  increases ,  producing favourable e f f ec t s  on the re- 
levant canopy, a s  long a s  the limits of i t s  hec t  tolerance a r e  not  exceeded. 

The extent  of the measurable e f f e c t  of reservoir  operation on climatological 
fac tors  depends on the loca l  conditions. It is  a compensating e f f ec t ,  occurring 
more noticeably i n  areas  with a rough climate than i n  areas  with a mild climate. 
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The d is tance  of reach of the cl imatological  inf luence of reservoi rs  and irri- 
gat ion networks depends on t h e i r  s i z e :  It does not  exceed a few hirndred meters 
i n  the case of smll  r e s e r v o i r s .  Rig reservoi rs  influence the cl imate  within a 
reach of some 1 to 3 km from t h e i r  shores .  The biggest  reservoi rs  i n  the world, 
according t o  Avakyan e t  a l .  (1977), can under extraordinary meteorological con- 
d i t i o n s  occasional ly  inf luence the c l i m t e  JJ to  a dis tance of 30 to  60 km, t h e i r  
averape e f f e c t  general ly  occurr ing wi th in  a reach s f  10 to  15 km. Th? change of 
mesoclimate 
e t c .  are more important, because of inhabi tan ts  

and s a n i t a r y  hazards caused waterlogging, wrong i r r i g a t i o n  pract ices  
l i v i n g  inside the a f fec ted  a rea .  

4.6.2 E f f e c t  of Reservoirs and Dams on Sediment Transport 
Dams, divers ion dams and weirs i n h i b i t  and d is rupt  bed-load, siispended and 

wash load t ransport .  They a l s o  change the course of the  erosion process both 
downstream and, wi th in  the reach of t h e i r  swel l ing e f f e c t ,  upstream. Tne process 
of sedimentation i n  reservoi rs  occurs a s  a consequence of the decrease of the 
ve loc i ty  and k i n e t i c  energy of flow i n  the e s t u a r i e s  of t r i b u t a r i e s  running in to  
the r e s e r v o i r .  The 
i n  a reduct ion i n  the sediment t ranspor t  capaci ty  of the flm. The d i f fe rence  
i n  the o r i g i n a l  qo and the r e s u l t i n g  t ranspor t  capaci ty ,  q r ,  nus t  be deposited, 
o r  

increasing depth and extensiori of the  cross s e c t i o n  r e s u l t s  

A q r  = (qo - 4,) (m3 (4 .18 )  

A q r  - the  d i f fe rence  i n  the  t ranspor t  c a p a c i t i e s ,  

deposited wi th in  the reach (m3) 

This deposi t ion process takes place by a f f e c t i n g  the c a r s e  p a r t i c l e s  of the 
sediment mixture and those p a r t i c l e s  with the highest  u n i t  mass f i r s t ,  the f i n e s t  
ones with a low u n i t  mass last. This leads t o  segreeat ion of sediments of diffe-  
r e n t  s ize  and densi ty .  

The grave l ,  the  boulders and p a r t i a l l y  a l s o  the sand which move as bed load 
form d e l t a s ,  sometimes re fer red  t o  a s  backwater depos i t s ,  a t  a r e l a t i v e l y  short. 
d i s tance  frcm the es tuary .  Deltas extend t o  the poin t  where the maximum water 
l e v e l  i n t e r c e p t s  the o r i g i n a l  river bed. Rorland (1971), a f t e r  inves t iga t ing  the 
depos i t iona l  p a t t e r n  of d e l t a  formation, concluded: 
- 

- 
- 

the  topset  s lope  approximates one h a l f  of the or ig ina l  s lope ,  
the f o r e s e t s l o p e  is  6.5 times the topse t  s lope ,  
the topse t  and f o r e s e t  s lopes meet a t  the normal o r  mean pool where the  r e s e r  
voir is operated most of the time. 

Seasonal d r a w d m  causes the formation of multi-deltas. 
Suspended load, mostly sand and o ther  anorganic and organic p a r t i c l e s ,  wash 

load, i . e .  s i l t ,  c l a y ,  agrochemical p a r t i c l e s  and c o l l o i d s ,  which move predomi- 
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nant ly  i n  suspension and have the k ine t i c  energy of the flowing water, become 
more and more a f fec ted  by gravi ta t iona l  forces with the decreasing veloci ty  of 
flow. 

Finer  mater ia l  forms the bottom sediments, spreading throughout the reservoir .  
The average thickenss of the deposition hdi per un i t  time of deposition td was 
specif ied a s  : 

(4.19) 

Ai - area between th? siiccessive sec t ions ,  corresponding to  the difference in  
t ransport  capaci t iesaq . . ri 

The f i n e s t  pa r t i c l e s  of s i l t ,  c lay ,  co l lo ids  e t c .  (of ten f locculated)  a r e  a l so  
a f fec ted  by the dynamic Viscosity of water and, therefore ,  s ink to  the bottun 
very slowly. They have a tendency t o  form densi ty  cur ren ts ,  which have been found 
to  move towards the spi l lways,  turbines and ou t l e t s .  

In  addi t ion  to t h i s ,  thixotrop pel of ten forms the mass which a c t s  a s  a so l id  
when a force is not  appl ied but  w i l l  f l m  when a force is appl ied.  Float ing 
debris rest i n  the zone where the t rac t inp  forces a r e  i n  equi1ibri.m with the 
res i s tance  of wind. (Fig.  4.18) 

The prain s i z e ,  i t s  unit mass and shape a r e  the bas ic  factors  which influence 
i ts  mobility and determine whether pa r t i c l e s  w i l l  se t t le  or not .  The water den- 
s i t y  i n  the reservoi r  is  heterogeneous, a l s o  depending on temperature. The rele- 
vant  pa r t i c l e s  s ink u n t i l  they reach a water layer  with the corresponding density 
or  r i p h t  down to  the bottom. Depending on the densi ty ,  s t r a t i f i c a t i o n  and flow 
ve loc i ty ,  some pa r t i c l e s  which a r e  not  ab le  to  f l o a t  i n  the upper layers of the 
reservoi rs ,  cannot se t t le  near the bottcm. 

The theore t ica l  dis tance of deposition Ls f o r  a p a r t i c l e  with a s e t t l i n g  

veloci tv  w ,  derived f o r  a s t ab le  depth and width 

V L = H -  
S W 

w - ver t i ca l  sedimentation r a t e ,  depending on the un i t  mss, 
s i z e  and shape of, the p a r t i c l e  s !see eq. 2.15) (m.s-’) 

(m . s-l) v - flow r a t e  

H - depth of the reservoi r  i n  a piven place (m) 

For a reservoi r  with varying depth and width the dis tance is  

(4.20) 

(4.21) 

because both the depth and the flow r a t e  a r e  functions of the dis tance of the 
en t ry  of the sediment p a r t i c l e  i n t o  the reservoir .  
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Then the f l o w  r a t e  increases ,  e.g.  i n  the period of the decrease in  water 
table  i n  a reservoir  o r  during floods, pa r t i c l e s  of t h e  same s i z e  set t le  a t  
g rea te r  dis tances ,  destroyinp i n  th i s  way the homogeneity of the grain-size dis- 
t r ibu t ion ,  which is  a l so  influenced by the s u r f .  Only those pa r t i c l e s  cross the 
dam p ro f i l e  which happen t o  he i n  the reach of the k ine t i c  e f f ec t  of the ou t l e t s ,  
off-takes and spillways (Fig. 4 .18)  

s- % 

10' 10' 10'  1 10 

Fig. 4.15. Trap eff ic iency curve according to  Rrune (1979): 
as a percentage, r - r a t i o  of reservoi r  capacity t o  mean annual flow, v - en- 
velope curves; c - coarse sediment, 

s - sediment trapped 

f - f ine  sediments, m - medium curve. 

The deposition of transported bed-load, suspended load and wash load in  re- 
se rvoi rs  r e su l t s  i n  the s torage loss. Trap e f f ic iency ,  the  a b i l i t y  of a reservoir 
to  t rap  and/or retain the sediment which en ters  i t ,  can be expressed a s  a p e r  
cer?tage of the to t a l  load. (FiE. 4.15). For very large reservoirs ,  the t rap 
e f f ic iency  is almost 100 per cent ,  because only very f ine  sediments can pass the 
barrage. To determine the sediment deposi t  volume Roosebocm (1975) recomends 
the expression 

t 
In  33 Vt  = V50 . 0.376 . (m3 ) (4 .22 )  

for  t > 8 years .  

V t  

V50 - the  a r b i t r a r y  estimated sediment volume a f t e r  50 years .  

- the average sediment volume a f t e r  t years 

The reservoi r  operation a l s o  influences the densi ty ,  i .e .  the average uni t  
mass of deposi ts .  The average u n i t  mss f o r  a deposi t  over a period of t years 
is given by Pemberton (1980) 

(kg/m3) (4 .23)  

(kn/m3) 

= ri + 0 .43 .  K .[-. t In t - 11 

Iti - i n i t i a l  u n i t  mass 
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rt - r e s u l t i n e  u n i t  mass over a period of t years  (kg/m3) 

K - Lane-Koelzer fac tor  (Table 4.18) 

t - period (years 1 

TABLE 4.18 

~ _ _ _ _  ~~ 

Type of reservoi r  I n i t i a l  mass, Idi Jaye-Koelzer f a c t o r  K 
opera t ion  

clay s i l t  sand clay s i l t  sand 

Sediment submerped 416 1120 1550 256 91 0 

‘bdera te t o  considerable  561 1140 1550 135 29 
d r a w d m  

Normally empty 641 1150 1550 

Rivered sediments 961 1170 1550 

I n i t i a l  u n i t  mass, Wi and K fac tors  (ke.m 3 ) according t o  Lane and Koelzer (1975). 

Formulas f o r  the est imat ion of the  t r a p  e f f ic iency  of reservoi rs  of ten have 
an exponential form, considering t h a t ,  i n  the f i n a l  s t a g e ,  the arrangement of the 
reservoi r  and the flow r a t e  do n o t  allow fur ther  sediment deposi t ion.  According 
t o  Gontcharcw (1960) 

Vt - the decrease i n  reservoir volume through sediment 
depos i t  during T years  (m3 

V - orig.inal volume (m3) 

V - mean annual sediment depos i t  volume i n  the reservoi r  (m 3 per  year)  Y 

t - period (years)  

The mean annual sediment depos i t  V in  a reservoi r  is simply 
Y 

s . R,, ‘b v =  +- 
Y 8, ‘b 

3 (rn /year) (4.25) 

- medium t o t a l  annual t ranspor t  of the suspended and 
Rsw wash load 

S - c o e f f i c i e n t  of the t r a p  e f f ic iency  

F+, - medium t o t a l  t ranspor t  of the bed load 

( t  per  year)  

( t  per  year)  
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4, - u n i t  mass of  the suspended and wash load ( N O .  7 t 

rb - unir: mass of the bed load ("1.7 t m-3) 

' h e  medium t o t a l  annual t ranspor t  R of the suspended and wash load from a sw 
catchment CBR be derived on the basis 

Rsw = s . A c .  s e .  i = 31536. ca . Q, ( t /year )  (4.26) 

of the main catchment c h a r a c t e r i s t i c s  

A C - catchment a rea  (m2) 

i - annual erosion r a t e  i n  the catchment a rea  

ca - average content  of suspended and wash load i n  

( t . h-2 /yea r ) e 

the  discharqe (t.m-3> 

0, - mean annual discharge ( m 3 .  s-l) 

s - share  of the eroded matter  forming the suspended 
and wash load (<  1) 

the mediate r i v e r  s t r e t c h  (< 1)  

e 

ss  - share  of the suspended load t h a t  has n o t  s e t t l e  i n  
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D I S T A N C E  FROM D A M  

FiR. 4.16 Geographical representat ion of sediment deposi t ion i n  reservoi rs  and 
the decrease i n  s e t t l i n g  r a t e .  Sediments are b u i l t  up t o  an elevat ion dependinp 
on s l u i c i n g  l e v e l ,  b u t  channel is  maintained through these.  Mo - monolimnion, 
ce - c i r c u l a t i o n  i n  epilinmion. 

I t  i s  very important from the operat ional  po in t  of view t h a t  the r a t e  of 
s torage  reduction is  higher  i n  the i n i t i a l  period of the r e s e r v o i r ' s  operation 
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and depends on the  gra in  s i z e  d i s t r i b u t i o n  (Fig 4.15, .  The bed load and coarse 
f ract ions of the  suspended load a t  t h a t  time en ter  the upper parts of the s torage 
only, reducinr: f i r s t  the volme of the s torage  zone reserved f o r  flood control  
and then, i n  the second s tage ,  a l s o  the conservation s torage .  IJnder these circum- 
s tances  only f i n e  f rac t ions  a r e  a b l e  t o  reach the  i n e f f e c t i v e  p e m r e n t  s torage.  
For rivers with a regular  sediment t ranspor t  the  coiirse of the decrease i n  the 
t o t a l  s torage  may be considered a s  l i n e a r :  

( 4 . 2 7 )  3 Vt  = vy . t (m 

In  the  t h i r d  phase of  the s torage  reduction process ,  the movement of  the  bed 
load reaches the i n e f f e c t i v e  permanent s torage  and then the dead s torage ,  dec- 
reasing the r a t e  of reduction i n  the a c t i v e  (f lood control  and conservation) 
s torage.  In the  fourth phase, the sediment t ranspor t  en te rs  the storaEe and the 
space of the dynamic inf luence of the turb ines ,  o u t l e t s  and spi l lways,  resu l t ing  
i n  a fur ther  decrease i n  the r a t e  of diminuation of  the reservoi r  volume (Fig.  

4 .16) .  
The rate of  s torage  reduction by sedimentation depends espec ia l ly  on the  

proper design of  a pro jec t .  Depending on the sediment t ranspor t  regime and on 
the requirements on reservoi r  and dam operat ion,  an optimum desigh,  i . e .  
- the  s i z e  of the reservoir and 
- 
can be se lec ted  and rea l ized  i n  such a manner t h a t  almost no suspended and wash 
load is  kept  back, w h i l s t s t o r i n g  water i n  the reservoi r .  I n  such a way only the  
t ransport  of the  bed-load contr ibutes  t o  the  s torage  reduction. The sediment- 
laden water of  the  ear ly  flood is passed through low-level openings. This condi- 
t ion requires  a r e l a t i v e l y  shallow reservoi r  and a r e l a t i v e l y  s h o r t  reservoi r  
lake, n o t  f i l l e d  except i n  late f lood,  when the flood water contains l e s s  sedi- 
ments. The dynamic inf luence o f  re levant  spi l lways and o u t l e t s  must reach the 
sediment f l m .  Their capacity, arrangement and relevant  operat ion With the gates  
must n o t  permit a d iv is ion  of the s t reamline,  r e s u l t i n g  i n  a reduction i n  the  
t rac t ing  forces .  An appropriate  s i z e ,  lay-out and equipment of the  pro jec t  en- 
ables  the reservoi r  t o  i n t e r f e r e  t o  some 10% with the  regime of r i v e r s  with a 
high level of suspended matter  t ranspor t ,  thus grea t ly  contr ibut ing t o  the 
e f f ic iency  of  the pro jec t .  

a l a y o u t  of the  p r o j e c t ,  

Other cont ro l  measures can be grouped i n  
control  of  watershed (proper soil conservation, farming and f o r e s t i n g  tech- - 

niques, p ro tec t ion  of r i v e r  banks e t c . )  
- 
screening, favourable loca t ion  of in take  s t r u c t u r e s  f o r  off-channel reservoirs 
e t c . )  

control  of  inflow (by s e t t l i n g  bas ins ,  by-pass canals ,  provis ion of vegetat ive 
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- removal of deposi ts  ( f lush ing ,  s l u i c i n g ,  dredging, which i s  economic i n  

exceptional cases only) .  
The decrease i n  reservoi r  volume n o t  only resLlts f ran  the sediment of the 

r e s e r v o i r ' s  t r i b u t a r i e s ,  h u t  also from the fal l -out  from the atmosphere, plank- 
ton ,  
mater ia l  frcm the eroded reservoi r  banks. The abrasion and lands l id ing  of shores 
is a process of t h e i r  des t ruc t ion  which is caused by the e f f e c t  of water, wind, 
by the f luc tua t ion  of the water table ,hy water flow, by the e f f e c t  of waves and 
i c e  and by the e f f e c t  of human a c t i v i t i e s .  

washed up s o i l  and agrochmica l  p a r t i c l e s  from the adjoininp shores  and 

H (rn) 

0 time 100 O/O 

Fig. 4.17. The erosion of reservoi r  shores i n  r e l a t i o n  t o  the f luc tua t ion  of 
the s torage  l e v e l .  zedraf ted accordinp to Bayer ( 1 0 5 4 ) ,  3 - pond l e v e l ,  F',,ax- 

intx-imim water l e v e l ,  A - abrasion shore,  l3 - s!iding abrasion shore,  C - shore 
with aCcUmUlation .Of sediments, 

P 

B+C - abrasion and a c r i ~ r ~ i i l a t i ~ n  shores .  

An important d e s t m c t i v e  e f f e c t  is exerted espec ia l ly  by var iable  phenomena. The 
abrasion of the shores of a reservoi r  starts s h o r t l y  a f t e r  the f i r s t  f i l l ing-up 
of the  reservoi r .  The r a t e  of t h i s  process increases  step-by-step i n  the f i r s t  
years of operat ion,  reaching a peak a f t e r  sane three t o  f ive  years and then 
gradually, decreasing again.  I n  t h i s  phase, the shape of the shores almost reaches 
a s t a t e  of geomechanical equilibrium. 

The wet t ing  of the  shores r e s u l t s  i n  a change i n  t h e i r  geomechanical charac- 
t e r i s t i c s ,  espec ia l ly  i n  t h e i r  cohesive s t rength  and coef f ic ien t  of f r i c t i o n .  
New forces  a c t i n g  on the  wetted mater ia l  destroy the or ig ina l  balance, which may, 
under unfavourable geomorphological condi t ions,  a l s o  r e s u l t  i n  the s l i d i n p  of 
whole rock formations. 

Depending on the s lope  of the shores ,  t h e i r  exposure, t h e i r  geological and 
s o i l  c h a r a c t e r i s t i c s  and t h e i r  vege ta t ive  canopy, the r e s u l t  of the process on 
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the shore formation a r e  
- 

transported and then deposited (Fig. 4,17 A) 
- 

r e su l t s  i n  landsl iding (Fig. 4 . 1 7  B) 
- accumulation waters ides ,  formed i n  f l a t  a reas ,  especial ly  in  shallow coves, 
where the mater ia l  f r m  t r ibu ta r i e s  was deposited by wave ac t ion  (Fig. 4.17 C) 
- 

by the eroded mater ia l  . 

TJnder such conditions the ac t ing  forces ,  because of t h e i r  almost pa ra l l e l  direc- 
t ion ,  a r e  not  able  t o  destroy the surface layer .  

abrasion waters ides ,  generally having a s teep s lope,  whose mater ia l  i s  eroded, 

abrasion and s l i d i n g  watersides, when the change of gemechanical factors  

abrasion and accumulation watersides, which a r e  s teep ,  with a platforni formed 

Abrasion phenomena do not occur whenever the slope of the shore is h e l m  3'. 

4.6.3 Ef fec t  of Reservoirs on Water Qliality 
The sedimentation process i n  a reservoir  i s  accompanied by many other  physi- 

c a l ,  chemical and biological  processes of se l f -pur i f ica t ion ,  which causes mix- 
ing and thinning. 'The influence of the water level  f luctuat ion on t h e  mean con- 
centrat ion of dissolved matter  in  the reservoir  can be determined on the basis  
of the following formula 

(4 .28 )  

q,, q o  - concentration of dissolved matter  i n  the moment 
0 and to ( g .  1 - 5  

3 
(m ) vt ,  Vo 

Q t  - water inflow i n  the period from 0 to  t-1 

- volume of s torage in  the moment 0 and to 

(m3 ) 

k - concentration of dissolved matter in  the inflow water 

0 - outflow frcm the reservoir  i n  the period from 0 to  t-1 (m ) 

In  th i s  formula a constant concentration of outflcw is assumed during the period 
in  question. 

(g.1-l) 
3 

t 

t 

Chemical and biological  processes, running simultaneously with the physical 
processes, r e s u l t  i n  

( a )  
(b)  

the mineral izat ion of organic matter 
the production of new organic matter. 

Some chemical substances, e .g .  chlor ides ,  do not  change durinp these self-puri- 
f ica t ion  processes. Their  concentration depends then on the r a t e  of water 
exchange. The concentration of other  mat ter  increases o r  mostly decreases and 
can thus be expressed by a dropping exponential function, e.g. i n  sumnary by 
means of the biological  oxygen demand BOD. 

The course of the physical ,  chemical and biological  processes is influenced 
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n o t  only by the input  of sediments, but  a l s o  by the input  of s o l a r  energy and 
by the oxygen and carbon dioxide from the a i r .  The content of organic  mat ter  
depends on the r a t e  of the mineral izat ion processes and on the production of 
organic  matter. The dependence of the concentrat ion of organic mtter i n  the out- 
flow on the rate of water exchange is  hyperbolic. This concentration depends on 
the concentrat ion of the organic matter i n  the inflow, on the average water 
depth, on the biological  oxygen demand ROD5 i n  the reservoi r  and on the r a t e  of 
the water exchange. According t o  Stragkrabovs (1976) 

q t  - concentrat ion of organic  mat ter  i n  the outflow 

q r  - concentrat ion of non-disintegrable matter 

qo - concentrat ion of  organic  mat ter  i n  inflow 

te - r a t e  of water exchange i n  the r e s e r v o i r  

(mg.R3D5.1-') 

(ma. I-') 

(mg . 1-l) 

(days) 

(m) h - mean depth of the reservoi r  

p -  ROD^ prodiiction i n  the reservoi r  (g.m per day) -2 

'The r a t e  of mineral izat ion process i n  reservoi rs  with a high r a t e  of water 
exchange is  higher  than the production of organic mat ter  during the  f i r s t  f i v e  
days a f t e r  the inflow of organic  matter. I n  shallow reservoi rs ,  with a depth d a m  
t o  5 m and a r a t e  of water exchange i n  excess of  20 days, the production of 
organic  mat te r  exceeds the r a t e  of mineral izat ion.  A s h o r t e r  r a t e  of water ex- 
change r e s u l t s  i n  a higher  decomposition r a t e .  The longer r a t e  of water exchange 
r e s u l t s  i n  an increase  i n  concentrat ion of  organic matter i n  the outflow i n  
comparison with the inflow, espec ia l ly  when the BOD 
is lower. 

concentrat ion i n  the inflow 5 

The concentrat ion of organic matter i n  the outflow depends on the r a t e  of 
production of the  organic  mat ter  i n  comparison with the rate of the  mineraliza- 
t i o n  process: 

(4.30) 

- r a t e  of organic  production (ma. . 1-l) 
qP 
qm - r a t e  of the mineral izat ion process (mg. 1-l) 

For longer per iods of water exchange than 14 t o  16 days the share  of  dis- 
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Sediment 

Fig. 4.18. The impact of thermal s t r a t i f i c a t i o n  and operation with spillway 
gates ,  bottom and inedirm ou t l e t s  on water qua l i ty  i n  r s e r v o i r .  River flow t l ,  
t2 and water c i rcu la t ion  c 
of homothemicity i s  dotted. The seasonal changes i n  thermal s t r a t i f i c a t i o n .  

during s tagnat ion,  c i rcu la t ion  ch during the period 

integrated organic matter does not depend on the depth of the reservoir .  The 
eff ic iency of the mineralization process increases with the duration of the  
water exchange and i n  reservoirs  with a r a t e  of water exchange of 14 to  1 6  days 
increases subs tan t ia l ly  with the i r  averape depth. 

The upper layers  of the reservoir  a r e  trophogemc, i .e. nu t r i t i ve .  Assimilation 
is the i r  prevai l ing process, while diss imilat ion occurs only pa r t i a l ly .  Lmer 
layers a r e  t rophyl i t ic ,  i . e .  they support the d is in tegra t ion  of organic matter. 
The p r e v a i l i w  process there is diss imilat ion,  when destruents  d i s in tegra te  the 
dead plankton and o ther  dead organisms. Owing to  the water flow a cer ta in  deve- 
lopment of physical ,  chemical and h i o l o g i u l  processes is observed from the 
estuary of t r i bu ta r i e s  to  the dam. 

The r a t e  of the relevant  biochemical processes depends largely on the course 
of water tenperatures. The uni t  mass of water depends on the temperature, chemi- 
cal composition and content of sediments and r e su l t s  i n  thermal s t r a t i f i c a t i o n .  
The pat tern of t h e m 1  s t r a t i f i c a t i o n  i n  reservoirs  depends on the 
- reservoir  depth and geometry 
- 

- wind veloci ty  
- 

so la r  rad ia t ion  and a i r  temperature 

reservoir  operat ion,  i . e .  on the flow t o  volume ra t io .  
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The degree of s t r a t i f i c a t i o n  depends on tlie densimentric Froude number Fr which 
can be approximated by 

T, - r e s e r v o i r  lenptk 
PI - mean reservoi r  depth 
Q - discharge 
v - reservoi r  v o l m e  

(4 .31)  

1 According t o  Canter (1983) i f  F r  i s  less than E,  s t r a t i f i c a t i o n  is expected, 
with the depree of  s t r a t i f i c a t i o n  increasing with the decreasinp densimetric 
Froude number. 

The thermal s t r a t i f i c a t i o n  i n  reservoi rs  is more marked i n  deeper reservoi rs .  
The d i f fe rence  i n  temperature between the surface and the bottom layers  may ex- 
ceed 1 5 O C  diirine high siimner and 10°C diiring spr inp.  This d i f fe rence  i s  about 
4-5OC during winter .  

Temperature grad ien ts ,  i . e .  the d i f fe rence  of temperature i n  the v e r t i c a l  
d i r e c t i o n ,  a r e  n o t  regiilar. Idhen the temperature regime is s t a b l e ,  a character is-  
t i c  zone c a l l e d  the meta l imion  o r  thermoclina occurs a t  a depth of some 5 t o  
15 m. I t s  thickness v a r i e s  and may even reach 6 m. This layer  is  character ized 
by a quick decrease i n  water temperature with the depth, except ional ly  reaching 
8OC a t  0.3 m. (Fig. 4.18 

T5e upper layer ,  above the m e t a l i m i o n ,  is the epilimnion, where the  e f f e c t s  
of s o l a r  rad ia t ion  a r e  in tens ive ,  espec ia l ly  i n  the sumer season. This layer  
extends t o  a depth of some 4 t o  15 m. I n  t h i s  layer ,  the stock of oxyEen is 
supplunented from the atmosphere by d i f fus ion  as wel l  a s  by the photosynthesis 
of the water organisms. During the s u m e r  season the water temperature of this 
upper l a y e r  is h igher ,  and i n  winter  larder, than the temperature of the lowest 
layer ,  the hypolimnion. The temperature of the  surface of the epilimnion is 
decreased from the sur face  by evaporation, thris causing an upward flow of water. 
The wind pressure on the water sur face  r e s u l t s  i n  a turbulent  flow, catisinp to- 
gether  with the water inflow from t r i b u t a r i e s  a mixing of water and a downward 
t r a n s f e r  of h e a t  and k i n e t i c  energy. 

The changes of water q u a l i t y  may result  i n  the creat ion of a cmpara t ive ly  
heavier ,  cooler  layer  a t  the reservoi r  bottom, enriched by products from the 
mineral izat ion and decomposition processes. The chemical composition of t h i s  
l a y e r  causes t h i s  water t o  reach i ts  h ighes t  dens i ty  a t  a temperature s l i g h t l y  
above 4OC. This l a y e r ,  the monolimnion, mostly does not  take part i n  the process 
of water c i r c u l a t i o n .  

Jmcal c i r c u l a t i o n  flows may occur i n  any p a r t  of the reservoir, but  the over- 
a l l  c i r c u l a t i o n  is a r e s u l t  of the des t ruc t ion  of the balance which arises from 
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s t r a t i f i c a t i o n  by external  forces. The probabi l i ty  of the occurrence of an over- 
turn i s ,  therefore ,  greater  a t  the time of a non-marked s t r a t i f i c a t i o n .  This 
time occurs mostly in  spr ing o r  autumn, when the upper and lmer layers  oE the 
reservoi r  have the s m e  temperature, i. e. during the pcriod of homothemicity 
(Fig. 4.19) .  Such a s t a t e  occllrs once o r  several  times during spr ing o r  autumn. 
During these periods of spr ing  and a\itumn c i rcu la t ion ,  the flow caused by the 

wind e f f e c t  mixes the whole vollme of the reservoi r ,  mostly with t h e  exception 
of the monolimnion. 

S P R I N G  
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C 
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0.06 - 
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Fig. 4.19. Seasonal changes i n  thermal s t r a t i f i c a t i o n  i n  deep reservoirs .  Oxygen 
content and other  qua l i ty  indicators  depend on depth and reservoir  operation (x). 
According to  Chen and Orlob (1980). 

I n  sumer  and a l s o  during w i n t e r ,  when the reservoir  is not covered by ice, 
winds cause water c i rcu la t ion  i n  the layer  of the e p i l h i o n  only. During these 
periods of s tagnat ion,  the hea t  balance of the  reservoi r  is influenced by the 
hea t  exchange between the bot tan and water and by the heat  input  o r  output from 
the water level  o r  ice cover, i .e .  not  by overal l  water c i rculat ion.  The motion 
of the suspended matter, t he i r  f loa t ing  and sedimentation, depends on these 
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c i rc i i la t ion  phenomena. 
In  s i i m e r  water  from t r i b i i t a r i e s ,  iisiially cooler  than the water i n  the re- 

s e r v o i r ,  pene t ra tes  below the warn epilimnion, follovin,c the d i r e c t i o n  of the 
o r i g i n a l  r i v e r  channel. Diirinp t h i s  season the water teweratr i re  in a s i n g l e ,  
deep man-made lake is comparatively higher  than i t  would be i n  a na tura l  lake 
iinder the same topographical and cl imatological  co td i t ions .  The outflow of the 
cooler  water frmi the hypolimnion through tiirbines 
i n  a n  increase i n  the .average tmpera  tiire ,2f tt:e reservoi r .  

and bottom oi i t le t s  results 

Diiring win ter ,  the bottmi o u t l e t s  and turbines re lease  water which is  warmer 
i n  comparison with the upper lnyprs ,  r e s u l t i n g  i n  a decrease i n  the water tempe- 
ra t i i re .  The average water temperature of man-made lakes i s .  diiring the winter 
season, therefore  lower than t h a t  of na tura l  lakes. F l m  conditions resu l t ing  
from the inflow of t r i b u t a r i e s  a r e  s i ibs tan t ia l ly  more complicated as CornFred 
with the simple penet ra t ion  of the cooler  infloKbelow the equilibrium i n  s u m e r .  
After  the s p r i n a  c i r c u l a t i o n  a s u b s t a n t i a l l y  l m e r  flow occurs i n  the reservoir .  

The s i t i i a t ion  is  quite d i f f e r e n t  i n  a cascade of man-made lakes. The tempera- 
t u r e  i n  the second and f u r t h e r  reservoi rs  is grea t ly  influenced by the input  of 
cool water from the iipper reservoi r .  I t  changes n o t  only v e r t i c a l l y ,  biit a l s o  i n  
the longi tudinal  p r o f i l e .  The average of t h i s  temperatiire, and the temperature 
of the sur face  layer ,  is also lower than i t  would be i n  a natural  lake under 
s i m i l a r  condi t ions.  

The sur face  temperatures and of ten also average temperatures reach t h e i r  
minimum i n  summer j u s t  damstream of the upper clam. The locat ion of a rap id  in- 
crease i n  temperature, corresponding to  a drop of the streamline and the forrna- 
t ion  of an epilimnion, changes with the  values of inflow from the upper r e s e r  
vo i r .  Increased discharges upset  the ups trearn zone of the metalimnion i n  the 
d i r e c t i o n  of the flow and extend the zone with low surface temperatures, thus 
r e s t r i c t i n g  the p o s s i b i l i t i e s  of bathing. For s i m i l a r  reasons, the surface tern 
pera ture  decreases i n  the d i rec t ion  of the main flow downstream of the upper 
reservoi r .  

The q u a l i t y  of water i n  reservoi rs  is determined by the in te rp lav  of 
- the water exchange r a t e ,  
- 

- the climate and weather, 
- the hours of sunshine, 
- the r e s u l t i n g  water temperature, 
- 
- 
- 
- 

the  q u a l i t y  of water en ter inp  the reservoi r ,  

the morphological c h a r a c t e r i s t i c s  of the  reservoi r ,  espec ia l ly  i t s  depth, 
the mater ia l  of the  reservoi r  b o t t m ,  
the  aquat ic  ecosystem and ecosystem of the surroundings 
the impact of human a c t i v i t i e s .  
The q u a l i t y  of the  water en ter ing  the reservoi r  varies considerably with the 
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season, being considerably influenced in  dry periods by the qtiality of e f f luents  
from indus t r i a l  and ag r i cu l tu ra l  en te rpr i ses .  I n  a r i d  countr ies ,  the s a l i n i t y  
of the inflow may increase considerably in  th i s  period. I n  high-flow periods, 
the qua l i ty  of the inflow depends t o  a grea t  extent  on the erosion r a t e ,  i .e.  on 
the mater ia l  of the riverbed and wash from ciiltivated and f e r t i l i z e d  land, de- 
pending on the season, agr icu l tura l  pract ices  and on the r a i n f a l l  in tens i ty .  

The se l f -pur i f ica t ion  process i n  reservoirs  with the exception of sedimenta- 
t ion is negatively influenced by the grea te r  depth of water, resu l t ing  in  lower 
oxygen content and lower temperature in  canparison with the or ig ina l  conditions 
of the riverbed. Reduced flow ve loc i t ies  r e s u l t  in  higher sedimentation with a 
lonp period of s e t t l i n g ,  hence reducing the turb id i ty  of water. The increased 
detent ion time leads t o  increased biological  a c t i v i t y .  A higher nitrogen content, 
en te r ing  the reservoir  mainly a s  a r e su l t  of wrong cu l t iva t ion  prac t ices ,  and 
higher surface temperatures with slmer watcr flow i n  the epilimnion r e s u l t  in  
the over-development of a lgae.  The decay of these organisms causes secondary 
pol lu t ion ,  decreasing the oxygen content ,  poisoning o ther  organisms and disnipt-  
inp  the biological  balance. Serious t rouble  may be caused by the over-development 
of weeds i n  t h e  shallow pa r t s  of the reservoir .  
' he  t h e m 1  s t r a t i f i c a t i o n  r e su l t s  i n  the  forma t ion of zones of d i f f e r ing  water 
qua l i t y  (Fig. 4.19). These zones d i f f e r  not only chemically, but a l so  i n  the 
content of various water organisms and can be modelled mathematically (Fip.4.20). 

The hypolimnion may be, and the monolimnion cer ta in ly  is characterized by 
anaerobic conditions and high concentrations of iron Fe, manganese rln and s i l l -  

phides; t h i s  causes qua l i ty  deterioration, especial ly  during the natural  autumn 
overturn o r  during excessive water withdrawals. This de te r iora t ion  may occur as  
a low level of dissolved oxygen, high Fe, 'ln and hydrogen siilphide concentration 
and in  organic  and inorganic tastes and odours. 

\hen  a cool water input o r  c i rcu lz t ion  does not  destroy the natural  t h e m 1  
s t r a t i f i c a t i o n ,  a decrease i n  the oxygen content of the epilimnion occurs in  the 
s m e r  season. During tha t  period th i s  layer  loses ,  w i n g  t o  c i rcu la t ion ,  up to 
50% of the oxygen content acquired i n  spr inp.  

The character  of the biochemical changes i n  the water qua l i ty  in  the e p i l i m  
nion depends mainly on the course and type of processes, especial ly  those which 
occur in  the sumner season. Nutriments en ter  the f r ee  space of the reservoir ,  
a l so  from i ts  bottom, by means of the c i rcu la t ion ,  thus contr ibut ing to  the 
ac t iva t ion  of  the biological  process. 

Oxygen losses  a r e  balanced by the decrease i n  temperature i n  autumn. The 
hypolimnion, having no contact  with the atmosphere, loses i t s  Oxygen content as  
a r e s u l t  of decomposition processes, which occur especial ly  i n  the bottom sedi- 
ments, The decrease i n  oxygen content may r e s u l t  i n  an oxygen d e f i c i t ,  and in  
the decay of aerobic  organisms. The thermal s t r a t i f i c a t i o n  influences a l l  the  
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Fig. 4.20. Flowchart diagram ( the  lake ecological model) for  determining the 
changes i n  water q u a l i t y  and the biomass production according to  Chen and 
Orlob (1973). 
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chemical and b io logica l  processes ,  determining the water  q u a l i t y  and the r a t e  of 
biological  production (Fig. 4 . 2 0 ) .  

Human a c t i v i t i e s  a l s o  cont r ibu te  t o  the occurrence of zones with an oxygen 
d e f i c i t ,  espec ia l ly  e f f l u e n t s ,  p i t s  and dikes a t  the bottom of the reservoi r ,  
impeding the water c i r c u l a t i o n .  Similar  e f f e c t  has the inexpediency of the re- 
s e r v o i r  operat ion,  e . g .  i t s  emptying by upper o l i t l e t s  and spi l lways,  which i s  
required n o t  only during floods but a l s o  to  increase the water temperature in  
s m e r  for  bathing downs treams . 

The thermal s t r a t i f i c a t i o n  is less s i p n i f i c a n t ,  o r  does not  occur a t  a l l ,  i n  
shallow reservoi rs  (see Eq. 4.31) .  The cooler  water is general ly  a t  the end of 
the backwater. The temperature increases  i n  the  d i r e c t i o n  of therrain flow, i . e .  
to the d a m ,  s p i l l w e i r  o r  o u t l e t .  The h e a t  i n e r t i a  of shallow reservoi rs  is low. 
The decrease i n  temperature a t  n ight  may r e s u l t  in  the forn i t ion  of homother- 
mici tv ,  enabling in tens ive  water c i r c u l a t i o n .  

The higher  day temperatures r e s u l t  i n  the formation of an inexpressive meta- 
limnion. A s  i t  grows i n  s i z e ,  the  meta l imion  reaches the bottom, and eradual ly  
disappears. The res i i l t inp  homothermicity permits freqiient c i r c u l a t i o n ,  thereby 
increasing t h e  b io logica l  production of shallow reservoi rs .  

An improvement i n  water q u a l i t y  i n  reservoi rs  can be achieved by mechanical 
d e s t r a t i f i c a t i o n ,  by the use of a i r  and mechanical piimps o r  by treatment with 
copper su lpha te  CriSO 4 
algae g r m t h  can a l s o  
t r i b u t a r i e s ,  espec ia l ly  by 1imit.ing the input  of phosphonis. 

I 
with o r  without c i t r i c  a c i d ,  lime and aliim. The control  of 

be achieved by l i rni t inp the  nutri-ent input  i n  the major 

4.6.4 Inf luence of Plan-made L.akes on the Riasphere and Society 
' h e  development of aqiiatic l i f e  i n  a new reservoi r  i s  grea t ly  influenced, and 

the water q u a l i t y  i s  determined, by the  followinp f a c t o r s :  
- 

ta t i v e  canopy 
- cl imatological  conditions of the s i te ,  espec ia l ly  the durat ion of sunshine 
- water q u a l i t y  of i t s  t r i b u t a r i e s  and the  r e s u l t i n g  water temperature 
- the o r i g i n a l  ecosystems i n  t h e  r i v e r  and on the shore 

- c lear ing ,  removinp of stamps, l i t t e r ,  humus, c leaning and o ther  measures 
undertaken by man t o  decrease s a n i t a r y  hazards 
- 

the ecosystem of  the new reservoi r  
- 
sonal draw-dm and rise of the water t a b l e  
- 

r e s u l t i n g  i n  water pol lu t ion .  (Tab. 4.19). 

topographical, geological and s o i l  condi t ions of the l o c a l i t y  and its vege- 

measures taken by man t o  a c c e l e r a t e  t h e  development of d e s i r a b l e  species  i n  

operat ion ol the  reservoi r ,  o f t e n  causinp a per iodic  d a i l y ,  weekly and sea- 

appropr ia te  humn a c t i v i t i e s  during the r e s e r v o i r ' s  operat ion,  namely those 
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TABLE 4.19 

~~ 

Category Factor  Category Factor 

Terres t r ia !  : 

P-pula t ion  Crops P o p l a  t ions 

;{qua ti 2 : 

1Va::ml vegetat ion 
Herbivorous mammals 
Carnivorous mamals 
1Jpland game b i rds  
Predatory b i rds  

Habi ta t / land Bottmland f o r e s t ( a )  
use Ilpland f o r e s t  6) 

Dnen !non-forest)lands(c) 
Drawdown zonc Flab i t a t s  
TAnd use 

Land qiiality! S o i l  erosion 
s o i l  erosion S o i l  chemistry 

Mineral ex t rac t ion  Water qua l i ty  

Species d i v e r s i t v  C r i  t ica  1 
ccmmuni ty 
r e l a t i o n s  hips  

Air :  

h i a l i t y  Carbon monoxide 
Hydrocarbons 
Oxides of ni t rogen 
Par t  i ci I 1 a tes 

Climatology Diffusion f a c t o r  

Hiunan 
I n t e r f a c e .  

No; i e  Noise quant i ty  
Water 

k t u r a l  vegethtion 
Wet land Lrege t a  t ion 
Zoopi an’: to? 
Phy torrla-+ton 
Sport f i s h  
Comercia 1 f i s h e r i e s  
I n t e r t  i d a  1 rrgmisms 
SenthosjE-i br,n tlios 
Wa t p r  f ow 1 

Stream ( ~ 1 )  
Freshiwter lsite ’e) 
‘River Swamp ‘f) 
Non-river Swamp ‘P) 

PI! ievel. 
Tiirbiaity 
Silspended solids 
Water temperature 
Dissolved oxygen 
Biochemical oxygen demand 
Dissolved s o l i d s  
Inorganic ni t rogen 
Inorganic phosphate 
S a l i n i t y  
I ron  and mnganese 
Toxic substances 
Pes t ic ides  
Faecal coliforms 
Stream ass imi la t ive  
ca pa c 1 t y  

Stream flaw var ia t ion  
Rasin hydrologic loss 

Aesthet ics  IhJidth and alignnimt C r i t i c a l  Species d i v e r s i t y  
Variety within community 
vegetat ion tyne  re la t ionships  
Animals-domestic 
Ma tive Fauna 
Appearance of water 
Odor and f l o a t i n g  
m t e r i a l s  
Odor and v isua l  q u a l i t y  
Sound 

H i s t o r i c a l  In te rna l  & externa l  s i t e s  

Archaeolopkal I n t e r n a l  & externa l  s i t e s  

Checkl is t  of bio-physical and c u l t u r a l  environment fac tors  f o r  impoundment pro- 
j e c t s  accordinp to  Canter (1983). Expl icat ions f o l l m .  
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(a )  A composite of the species associat ions:  percentage mast-bearinr t r ees ;  
percentage cowred by imderstory; d ivers i ty  of understory; percentage covered by 
groundcover: d ivers i ty  of groiindcover : number of trees 2 0.5  m diameter per ha ; 
percentage of t r ees2  0.5 m diameter; frequency of inundation: edge (qriantity) 
and edge fqr ia l i ty) .  

(b)  A composite of the following: species associat ions;  percentage mst- 
bearing t r ees ;  percentage coverage of understory; d ivers i ty  of understory; per- 
centage coverage of groundcover : divers i ty  of groundcover; ntniber of t rees  
0 .5  m diameter/ha; percentage of trees 2 0.5  m diameter; quant i ty  of edqe; and, 
mean dis tance to  edge. 

( c )  A composite of the following: land use: d ivers i ty  of land use; quantity 
of edge; and, mean dis tance t o  edge. 

(d) A composite of the followin?: s inuosi ty;  dominant centarchids; mean low 
water width; tu rb id i ty ;  t o t a l  dissolved so l id s ;  chemical type; d ivers i ty  of 
f i shes ;  and d ivers i ty  of benthos. 

so l id s ;  chemical type; shore development; spring flooding above veget.ation l i n e ;  
s tandine crop of f i s h ;  standing crop of spor t  f i sh ;d ivers i ty  of f i s h ; ,  and, 
d ivers i ty  of benthos. 

(e) A composite of the following mean depth: tu rb id i ty ;  t o t a l  dissolved 

( f )  A composite of the followinR: species associat ions;  percentage fores t  
cover; percentage flooded annually; groundcover d ivers i ty ;  percentage of ground- 
cover; and, days subject  to  r ive r  overflow. 

( g )  A composite of the f o l l m i n g ;  species associat ions;  percentage fo re s t  
cover; percentage flooded annually ; groiindcover d ivers i ty  and percen tape o€ 

groundcover. 

Non-influenced ecosystems i n  the man-made reservoir  tend i n  the long term to 
achieve biological  eqtJilibrillm, corresponding to  a natural  lake under s imi la r  
conditions. Man-made reservoirs  can therefore  be cate,gurized i n  the  same way as  
natural lakes (Tab. 1.31). 

As soon a s  the f i l l i n g  up of a reservoir  begins, the or ig ina l  ecos!;stem of 
flowing r ive r  water changes, gradually being replaced by a new ecosystem of 
stagnant water. Within a period of several weeks, an overdevelopment of some 
plankton species usually oc.curs. This hoom a f fec t s  the species ,  h i c k  do not 
encounter impol-tznt l i f e  concurrence and f i r s t  find the r ich  stock of nutriments 
i n  the newly flooded s o i l  layers  and t h e i r  par t ly  ranoved vegetation canopy. 

The development boom of t h i s  species is interrupted i n  the  next  s tage  by an 
overdraw of the or ig ina l  nutriments, leading to  the development of o ther  species. 
This s i t ua t ion  gradually tends towards a biological  equilibrium, with a more 
r i ch  aquat ic  l i f e  i n  the area of the es tuar iaes  of the reservoir  t r i bu ta r i e s ,  
where the nutriment input  is more intensive.  
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The aquat ic  l i f e  of man-made lakes i s  grea t ly  influenced by a frequent d r a w  
darn and rise of the water leve l .  This r e su l t s  i n  the poorer heterogeneity of 
ecosytems i n  the upper l i t t o r a l  zones of man-made reservoirs  i n  comparison with 
natural  ones: these ecosystems do not  include species which a r e  not r e s i s t an t  
to  the f luctuat ion of the water leve l  and which c a m n t  follow the water level  
o r  f ind a temporary she l t e r  i n  the denuded surface cover. 

This is the reason why a niunber of current  species a r e  disappearing a s  a re- 
sul t  of the ac t ion  of the f luc tua t ing  water leve l ,  including weed, rush e t c . ,  
and there  only remain some unwanted species of insec ts  (some midges and m a t s )  
and worms ( e . g .  leeches) .  The occiirrence of msqu i tos  can be s igni f icant ly  re- 
duced by a managed draw-down and r i s ing  up of the water level.. 

The occurrence of aqiiatic species depends mainly on 
(a) c r i t i c a l  physical and chemical fac tors ,  i . e .  on the occurrence of nutr i -  

ments which are indispensable fo r  the relevant  species i n  quant i t ies  exceeding 
the necessary minimum, 

(b) the ecological valency, i . e .  on the extent  of the tolerance of the re- 
levant  organisms to  these fac tors  and to  the occurrence of other  unwanted corn 
ponents of t he i r  l i v ing  environment. C r i t i c a l  limits and optimum conditions a r e  
spec i f i c  f o r  the species i n  qiiestion. Approaching these l i m i t s ,  l iv ing  phenomena 
become more demanding, especial ly  energet ical ly .  Ihder  favourable conditions, 
less energy is  required, leaving aquat ic  aninals t h e  necessary reserve f o r  find- 
ing and consuming food. A suff ic iency of food and energy supply and an appropria- 
te environment form the optimum l iv ing  conditions fo r  the species in  questivn. 

lhe existence of re levant  f i s h  species depends on the water qua l i ty ,  - mainly 
,on i t s  temperatune and oxygen content, on the water depth, r a t e  of flow, morpho- 
logy and macerial of the bottom and the banks, and on the occurrence of aquatic 
f lo ra .  The construction and operation of a reservoir  changes a l l  these conditions. 
A dam o r  a weir fonns an invincible  obstacle  fo r  the draw of migratory f i shes ,  
e .g .  e e l s ,  salmon. 

Fish t raps ,  e levators  and o ther  equipment constructed to  enable the migration 
of f i shes  do not  form an adequate subs t i t u t e  fo r  such a purpose. There a re  a lso 
problems with the optimum location of such equipment and the i r  capacity, espe- 
c i a l l y  i n  the period of the draw, i s  of ten  not  su f f i c i en t .  The migration of 
f i shes  is already r e s t r i c t ed  during the construction period. The development of 
some f i sh  species i s  even cur ta i led .  Fish species tha t  a r e  not ?ble to  accept 
the changed conditions d i e  out ,  changing in  th i s  way the s tn i c tu re  of the eco- 
system and conditions fo r  the developmnt of o ther  he rb iwres ,  carnivores and 
detr ivores .  The conditions fo r  f i sh  occurrence i n  fish-ponds d i f f e r  completely 
from those in reservoirs  used f o r  water supply and flow control .  High inflow and 
outflow r e s u l t  i n  a high r a t e  of water exchange and i n  water qua l i ty  which i s  
characterized by a lack of nutriment content. Fresh water f ishes  usually l i ve  
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near  shores ,  and not  i n  the  f r e e  space, where a lack of  n u t r i t i o n  occurs. Tnls 
r e s u l t s ,  togei-her with the lack of  s o l a r  rad ia t ion ,  low temperature and lack of 

oxygen, i n  a s u b s t a n t i a l  drop i n  product ivi ty  i n  reservoi rs  deeper than f i f t e e n  
meters. 

The water leve l  f luc tua t ion  reduces the  production sur face  and destroys zoo- 
plankton, the bas ic  component of the f i s h e s '  food. Tne product ivi ty  of a reser- 
v o i r  does n o t  depend on the extend and frequency of the water leve l  f l ~ i c t u a t i o n  
only,  b u t  also on t h e  per iod of i t s  occurrence. Shores covered by a dense vege- 
t a t i v p  canopy form favourable conditions f o r  f i s h  s h e l t e r s ,  spawn deposition and 
foetus  development. The decrease i n  the  water leve l  iisually destroys spawn and 
foetiis, espec ia l ly  i n  i t s  e a r l y  s tage  of development. The drop i n  the water table  
a l s o  has c e r t a i n  p o s i t i v e  e f f e c t s  on f i s h  production, fomiinp s u i t a b l e  conditions 
f o r  fauna development i n  the uncovered surface.  The inundated grasses  c rea te  a 
favourable environment f o r  the development of  some f i s h  spec ies ,  a s  w e l l  as  
o f f e r i n g  them food. 

The population boom of some f i s h  spec ies ,  e . g .  of pike,  a f t e r  the f i r s t  f i l l -  
ing of the reservoi r  i s  also caused by the  abundance of nutriments i n  the newly 
inundated s o i l  sur face  and by the  number of s h e l t e r s .  This population boom l a s t s  
severa l  years ,  then gradual ly  diminishes. 

Ichthyofauna of  man-made lakes can be categorized a s  follows: 

(a )  f i shes  which occur i n  the  reservoi r  from the  o r i g i n a l  ecosystem of the 
stream and which a r e  a b l e  t o  adapt t o  the changed environment and breed na tura l ly ,  

h) f ishes  which have extremely favoiirable conditions f o r  t h e i r  natiiral 
breeding and development and a r e  ab le  t o  exterminate o ther  f i s h  species ,  

(c\  f i shes  of the o r i g i n a l  ecosystem which a r e  ab le  t o  adapt to the changed 
conditions only i n  r e s t r i c t e d  a reas  of stream e s t u a r i e s ,  where conditions have 
not been changed dras  t ica  1 l y  , 

(d)  f i shes  which a r e  ab le  t o  l i v e  i n  the reservoir, but  do r:ot have the abi- 
l i t y  to  breed n a t u r a l l y ,  thiis requir ing a r t i f i c i a l  breeding f o r  replenishment of 
t h e i r  occurrence, 

( e )  f i s h e s  which a r e  imported a r t i f i c i a l l y  from o t h e r  ecosystems and, being 
adaptable t o  the reservoi r  condi t ions,  a r e  ab le  to  f u l f i l l  the  required function 
i n  the  reservoi r  ecosys t e m :  weed reduct ion,  maintenance of ecosystem equilibrium, 
meat production e t c .  

The ecosystem of a reservoi r  includes 
( a )  f i s h e s  intended f o r  breeding, 
'b) supplementary f i s h e s ,  using food which i s  n o t  u t i l i z e d  by the  ra i sed  

f i shps .  
The ex ten t  and i n t e n s i t y  of changes i n  t h e  landscape caused by the  reservoi r  

depend not  only on the topography, charac te r  and a c c e s s i b i l i t y  of  the a rea  and 
on the  dens i ty  of popillation and communication l i n e s ,  but  a l s o  OR the  s i z e  of the 
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reservoi r ,  espec ia l ly  on i t s  surface a r e a .  The following occurs a f t e r  the cons- 
t ruc t ion  and operat ion of a reservoi r :  

changes i n  the inundated a r e a :  (a \  

- flooding of  f o r e s t s ,  cr i l t ivated and urbanized land,  comnunications, bui ldings 
and o t h e r  engineerinE works, landmarks and h i s t o r i c  p laces ,  
- 

- 

of f l o r a  and fauna, including the r a r e  ones, 
- the  incept ion of aquat ic  
of i t s  environment, including t h a t  f o r  fowl and i n s e c t s .  

flooding of mines and mineral deposi ts  e t c . ,  
the  ex t inc t ion  of the o r i g i n a l  ecosystems, the des t ruc t ion  of dry land species 

f l o r a  and fauna, a s  w e l l  as the extension and chanEe 

Ib) 
c rea t ion  of new scenery, influenced by the water leve l  f luc tua t ion ,  
changes i n  the  hydrogeological and hydropedological condi t ions,  new b a l l a s t  

changes i n  the  reservoi r  environment 
- 

- 

of the E a r t h ' s  cr i is t ,  
- changes i n  the groundwater l e v e l ,  s o i l  misture and a i r  hiunidity, changes i n  
tempera tiire, r e s u l t i n g  i n  a change of ecosys tems , 
- chanzes i n  the l i v i n g  environment of  man: change i n  dwelling environment, i n  
hea l th  and recrea t iona l  condi t ions,  and a severing of comnunication l i n e s ,  
- 

dam construct ion and reservoi r  operat ion causes a construct ion boom, a s  the 
equipment used on the bui ld ing  s i te  o f f e r s  p o s s i b i l i t i e s  f o r  fur ther  u t i l i z a t i o n ,  
and the construct ion of new comnunications increases  the a c c e s s i b i l i t y  of the 
a rea  and i t s  consequent u t i l i z a t i o n  f o r  recrea t ion  purposes, which leads t o  a 
modernization of the l i f e  s t y l e  of the  population. 

change i n  the  conditions f o r  economic development: the  economic impact of the 

The r e s e r v o i r ' s  environment i s  negat ively a f fec ted  by the water leve l  fluc- 
tua t ion ,  espec ia l ly  a t  the  end of backwater and i n  f l a t  a reas .  When the banks 
a r e  s t e e p ,  lands l id ing  may occur. The negat ive consequences o f  thewater  leve l  
f l i ic tuat ion should be r e s t r i c t e d  by overflow dams, d ikes ,  banks, ramparts, and 
by excavation i n  shallow flooded areas  e t c .  

D r y  land ecosystans a r e  a f fec ted  not  only by the r i s e  i n  the groundwater level  
and by an increase  i n  s o i l  moisture 2nd a i r  humidity, but a l s o  by t h e  flooding 
of pastures  and dens, by complications associated with the  access of shy animals 
t o  water, by t h e  worsening i n  the l i v i n g  condi t ions,  espec ia l ly  of r a r e  spe- 
c i e s ,  through the increase i n  population densi ty  and economic a c t i d  t i e s .  Ln 

sparse ly  populated a reas  reservoi r  shores form favourable conditions f o r  nest ing 
and r e s t i n g  places  f o r  migratory b i r d s .  

The s o c i a l ,  group and personal i n t e r e s t s  of the population a r e  a f fec ted  by the 
c rea t ion  of  new shores ,  by the  increase  i n  s o i l  m i s t u r e ,  by changes i n  the 
microclimate e t c .  The increase i n  dwelling value of areas  not  adversely a f fec ted  
by water l e v e l  f luc tua t ion  waterlogging o r  o t h e r  negat ive e f f e c t s  r e s u l t s  i n  an 
increased dens i ty  of habi ta t ion .  The change i n  the dwelling value has an i m p o r  
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t an t  impact on the l i f e  s t y l e ,  supporting i ts  recreat ional  aspects .  The reser- 
voi r  creates  o r  supports favourable conditions f o r  f i sh ing ,  camping, hunting, 
and o ther  types of veelrend and vacational recreat ion.  The space f o r  water t o u r  
i s m  increases ,  but the recreat ional  value is sometimes prejudiced by the change 
of the flowing water i n to  s tagnant  water. 

The increased densi ty  of habi ta t ion has a s  a secondary e f f ec t  a breaking down 
of t h e  natural  vegetat ive canopy, an increase in  the erosion r a t e .  a rise i n  the 
t ransport  dcnsi ty ,  an increase i n  noise  densi ty ,  a gradual pol lut ion of the en- 
vironment, with the 
and waste water removal. 

concomitant need f o r  a mass water supply, orEanized waste 

Depending on the water qua l i ty  and prevai l ing san i ta ry  conditions, the reser- 
vo i r  operation can c rea te  o r  strengthen the conditions f o r  the  dissemination of 
germs o r  th& bearers ,  esepcial ly  i n  t ropical  and subtropical  areas .  Negative 
circiimstances may resiil t i n  economic, cul tiiral and soc ia l  losses ,  e i the r  perma- 
nent o r  temporary, especial ly  i n  the period during and short ly  a f t e r  the cons- 
true t ion.  

Some of the expected economic e f fec ts  nay be not achieved due to  var iois  
planning, f inancial  and organizational obstacles o r  due to  the unexpected reac- 
t ion of the population. This ,nainly concerns the immediate surroundings of the 
reservoi r ,  which sometimes f a i l  to  a t t r a c t  su f f i c i en t  i n t e r e s t  among poten t ia l  
investors .  

[Jncoordina ted planning and lack of investment i n  fur ther  Construction acciviw 
o r  i n s t i t u t iona l  gaps may cause discrepencies i n  the area i n  question, res t r ic t i r lg  
o r  even cancel l ing the  pos i t ive  impact of the reservoir  i n  the  border a reas ,  o r  
even al together .  

4.6.5 Effect  of Flow Control and Water Withdrawals 
Downstream of the  dam p ro f i l e  the reservoir  operation and water withdrawals 

a f f ec t ,  espec ia l ly ,  
- 

- 

- 

- the dwelling value of the relevant area (Tab. 4.20) .  

the water and i ce  regime, the t ransport  of sediments, and the water qua l i ty ,  
the aquat ic  f lora  and the r ivers ide  canopy, 
the aquat ic  fauna including f i shes ,  

Changes i n  the water regime a r e  mni fe s t a t ed  mainly by changes i n  discharges, 
dependent on the reservoi r  operation, and on the t i m e  d i s t r ibu t ion  of water with- 
drawals and ef f luents .  These changes r e su l t  especial ly  i n  

(a )  a decl ine i n  peak discharges and relevant  water leve ls  downstream, usually 
with the exception of superfloods and floods of long durat ion,  because these 
of ten exceed the capacity of the reservoir ,  

(b) 
(c )  

an increase i n  low discharges, 
a water deficiency i n  the case of excessive water withdrawls. 
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TABLE 4.20 

Impact of  reservoi r  operat ion and water withdrawl on downstream water course 

\dater quant i ty  [dater q u a l i t y  Flora/Fishes h e 1  l ing  

Decrease Increase Ilecrease i n  Decreased Change i n  
i n  h i & e r  i n  low sediment s a l i n i t y  water tab le  
discharges discharges t ranspor t  of low and ground- 

discharges water tab le  

Res t r ic ted  Improved Oecrease Increase i n  Chanze i n  Improved 
floodinp water water tab le  s a l i n i t y . b y  aquat ic  flood 

supply of  floods evaporation f l o r a  control  

Res t r ic ted  Improved Decrease i n  Increase i n  Change i n  Res t r ic ted  
na tura l  navigation sedimenta- n i t rogen ,  coas ta l  s o i l  re- 
f e r t i l i z a -  and power t ion  flooded i ron  and flora genera t ion  
t ion  generation land mangan 

content 

Res t r ic ted  Decrease i n  sedimentation Decrease Increase i n  Changes i n  
erosion i n  oxygen y i e l d  pa t te rn  of 

content wa tertourism 

Res t r ic ted  Increase i n  Decrease i n  Decrease i n  In te r rupted  Res t r ic ted  
groundwater i n f i l t r a t i o n  clogging water tan- draw of  , sumner 
recharge pera ture  i n  f i s h e s  recreat ion 

summer 

Res t r ic ted  Improved 
waste s a n i t a r y  
disposal  conditions 

Increase i n  Res t r ic ted  Restr ic ted 
Water tan- migration O f  ska t ing  i n  
pera ture  i n  f i shes  winter  
win ter  

Decrease.in S l i g h t  Extended Change i n  Change i n  
evaporation increase i n  period of  ince forma- zones of 

evaporation high t ion  and f i s h  
t u r b i d i t y  flow occurrence 

Decrease i n  water t a b l e  
and discharge f luc tua t ion  

Periodic  f luc tua t ion  of 
water t a b l e  and dischar- 
ges i n  case of hydro- 
power genera t i o n  

Checkl is t  of  the probable impact of  reservoir operat ion and water withdrawal on 
downs tream water course. 
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Water withdrawals do not  general ly  r e s u l t  i n  a s i ibstant ia l  decrease i n  flood 
discharges,  a s  they a r e  usual ly  comparatively small .  Big withdrawals, such as  
those used f o r  i r r i g a t i o n  purposes, reduce the  value of  low discharges i n  the 
siimer season, thus causing an increase i n  these discharges i n  the winter  season 
on account of  the g r e a t e r  groundwater oiitflow from i r r i m t e d  land a t  t h a t  t i m e .  
I r r i g a t i o n  may a l s o  increase flood discharges,  because watered land has a l i m i -  
ted i n f i l t r a t i o n  capaci ty ,  thus causinq an in tens ive  outflow of the rainwater. 

The flood control  e f f e c t  of the reservoi r  r e s u l t s  i n  

fa ,  
(b, 

a dec l ine  i n  the  flooded a r e a ,  
a dec l ine  i n  the ex ten t  and frequency of i r r i g a t i o n  by flood water sprea- 

ding and s o i l  regeneration by s i l t  sediments, 
( c )  a dec l ine  i n  the r a t e  of na tura l  r i v e r s i d e  i n f i l t r a t i o n ,  
(d)  a decl ine i n  the  erosion r a t e ,  and an increase i n  tne sedimentation r a t e .  
The decl ine i n  the flooded area  r e s u l t s  i n  a reduction i n  flood losses .  N e v e r  

t h e l e s s ,  i r r i g a t i o n  by flood water spreading is  r e s t r i c t e d ,  thus reducing the 
regenerat ion r a t e  of the  s o i l  p r o f i l e .  I n  t h i s  case,  the na tura l  watering and 
s o i l  regenerat ion process has t o  be replaced by a r t i f i c i a l  i r r i g a t i o n  and f e r  
t i l i z i n g ,  
operat ion s k i l l ,  a s  wel l  as being connected with a change i n  i r r i p a t i o n  methods 
and i n  the cropping p a t t e r n .  

which r e s u l t s  i n  high operat ion cos ts  and a l s o  requires  appropriate  

The necessary measiires f o r  t h i s  purpose require the supply of  a r t i f i c i a l  f e r  
t i l i z e r s ,  energy f o r  t h e i r  production, manpower and s k i l l  and may appear t o  be 
opera t iona l ly ,  f inanc ia l ly  o r  organiza t iona l ly  rinsiritable, espec ia l ly  i n  develo- 
ping count i res .  They are f e a s i b l e  f.sr in tens ive  production, but a r e  not  satis- 
factory from the environmental po in t  of view, a s  they m y  supply the requested 
quant i ty  of  anorganic nutr iments ,  but  no t  the necessary volume of organic m t t e r .  

Flood cont ro l  r e s u l t s  i n  the  decl ine i n  the n s t u r a l  r i v e r s i d e  i n f i l t r a t i o n ,  
r.ediiction i n  the  groundwater recharge and subsequent negat ive influerice on agri-  
c u l t u r a l  production, espec ia l ly  i n  f l a t  r i v e r  va l leys .  I n  the case of the low 
q u a l i t y  of r i v e r  water ,  the drop i n  the i n f i l t r a t i o n  r a t e  r e s u l t s  i n  an improve- 
ment of the groundwater q u a l i t y .  

The dec l ine  i n  t h e  erosion r a t e  and in te r rupt ing  of the sediment t ranspor t  
which r e s u l t  from the flood control  functions of the reservoir serve the m i n -  
tenance of r iverbeds.  As a consequence of  the reduct ion i n  high discharges,  an 
increase  i n  the sedimentation r a t e  may occur r e s u l t i n g  i n  a decrease i n  the 
channel capaci ty  downstream of the dam p r o f i l e  and thus inf luencing water leve l  
hydrographs, navigat ion conditions e t c .  As  a r e s u l t  of the decreased discharges 
and a t tendant  higher  sedimentation, the rate of the  se l f -pur i f ica t ion  processes 
f a l l s ,  thus causing a d e t e r i o r a t i o n  i n  the water q u s l i t y .  The decrease i n  the 
erosion,  and increase  i n  the sedimentation r a t e  negat ively inf luence the OCCII- 

r rence of f i s h  s h e l t e r s ,  thus l i m i t i n g  the f i s h  population. 
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Depending on the given condi t ions,  the reservoir  with a low impact on flood 
discharges m y  on the contrary,  owing to  i t s  t rap eff ic iency deprivine the down- 
stream flow of i ts  sediment content, increase the erosion r a t e  downstream. 

The increase i n  low discharges i s  caused not only by the reservoir  operation, 
but a l so  by the influence of water u t i l i z a t i o n  processes between the water with- 
drawal and e f f luen t ,  the second process having a negative e f f ec t  on the water 
qua 1 i ty . 

The increase in  low discharges, being accompanied by a ra i s ing  of minimum 
water leve ls ,  creates  more favourable conditions for  water withdrawals, naviga- 
t ion  and water power generation, as  w e l l  a s  having a favourable impact on the 
groundwater regime, and therefore a l so  on a g r i c u ~ t u r e  and fores t ry .  such a ra is-  
ing of the water tab le  m y  sometimes r e su l t  i n  advancing percolat ion and evapo- 
r a t ion ,  i . e .  i n  growing water losses .  The flow r a t e  increases ,  aupen t ing  sedi- 
ment t ransport  and the r a t e  of se l f -pur i f ica t ion  processes, and thereby improv- 
ing the san i ta ry  conditions and the aes the t i c  value. TJnder cer ta in  circumstances 
the flow r a t e  may exceed the relevant l imi t ing  values of the r ive r  bottom sta- 
b i l i t y ,  thus causinz erosion. 

\dater w i  thdr;wals and subseqijent u t i l i z a t i o n  frequently increase the concen- 
t r a t ion  of 
u t i l i z a t i o n  decreases the oxygen content especial ly  and increases the nitrogen 
content. The regulat ing e f f ec t  of the reservoi r  with a longer : ra te  of water 
exchange mostly reduces the level  of water pol lut ion.  The aupen ta t ion  of low 
discharges a l s o  d i lu t e s  the pol lut ion i n  water from t r ibu ta r i e s  and eff luents .  

dissolved o r  susperided w t t e r  i n  the remaining discnarges. Water 

The sedimentation and se l f -pur i f ica t ion  processes in  the reservoir  generally 
have a favourable e f f ec t  on the qua l i ty  of the water outflow, even i n  the case 
of a low qual i ty  
dissolved and suspended matter can nevertheless be increased by passing through 
the reservoir  with a high evaporation r a t e .  

inflow. In  semi-arid and a r i d  areas  the concentration of 

The value of the  water pol lut ion downstream of the reservoir ,  a t  the con- 
f1.uence o r  a t  the estuary of e f f luents ,  can be determined o r  its course mdel led  
on the bas i s  of the mixing formula 

i q l '  ici - the concentration of re levant  indicators  before the confluence o r  ', before the estuary of e f f luent  
resu l t ing  concentration downstream 

i 

i - l , 2 , 3  ....., n order of water qua l i ty  indicators  

Q1 - Q, - discharges upstream of the confluence. 

q - r e su l t i ng  concentration downstream 3 



The r e a l  course of the water po l lu t ion  i n  the longitudina1 p r o f i l e  of the  
water course d i f f e r s  from the computed on account of ' t h e  s e l f - p u r i f i c a t i o n  
process incluclim sedimentation. The re levant  computed values should, therefore ,  
be checked and corrected i n  the  seqiience from the upper p r o f i l e  to  the  estuary.  
On t h i s  b a s i s ,  the  course of t h e  water q u a l i t y  can a l s o  be control led and i t s  
improvement during c r i t i c a l  per iods achieved by reservoi r  operat ion.  Such an 
emptying of  the  s torage  is t o  the detriment of the water supply. The f e a s i b i l i t y  
of  such operat ion depends on the  course of t h e  decomposition processes and on 
the evaporation r a t e  i n  the r e s e r v o i r ,  and r e s u l t i n g  water  q u a l i t y .  

The changes i n  water temperature dowristream of  the  dam s i t e  a r i s e  froin the 
reservoi r  operat ion.  With the power generat ion o r  with the  bottom o u t l e t  open, 
the deep water l a y e r s ,  i . e .  the  hypolimnion, a r e  emptied, which r e s u l t s  i n  a 
cooling of the r i v e r  water i n  the  summer season and i t s  warming durinp win ter ,  
i n  comparison with the o r i g i n z l  s t a t e  bpfore the reservoi r  operat ion.  This water 
a l s o  contains more ni t rogen and i ron  and less oxypen. The d i f fe rence  i n  water 
q u a l i t y ,  including temperature, is  substanional ,  espec ia l ly  i n  the case of a 
cascade of reservoi rs .  The water of the epilimnion, whose temperature does not 
d i f f e r  as much from the  o r i g i n a l  one, en ters  the  r i v e r  channel downstream of the 
reservoi r  by means of spi l lways,  mainly during f loods,  i . e .  not so f requent ly .  

Temperature changes have an inf luence on, espec ia l ly ,  
l a )  water i i t i l i z a t i o n  a f t e r  its withdrawal 
(b) f i s h  occiirrence and f i s h  breedinp 
Cc) o t h e r  in-stream water uses ,  espec ia l ly  water s p o r t s ,  recrea t ion ,  navi- 

ga t ion ,  and a l s o  waste d isposa l .  
The decrease i n  water temperature i s  f a w u r a b l e  f o r  both municipal and indus- 

t r i a l  water  siipply, namely f o r  cooling purposes. For i r r i g a t i o n  purposes, warmer 
water is  more convenient. Changes i n  water temperature and water qi ia l i ty  a l s o  
inf luence the  ichthyofauna. They may cause a change i n  the zones of f i s h  occu- 
rrence. The changes i n  water  temperature mostlv have a negat ive e f f e c t  on re- 
crea t ion  and water s p o r t s ;  the cool water i n  simmer s p o i l s  the conditions f o r  
bathing and o t h e r  water s p o r t s ;  while  the  increase i n  win ter  temperature res- 
t r i c t s  the f reez ing  of  the water pool and ska t ing  i n  win ter ,  bu t  tempers the 
i c e  bound regime, thus c rea t ing  more favourable conditions f o r  water t ranspor t .  

Water temperatures are a l s o  a f fec ted  d i r e c t l y  by water withdrawals, decreasing 
water  discharges,  water  depth and flaw r a t e s  with consequent temperature increase,  
a l s o  caused by the  high temperature of e f f luents  from cooling systems. These 
temperature changes depend to  a g r e a t  ex ten t  on the  r a t i o  of discharges and with- 
drawalsandon t h e  quant i ty  and temperature of e f f l u e n t s .  Water withdrawals a l s o  
increase the concentrat ion of sediments i n  t h e  remaining discharge, aggravated 
by material input  from e f f l u e n t s ,  increasing the  sedimentation r a t e  and causing 
the f i l l i n g  of  r iverbeds .  
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The drop i n  the  sediment content i n  discharges caiised by the sedimentation i n  
the reservoi r  reduces the course of water l e v e l s  i n  comparison with t h e  s t a t e  
p r i o r  LO the reservoi r  operat ion.  The f a l l  i n  the water t a b l e  reduces the poten- 
t ia l  energy, and augments the k i n e t i c  energy of water. This i n t e n s i f i e s  the  ero- 
s i o n  process ,  e n t a i l i n g  a gradml  increase  i n  sediment and bed-load t ranspor t  
downstream, where, depending on the  condi t ions,  the  water l e v e l  may gradually 
approach the o r i g i n a l  one of the same discharge. Downstream of the  reservoi r ,  
the per iod of turbid water discharges i s  usual ly  longer because of the gent le  
sedimentation of f i n e  p a r t i c l e s  i n  t h e  reservoi r .  

The na tura l  r i v e r  channel downstream of the reservoi r  is  a l s o  a f fec ted  by the 
construct ion of  many o f f t a k e  and o u t l e t  s t r u c t u r e s ,  sane s t r e t c h e s  being regula- 
ted o r  paved i n  t h i s  connection. The na tura l  r i v e r s i d e  canopy, whose development 
and s t a t e  depends on cl imatological  conditions , a l t i t u d e ,  s o i l  and geomorphologi- 
c a l  condi t ions,  bank s lopes ,  
changes under the  long-term inf luence of the water  leve l  a l t e r a t i o n s  and conse- 
qiient changes i n  groundwater tab le .  Vegetation species  which a r e  not  adaptable 
t o  the  new condi t ions gradually expi re ,  a f f e c t i n g  the scenery and the relevant  
dwelling and recrea t iona l  condi t ions.  

exposi t ion of  the  loca t ion  and the water regime 

The l i v i n g  conditions f o r  f i shes  i n  the  s t r e t c h  which i s  a f fec ted  by the ope- 
r a t i o n  of the reservoi r  and espec ia l ly  by 
- chanpes i n  water q u a l i t y ,  including temperatiire 
- 

occurrence, 
- 

- 

a r e  d r a s t i c a l l y  changed. Thpse consequences include a decrease i n  the tietero- 
genei ty  of the  preva i l ing  ecosystems, including the  expir ing of  migratory f i shes .  
The improvement of the  water q u a l i t y  and the  decrease i n  water temperature may 
r e s u l t  i n  t h e  formation of a t r o u t  zone i n  t h e  s t r e t c h  downstream of the dam 
s i te .  In tens ive  s p o r t  f i s h i n g  is o f t e n  recorded i n  these s t r e t c h e s ,  especial ly  
when t h i s  a c t i v i t y  is not  permitted on the  r e s e r w i r ,  e .g .  because i t s  water i s  
used f o r  dr inking purposes. 

increase i n  the minimum and decrease i n  the  maximum flood discharges and t h e i r  

changes i n  the r iverbed and associated f l o r a ,  
construct ion of obs tac les  f o r  the movement of  f i shes  upstream, 

The flood cont ro l ,  water supply o r  multi-purpose e f f e c t  of  the reservoi r  
operat ion increases  the dwelling value of  the  a f fec ted  a rea .  Rut, downstream of 
the reservoi r ,  there  obtains  the r i s k  of  a possible  dam destruct ion.  The proba- 
b i l i t y  of such an event is  very low, but  i t s  consequences may be ca tas t rophic ,  
destroying economic values and threatening the population. 

The e f f e c t s  of very l a r g e  reservoi rs  appear even a s  f a r  down as the estuary 
of the  r i v e r  i n t o  the sea ,  o r  where i t  expires  i n  an a rea  without outflow. The 

drop i n  the  nutriment input  and poss ib le  d e t e r i o r a t i o n  i n  water q u a l i t y  by h w n  
a c t i v i t y  m y  l i m i t  the  ex ten t  and heterogenei ty  of  the qua t ic  fauna including 
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f i s h e s ,  as w e l l  as r e s t r i c t i n g  f i s h  prodiiction i n  the coas ta l  zone. The decrease 
i n  sediment t ranspor t  may r e s u l t  i n  erosion,  deepening the estuary and aggra- 
vat ing sea-wave ac t ion .  

drawals r e s u l t s  i n  an increased penetrat ion of  seawater upstream, w i t 6  a conse- 
quent increase i n  s o i l  s a l i n i t y ,  a l s o  leading t o  a degradation of s a l t - r e s i s t e n t  
p l a n t  species  includinp e . g .  d a t e  palms. The s a l i n e  e f f l u e n t s  from i r r i g a t i o n  
schemes m y  a l s o  cont r ibu te  to t h i s  degradation, a process which is more evident 
i n  the  dry period of low r i v e r  discharges. 

The decrease i n  discharges caused by the reservoi r  operat ion o r  by water with- 

'he  r e s u l t i n g  s t a g e  i n  the estuary la rge ly  depends on the operat ion both of 
the reservoi r  and the assoc ia ted  water users, The increase i n  1m discharges may 

cause a decrease i n  the average s a l i n i t y ,  i . e .  i t  may shorter1 the period of 
upstream penet ra t ion  of the  s a l t y  back water ,  which reduces the acreage of the 
a f fec ted  a rea .  Another consequence may be the r a i s i n g  of t r a c t i n g  forces ,  and 
the i n t e n s i f i c a t i o n  of the se l f -pur i f ica t ion  process .  I n  t h i s  way, a balanced 
reservoi r  operat ion can a l s o  improve the conditions f o r  coas ta l  f l o r a ,  thereby 

augmenting both a g r i c u l t u r a l  and f i s h  production. 

4.6.6 Effec t  of River Training and Open Channel Water Conveyance 
The formation of r iverbeds depends on hydrometeorologicel, hydrogeological, 

geomorphological and s o i l  condi t ions.  I t  is  a l s o  a f fec ted  by the occiirrence and 
spec ies  of the vegetat ive canopy 011 the r i v e r  banks. The bas ic  natural  functions 
of streams cons is t  o f  

(a )  drainape and water conveyance 

(b)  

Cc) 
(d)  

i c e  t ranspor t  during the winter  and spr ing  season, 
sediment and bed-load t ranspor t ,  s o i l  q u a l i t y  regenerat ion,  
groundwater tab le  and s o i l  moisture regulat ion,  i . e .  maintenance of con- 

d i t i o n s  f o r  the r i v e r s i d e  vegetat ion,  
( e )  maintenance of condi t ions f o r  aquat ic  l i f e  and of envi.ronmenta1 balance. 
Inc identa l  phenomena of these na tura l  funct ions,  such as floods, r e s t r i c t  the 

p o s s i b i l i t i e s  of u t i l i z i n g  the adjacent  area f o r  the various a c t i v i t i e s  of human 
soc ie ty ,  e .g .  f o r  in tens ive  set t lement ,  i n d u s t r i a l  and in tens ive  a g r i c u l t u r a l  
prodtiction, mining, uninternipted in-stream water u t i l i z a t i o n  e.g. navigation 
and water power generat ion.  The v a r i a b i l i t v  of the  channels of na tura l  water 
courses ,  t h e i r  f luc tua t ing  water l e v e l s ,  changinE discharges and a l s o  i c e  phe- 
nomena negat ively inf luence the socioeconomic fiinctions of water .  For t h i s  reason 
water courses a r e  t ra ined  and canals  f o r  water conveyance constnicted with the 
aim of  

( a )  improving the  conditions of water supply and drainage, in-stream and 
on-side water use,  

(b)  r e s t r i c t i n g  inundations and conseqiient economic l o s s e s ,  
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( c )  adapting the  r iverbed t o  the  changing discharges,  inland water t ransport  
requirements, power genera t ion ,  sediment t ranspor t  o r  ice regime phenomena, 

(d)  
(e )  

increasin,q the dwelling value of  the adjacent  a rea ,  
s t a b i l i z i n g  the r i v e r  banks and r i v e r  bottom, achieving d i rec t iona l  

s t a b i l i z a t i o n ,  r e s t r i c t i n g  the erosion process and removing i ts  consequences, 
( f )  improving the groundwater regime, 

( g )  adapting the riverbed t o  the consequences of divers ion dams and weir 
construct ion,  as w e l l  as of the construct ion of comnunication l i n e s ,  urban, in- 
dirs t r i a l  and agrici i l t i i ra l  development, 

(h)  improvinp the water q i ia l i ty ,  safemiarding the desired san i ta ry  conditions 
and the  requirements of  a e a t h e t i c  enjoymentlTab. 4 . 2 1 ) .  

The unavoidable precondition f o r  ensuring the des i rab le  e f f e c t  of r i v e r  
t r a i n i n g  is  t h a t  na tura l  fimctions of the stream mustnot come i n t o  c o n f l i c t  with 
the desired goals. The flow of na tura l  r i v e r s  and streams is frequent ly  almost 
s teady ,  i . e .  changes very slowly with time. Tlnsteady flow occiirs as flood waves 
o r  t r a v e l l i n e  siirges. In natiiral r iverbeds,  t h i s  flow i s  non-uniform, changing 
slowly o r  suddenly i n  the magnitiide and d i r e c t i o n  o f  the  veloci ty  along the 
s t reamline.  S t r i c t l y  iiniforni f low rare ly  e x i s t s  i n  such channels. The cross sec- 
t ion  of a t ra ined stream usual ly  has a simple geometric shape. The f l o w  i n  such 
a canal i s  general ly  considered to  be uniform, only having slaw changes of 
t i j rect ion and no changes with d is tance  i n  t h e  value of the  veloci ty  along a 
st reamline,  with the exception of s t r e t c h e s  upstream of drops, weirs and d i v e r  
s i o n  dams, where non-uniform flow occurs. 

The na tura l  r iverbed,  though of ten  not  s i i f f ic ien t ly  s t a b l e  i n  the short-term, 
is a r e s u l t  of the a c t i v i t i e s  of external  na tura l  forces ,  and may be considered 
t o  he i n  long-term eqi i i l ibr i im with them. The pr ismatic  channel of a t ra ined 
r i v e r  with a iiriiform flow cannot correspond t o  the  complicated conditions of 
the o r i p i n a l  s t a t e  and, destrovinp t h i s  long-term balance, freqiiently has a 
negat ive e f f e c t  on some of the h a s i c  natiiral functions of the stream o r  r i v e r .  

The biological  eqiiilibrium i n  the  o r i g i n a l  ecosystems on the banks is a result 
of an in te rp lay  of the  o r i g i n a l  groundwater leve l  and corresponding s o i l  moistlire 
f luct i ia t ion.  The conditions f o r  the eqi i i l ibr i im of aquat ic  ecosystems depend on 
the  in te rp lay  of water depth, flow r a t e s ,  the morphology and mater ia l  of the 
channel, and on the aquat ic  f l o r a .  Ecosystem, both aquat ic  and on the  banks, 
general ly  need heterogeneous condi t ions f o r  t h e i r  development o r  surv iva l .  These 
conditions a r e  uni f ied  by r i v e r  t r a i n i n g ,  o r  newly and uniformly establ ished by 
the headrace o r  t a i l r a c e  construct ion.  
f o r  many relevant  spec ies .  This r e s u l t s  i n  a dec l ine  i n  t h e i r  heterogenei ty ,  
s i g n a l i z i n g  the  dis turbed b io logica l  balance. These changes occur gradually from 
the beginning of the construct ion work. 

l h i f i e d  conditions a r e  not acceptable 

RiTJer t r a i n i n p ,  i f  n o t  accompanied hv the  construct ion of weirs and dams to  
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TABLE 4.21 

Impact of r i v e r  t ra in ing  

Hydraulic Discharges Water Table Flora  and h e l l i q g  
parame t e r s  Fauna value Increase Decrease 

Increased Limited Change of  sedimentation Change i n  Increased 
s lope  of  flooding and erosion water q u a l i t y  flood control 
the channel 

Extended Restructed Change i n  water tempe- Change i n  Improved 
cross  na tura l  fer-  r a t u r e  water  f l o r a  a g r i c u l  tiire 
s e c t  ion t i l i z a  t ion  

Increased Res t r ic ted  Increase i n  Decrease i n  Change i n  Deter iorated 
ve loc i ty  groundwater i n f i l t r a -  i n f i l t r a -  water fauna s o i l  re- 
of f l m  recharge t i o n  t i o n  including genera t i o n  

f i s h  species  

Increased Decrease i n  Rise i n  Drop i n  Chang? of Improved 
drainage base flow groundwater gromdwater r i p a r i a n  navigation 
rate during vepe- tab le  tab le  vegetat ion and hydro- 

t a t i o n  power 
period genera t ion  

Increase i n  Waterlogging Excessive improved 
winter  drainage a c c e s s i b i l i  ty 
discha rres Negative 

impact of  
water tourism 

Checkl is t  of the probable impact of r i v e r  t ra in ing  on the water  cycle and ripa- 
r i a n  environnier.t. 

s w e l l  the  water tab le ,  results i n  a s u b s t a n t i a l  drainage e f f e c t .  Such an e f f e c t  
m y  be supported by the assoc ia ted  i r r i g a t i o n  network and r e s u l t  i n  a 10-20% 
increase i n  annual outflow i n  the f i r s t  4-5 years  a f t e r  construct ion.  I n  the 
next  per iod,  the drainage impact on the annual outflow is  not  as subs tan t ia l  and 
mainly occurs as a regula t ing  e f f e c t ,  increasinp low discharges.  Its e f f e c t  on 
flood occurrence is  cont rovers ia l .  Decreased moisture content i n  the upper s o i l  
l a y e r  increases  the  i n f i l t r a t i o n  capaci ty ,  thus lowering the  surface runoff .  The 
increased flow capaci ty  o f  the r iverbed,  and espec ia l ly  o f  t h e  associated drain- 
age network, increases  the flow ve loc i ty  and contr ibutes  t o  the increase i n  
flood discharges.  The drainage e f f e c t  of r i v e r  t r a i n i n g  and associated network 
increases  the  probabi l i ty  of  flood occurrence and the  value of flood discharges, 
depending on the s o i l  and moistlire condi t ions,  i . e .  depending on the share of 
the balancing e f f e c t  of the increased i n f i l t r a t i o n  capaci ty  of  the  drained s o i l  
l ayer .  
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River t r a i n i n g  d r a s t i c a l l y  changes the conditions f o r  sediment t ranspor t .  
This can also be  analyzed on the b a s i s  of the  following simple formula, derived 
from the  water depth, the flow r a t e  and the  gra in  s i z e  of  the  bed-load mixture 

(4 .33)  

de - c h a r a c t e r i s t i c  gra in  s i z e  of the  bed-load mixture (m) 

h - water depth fm) 

-1 v 

K - c o e f f i c i e n t  of  the sediment t ranspor t  s-3) 

- minimum flow r a t e  causing the onse t  of bed-load t ranspor t  (m. s ) X 

(almost s t a b l e  and = 216 according t o  Scharnow) 

River t r a i n i n g  inf luences both the water depth and the  flow r a t e s ,  and i n  
t h i s  wav changes also the  c h a r a c t e r i s t i c  s i z e  of the  bed-load mixture and the  
i n t e n s i t y  of the bed-load t ranspor t .  This  change i n  the  bed-load t ransport  may 
r e s u l t  i n  demands f o r  f u r t h e r  r i v e r  t r a i n i n g  i n  the s t r e t c h  downstream. River 
t ra in ing  usual ly  has a p o s i t i v e  inf luence on the  i c e  regime i n  the  regulated 
s t r e t c h ,  bu t  due t o  i t s  acce lera t ing  e f f e c t  has negat ive impact on unregulated 
s t r e t c h e s  downstream; 

Ttie negat ive impacts of  r i v e r  r e p i l a t i o n  r e s u l t  mainly from the reduction of 
the stream length,  frcm the extension of  the cross  sec t ion  and from the renroval 
of the  r i v e r s i d e  vegetat ive campy. This augments the drainage e f f e c t ,  increases 
the flow r a t e s ,  acce le ra tes  the  outflow and, l imi t ing  groundwater recharge, re- 
s u l t s  i n  the reduct ion of evaporation nad evapotranspirat ion.  

River t ra in ing  may r e s u l t  i n  c u r t a i l i n g  the  durat ion of  runoff from the source 
t o  the es tuary ,  even t o  the  ex ten t  of reducing i t  t o  h a l f  the o r i g i n a l  diiration. 
The decrease i n  groundwater recharge l i m i t s  the  regulat ing e f f e c t  of  groundwater 
on sur face  water discharges,  r e s u l t i n g  i n  a decrease i n  average discharges 
during the sumner per iod and i n  an increase i n  discharges i n  win ter ,  thus causing 
a drop i n  a g r i c u l t u r a l  production i n  the  adjacent  area.  

The impact of  headrace, t a i l r a c e  and feeder ,  l i n k  and o ther  conveyance canals 
i s  more d r a s t i c :  They change the groundwater regime and associated ecosystems, 
they may cause waterlogging with assoc ia ted  s a l i n i t y  hazards i n  v a s t  a reas ,  they 
change the  i n f r a s t r u c t u r e  of the  are3 - severing the  cornminication network and 
r e s t r i c t i n g  the a c c e s s i b i l i t y  of c e r t a i n  areas  both f o r  the population and the 
w i l d l i f e .  Their  cons tn ic t ion  restricts w i l d l i f e  occurrence, worsening the l i v i n g  
condi t ions,  espec ia l ly  of  r a r e  spec ies ,  and permits f i s h  to  escape from r e s e r  
vo i rs  and r i v e r s .  
Conveyance canals  enable the  t r a n s f e r  of po l lu t ion  and under c e r t a i n  circumstan- 
ces form favourable conditions f o r  the occurrence of  i n s e c t s  and f o r  desease 
dissemination. Nevertheless, an improvement i n  the conditions f o r  water trans- 
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p o r t ,  power generat ion,  o t h e r  multi-purpose u t i l i z a t i o n  o f  water ,  set t lement ,  
a g r i c u l t u r a l  and i n d u s t r i a l  production, recreat ion form the  precondition f o r  a 
development boom i n  the adjacent  a rea  (Tab. 4.20) .  

River t r a i n i n g  has to be r e a l i z e d  only as an i n t e g r a l  p a r t  of an improvement 
i n  the water regime i n  the  ad jacent  a rea .  I t  is ,  therefore ,  indispensable 

( a )  to  simultaneously accept  measiires f o r  changinp the sur face  runoff i n t o  
groundwater runoff ,  espec ia l ly  on the  f o r e s t  and a g r i c u l t u r a l  lands, 

(b)  t o  simul taneously accept  measures f o r  achieving a b io logica l  equilibrium 
i n  the ecosystems of the r i v e r  va l ley  and the  catchment, espec ia l ly  by de temin-  
ing  the ecological ly  optimum r a t i o  of  a rab le  land, 

( c )  to  so lve  r i v e r  t ra in ing  problems not  only hydraul ica l ly ,  technical ly  and 
economically, bu t  a l s o  from an environmental p o i n t  of view. 

Streams and r i v e r  channels a r e  formed by the  lonffterm impact of hydrometeo- 
ro logica l ,  geological and b io logica l  processes. Substant ia l  changes i n  the 
o r i g i n a l  r i v e r  bed, i n  its route  and i n  t h e  accompanying vegetat ive canopy during 
r i v e r  t r a i n i n p  m y  d i s r u p t  the balance which has been establ ished by na tura l  
forces  and endanger the course of na tura l  funct ions.  

Only when the construct ion respects  the  o r i g i n a l  s ta te ,  the main na tura l  func- 
t ions  
o r i g i n a l  r i v e r  bed and through the  construct ion of pro tec t ion  dykes adapted to  
the topography of the  t e r r a i n ,  can the  consequent state be predicted with s a t i s -  
factory accuracy and therefore  be mnaged to  o f f e r  maximum b e n e f i t s  With minimized 
environmental losses .  

and b a s i c  i n t e r r e l a t i o n s h i p s ,  a s  occurs a f t e r  minor amendments t o  the 




