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ABSTRACT 

The n e t  annual re lease o f  carbon from t r o p i c a l  f o r e s t s  o f  t he  wor ld  i s  
est imated t o  range from 0.6 t o  1.1 x lo9 tons ( G t ) ,  based on computer model 
simulat ions. The s imulat ions incorporate the  most recent  data on t r o p i c a l  
land use change, reg ional  d i f ferences i n  biomass and s o i l  carbon densi ty ,  and 
the  conversion o f  f o r e s t  t o  bo th  s h i f t i n g  c u l t i v a t i o n  and t o  permanent a g r i -  
c u l t u r e .  Carbon accumulation i n  f a l l o w  and immature f o r e s t s  and i n  organic 
s o i l  wetlands a l so  i s  included. The study represents the  f i r s t  attempt t o  
i n t e g r a t e  a l l  these f a c t o r s  i n t o  an est imate o f  t he  t r o p i c a l  f o r e s t  carbon 
balance. 

Model s imulat ions i n d i c a t e  t h a t  releases o f  0.30 t o  0.48 Gt/yr occur i n  
South America, t h e  reg ion  w i t h  the  l a r g e s t  f o r e s t  area, although i t s  defores- 
t a t i o n  r a t e s  are lower than the g loba l  average. I n  Southeast Asia, where mean 
reg ional  f o r e s t  biomass i s  high, carbon re lease r a t e s  range from 0.17 t o  0.34 
Gt/yr. Our simulated releases are s i g n i f i c a n t l y  lower than those r e s u l t i n g  
from some e a r l i e r  analyses which evaluated l ess  d e t a i l e d  data on land-use 
change and carbon dens i t i es .  The r e s u l t s ,  which agree w i t h  o the r  recent  
papers, suggest t h a t  t r o p i c a l  forests ,  when compared t o  f o s s i l - f u e l  sources, 
are p resen t l y  a r e l a t i v e l y  small carbon source. However, an understanding o f  
t he  b iosphere 's  r o l e  i n  t h e  g loba l  carbon c y c l e  requ i res  f u r t h e r  ref inement i n  
ana lys i s  o f  t h e  many asynchronous reg iona l  carbon pools. 

1. INTRODUCTION 

The inc reas ing  carbon d iox ide  ( C O , )  concentrat ion i n  the  atmosphere has 
sparked concern t h a t  g loba l  warming and c l i m a t i c  change might occur i n  the  
near f u t u r e  (Nat ional  Academy o f  Sciences 1983, Seidel and Keyes 1983). 
Atmospheric CO, has increased from p r e i n d u s t r i a l  concentrat ions o f  250-290 
ppmv ( p a r t s  pe r  m i l l i o n  by volume) t o  340 ppmv i n  1980 (Keel ing and Bacastow 
1977). The main source o f  atmospheric CO, i s  combustion o f  coal ,  o i l ,  and gas 
which released approximately 5 G t  (1 G t  = lo9 t) i n  1980 (Marland and Rot ty  
1983). Although t h e  oceans form a s i n k  f o r  atmospheric carbon, t a k i n g  up 
approximately 2 G t / y r  (Broecker e t  a l .  1979). whether the  biosphere i s  a n e t  
source o r  s i n k  remains a major unanswered quest ion i n  carbon cyc le  research 
(Clark  e t  a l .  1982). The present  paper focuses on q u a n t i f y i n g  the  r o l e  o f  t he  
biosphere, p a r t i c u l a r l y  t h e  t r o p i c s ,  w i t h i n  the  g lobal  carbon cycle. 

The r o l e  o f  t he  biosphere and the  degree o f  i t s  i n f l uence  on the  carbon 
cyc le  i s  l a r g e l y  determined by t h e  ex ten t  o f  human d is turbance o f  na tu ra l  
ecosystems. Most undis turbed ecosystems are assumed t o  be i n  e q u i l i b r i u m  w i t h  
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respect  t o  carbon exchange. However, a f t e r  disturbance, carbon s tored i n  the 
b i o t a  and s o i l s  i s  released t o  the atmosphere. The balance between the  carbon 
re lease from d i s tu rbed  ecosystems and carbon storage i n  regrowing vegetation 
l a r g e l y  determines i f  the  biosphere i s  f u n c t i o n i n g  as a n e t  s i n k  o r  source o f  
atmospheric CO,. Analysis o f  t he  r o l e  o f  the biosphere i n  the  g lobal  carbon 
cyc le  continues t o  focus on es t ima t ion  o f  t he  carbon exchange o f  f o res ts ,  
emphasizing de fo res ta t i on  r a t e s  and carbon storage i n  biomass and s o i l s .  

Tropica l  f o r e s t s  are the s i n g l e  l a r g e s t  carbon pool i n  the  t e r r e s t r i a l  
biosphere, s t o r i n g  over 50% o f  t he  860 G t  found i n  biomass and s o i l s  o f  the 
wor ld  (Olson e t  a l .  1983). Although recent  c l e a r i n g  o f  t r o p i c a l  f o r e s t s  has 
been suggested as a source o f  atmospheric CO, second on ly  t o  f o s s i l - f u e l  
( B o l i n  1977, Hampicke 1979, Woodwell e t  a l .  1978), estimates o f  t he  source 
s t reng th  have va r ied  widely  among workers us ing d i f f e r e n t  models and data. 
Houghton e t  a l .  (1983) estimated carbon re lease t o  range from 1.8-4.7 Gt/yr 
f o r  t he  e n t i r e  biosphere (about 80% i n  the t r o p i c s ) ,  whereas De tw i l e r  e t  a l .  
(1984) estimated t r o p i c a l  releases t o  be 0.5-1.9 Gt/yr. Estimates by Detwi ler  
e t  a l .  (1984) may be too  low because they have n o t  y e t  incorporated s o i l  
carbon releases, wh i l e  est imates by Houghton e t  a l .  (1983) appear t o  be too 
h igh  because they used biomass values and c l e a r i n g  r a t e s  which the  l a t e s t  
evidence suggests are overestimates. Furthermore, bo th  s tud ies have r e l i e d  on 
biomass es t ima t ion  f o r  t he  whole t r o p i c s  w i thou t  developing reg ion -spec i f i c  
estimates. 

The purpose o f  t h i s  paper i s  t o  descr ibe r e s u l t s  from cu r ren t  t r o p i c a l  
carbon exchange modeling, which incorporates several improvements i n  the 
t r o p i c a l  f o r e s t  data base. As described below, our p r o j e c t i o n s  o f  carbon 
exchange i n  1985 (a) u t i l i z e  the  l a t e s t  data on t r o p i c a l  land-use change; (b) 
d i s t i n g u i s h  c l e a r i n g  from permanent a g r i c u l t u r e  and s h i f t i n g  c u l t i v a t i o n ;  (c) 
t e s t  how mean regional  biomass values a f f e c t  carbon re lease;  (d) disaggregate 
biomass data i n t o  10 t r o p i c a l  reg ions and 4-6 vegetat ion types; (e) inc lude 
s o i l  carbon dynamics i n  d i s tu rbed  f o r e s t s  and i n  recover ing vegetat ion;  and 
(f) model t he  carbon exchange o f  organic  s o i l  wetlands, a subregional carbon 
pool p rev ious l y  regarded as i n s i g n i f i c a n t  i n  the  o v e r a l l  carbon balance. 
S i m i l a r  runs made a t  Cornel l  U n i v e r s i t y  agree genera l l y  w i t h  the  Holcomb runs 
presented here. 

2. PATTERNS OF LAND-USE CHANGE 

Rate o f  land-use change appears t o  be the  s i n g l e  most impor tant  f a c t o r  
determining the  magnitude o f  carbon re lease,  i f  o the r  parameters such as 
biomass o r  carbon o x i d a t i o n  r a t e s  are h e l d  w i t h i n  a c r e d i b l e  range (Woodwell 
e t  a l .  1983). Several s tud ies  have r e l i e d  on i n d i r e c t  est imates o f  deforesta- 
t i o n  based on popu la t i on  growth and wood product ion r a t e s  (Revelle and Monk 
1977, Houghton e t  a l .  1983) i n  t he  absence o f  more d i r e c t  est imates o f  c lea r -  
ing. S i m i l a r l y ,  some e a r l i e r  surveys which considered on ly  a subset o f  f o r e s t  
types and disturbance (Myers 1980, Persson 1974) were ex t rapo la ted  t o  a l l  
f o r e s t  types t o  determine how d i f f e r e n t  c u t t i n g  ra tes  i n f l uenced  carbon 
releases from the  t r o p i c s  (Houghton e t  a l .  1983). The l a t e s t  a v a i l a b l e  assess- 
ment o f  t r o p i c a l  land-use change by FAO/UNEP (1981a.b.c). however, i s  r e l a -  
t i v e l y  complete (76 coun t r i es  considered) and d i s t i ngu ishes  between d i f f e r e n t  
l and  uses and forest -cover  types. Therefore, these data were used as the 
bas is  o f  our s imu la t i on  runs o f  carbon exchange i n  t r o p i c a l  f o r e s t  areas 
subjected t o  c l e a r i n g  f o r  a g r i c u l t u r e .  

The FAO/UNEP i nven to ry  considers on l y  land-use pa t te rns  observed i n  the 
1976-1980 period. Rates o f  land-use change i n  1985 were based on d i f ferences 
between f o r e s t  area p ro jec ted  by FAO/UNEP f o r  1985 and land  use s t a t i s t i c s  f o r  
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1980 (Table 1, Fig. 1). For a l l  analyses, i nd i v idua l - coun t ry  data were aggre- 
gated i n t o  ten  regions (Armentano e t  a l .  1984): two i n  Asia, f i v e  i n  A f r i c a ,  
and th ree  i n  L a t i n  America and the Caribbean. 

Forest  i nven to ry  data from FAO/UNEP (1981a,b,c) were aggregated i n t o  fou r  
major land-use categor ies:  pr imary vegetat ion,  logged vegetation, s h i f t i n g  
c u l t i v a t i o n / f a l l o w ,  and bush. A f i f t h  category, permanent a g r i c u l t u r e  and 
human set t lement ,  was ca l cu la ted  f o r  each reg ion  by sub t rac t i ng  other  cate- 
gor ies from the t o t a l  land area. Our c l a s s i f i c a t i o n  scheme f o r  both c o n i f e r -  
ous and broad-leafed f o r e s t s  fo l lowed Lanly (1982), who considered any closed 
f o r e s t s  undisturbed f o r  a t  l e a s t  60 t o  80 years t o  be primary fo res t .  Logged 
fo res ts  were def ined as those recorded w i t h i n  the l a s t  60 t o  80 years p lus  
fo res ts  heav i l y  harvested annual ly .  Areas o f  s h i f t i n g  c u l t i v a t i o n / f a l l o w  were 
taken from FAO/UNEP estimates o f  f a l l ow .  Woody-vegetation formations t h a t  
could no t  be c l a s s i f i e d  as closed f o r e s t s ,  i n c l u d i n g  open-woodland savannas 
and bamboo and shrub areas, were combined as bush. 

TABLE 1. SVWBOLS. DEFINITIONS, DATA SOURCES, AN0 CALCULATIONS FOR TROPICAL LAND-USE CHANGE (a*. Fig .  1) 

FADIUNEP (19BIa,b,c) 
Our Symbols Def in l t ions  FA0 Classes Source f o r  1980. 1985 data 

PV Prlmary Vegetation NHC/NSfIw. NHtlNSfZ Tables la. b: 70. b 

LV Logged Vegetation NHC/NSfluc. NHC/NSflm Tables l a ,  b: ?as b 

SW Sh l f t inp  Cultivation NHC/NSa Tables la. b; !7as b 

BU Bush NHB. NH8a. NHdNHO. NHc/NHOa. nH Tables Ic .  e. f :  7c. c .  f 
ffi Agriculture ----- fornula 2 (below) 

flux.r 
APV 

"DEF 
~ " D E F  
PWLV 

TOR 

ASW 

ABU 

M G  

LOSS Of PV 

Deforestation o f  PV 

Deforestation o f  LV 

Logging o f  PV 

Total Deforestation Rate 

Change in Sridden Area 

Change I n  Bush Area 

Change i n  Agr icu l tura l  Area 

Calculations 

F o n u l a  1 (below) 

Tables 6a.b 

Tables 6a.b 

APV - PVDEF 

Formula 1 

Formula 1 

Fornula 1 

'"DEF L v ~ ~ ~  

1, Ipv I 1985 value - 1980 value 
5 2 .  AG = Tota l  Land Ire.* - (PV+LV+SU+BU) 

__ - -~~ _____ ~- 
'FA0 (1978) 

The land-use c l a s s i f i c a t i o n  i s  p a r t i c u l a r l y  usefu l  f o r  d i s t i n g u i s h i n g  
s h i f t i n g  c u l t i v a t i o n  from permanent a g r i c u l t u r e .  Some prev ious s tud ies have 
considered on ly  one category o f  a g r i c u l t u r e  (Houghton e t  a l .  1983). assuming 
t h a t  a l l  c l e a r i n g  f o r  food product ion r e s u l t s  i n  permanent o r  long-term loss  
o f  na tu ra l  vegetat ion (Woodwell e t  a l .  1978, Houghton e t  a l .  1983). Detwi ler  
e t  a l .  (1983; i n  press) po in ted  ou t  t he  importance o f  s h i f t i n g  c u l t i v a t i o n  f o r  
r e a l i s t i c a l l y  es t ima t ing  t r o p i c a l  carbon dynamics. Large areas o f  t r o p i c a l  
land are a c t u a l l y  c u l t i v a t e d  f o r  on l y  2-3 years a f t e r  c l e a r i n g  (FA0 
1981a,b,c). Abandonment leads t o  accumulation o f  carbon i n  the  f a l l o w  stage, 
w h i l e  under permanent a g r i c u l t u r e ,  carbon s tores remain low. 

Before s imu la t i ng  carbon exchange, FA0 woody vegetat ion data were con- 
ve r ted  i n t o  reg ion -spec i f i c  ecosystem areas. Table 1 and Figure 1 d e t a i l  t he  
l o g i c  f o r  c a l c u l a t i n g  l and  t r a n s f e r s  and show how FAO/UNEP data were used t o  
c a l c u l a t e  land-use change ra tes  ( f o r  a more complete d e s c r i p t i o n  see Armentano 
e t  a l .  1984). Table 2 conta ins a summary o f  land-use conversion r a t e s  f o r  the 
major t r o p i c a l  regions. H a l l  e t  a l .  (personal communication) have done a 
s i m i l a r  ana lys i s  b u t  d i d  n o t  aggregate t h e  na t i ona l  data by region. 
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Figure 1. Methodological l o g i c  o f  computing vegetat ion a l t e r a t i o n s  used i n  
s imulat ions o f  t r o p i c a l  upland ecosystem land-use change. Data 
obtained from FAO/UNEP (1981a.b.c). For d e t a i l  on symbols, see 
Table 1. 

TABLE 2 1905 LANO-USE CONVERSION RATES I N  FIVE TROPICAL REGIONS 

Ca lcu la ted  from fb0 (1978) and fAO/UNEP (1981a.b.c) 
P -_ -- I 

Cent ra l  
Amer I ca 

Southeast South South and the 
Conversion As ia  A s I a  A f r i c a  America Caribbean Totals 

Prfmary f o r e s t  t o  Lcggcd f o r e s t  

Lopped f o r e s t  t o  S h l f t i n p  C u l t l v a t i o n  

Pr lmary Fores t  t o  S h i f t i n g  C u l t i v a t i o n  

Logged Fores t  to Permanent A g r i c u l t u r e  

Pr imary f o r e s t  to Permanent A g r i c u l t u r e  

Bush to Permanent A g r i c u l t u r e  

f a l l o r  t o  Shifting C u l t i v a t i o n  

Prlmary and Logged f o r e s t  to Bush 
- 

1,415 

480 

188 

603 

239 

170 

5.791 

0 

23 414 1.171 211 3.894 

135 795 519 132 2,061 

78 216 607 280 1.369 

10 239 999 199 2.050 

6 76 1.168 411 1,903 

0 976 1.540 13 2.699 

1.029 6.165 7.764 3.098 23.847 

74 2 0 0 76 

3.  CARBON DENSITIES AND DYNAMICS 

To estimate carbon exchange i n  t r o p i c a l  regions, i n fo rma t ion  i s  requi red 
on carbon d e n s i t i e s  ( i n  tC/ha) o f  biomass and s o i l s  o f  each ecosystem type, 
r a t e s  o f  land use change, and the  f a t e  o f  c leared vegetat ion (Ha l l  e t  a l .  i n  
press; De tw i l e r  e t  a l .  i n  press). With these data, t he  dynamics o f  carbon 
exchange i n  undisturbed, d is turbed,  and recover ing systems can be ca lcu lated.  
Because t r o p i c a l  ecosystems d i f f e r  r e g i o n a l l y  i n  mean carbon dens i t y  (Brown 
and Lug0 1984). carbon dens i t y  should be de f i ned  separate ly  f o r  each reg ion t o  
the  ex ten t  t h a t  a v a i l a b l e  data al lows. The reg iona l  d i s t i n c t i o n s  prevent 
misconceptions as t o  carbon re lease from s p e c i f i c  reg ions and f a c i l i t a t e  
eva lua t i on  o f  sowces o f  e r r o r  and unce r ta in t y  i n  g lobal  carbon analyses. 
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3.1 Predisturbance Forest  Biomass 

T rop ica l  f o r e s t s  on minera l  s o i l s  occupy most o f  t he  t r o p i c s  and there- 
fo re  are o f  pr imary i n t e r e s t  i n  es t ima t ing  carbon releases. I n  general, 
biomass increases w i t h  temperature and moisture. Thus, values are h ighest  f o r  
r a i n  f o r e s t s  and wet forests  (Brown and Lug0 1980). Greatest biomass i s  found 
i n  Southeast Asia lowland ra in fo res ts ,  o f ten dominated by commercially p r i z e d  
dipterocarps ( f a m i l y  Dipterocarpaceae) (Myers 1980). Destruct ive sampling o f  
product ive s i t e s  has shown t h a t  biomass i n  old-growth d ip terocarp stands can 
exceed 500 tC/ha (Brunig 1977). Over l a r g e  areas encompassing s i t e  var ia-  
b i l i t y ,  however, mean values f o r  Southeast Asian r a i n  f o r e s t s  are no more than 
200 tC/ha (Cannell 1982, Chan and Olson 1983). 

Forest  biomass v a r i a b i l i t y  i s  caused bo th  by s i t e  and c l i m a t i c  fac to rs  
and by degradation associated w i t h  past  disturbance. Thus t r o p i c a l  f o res ts  i n  
A f r i c a  and L a t i n  America average about 50 t o  85% o f  the biomass o f  Southeast 
Asian f o r e s t s  (Table 3). I n  p a r t s  o f  L a t i n  America, t he  lower biomass may 
r e s u l t  from pas t  d is turbance of s i t e s  t h a t  have recovered enough t o  be c l a s s i -  
f i e d  as pr imary f o r e s t .  I n  areas such as the  Amazon Basin, p r o d u c t i v i t y  i s  
o f t e n  l i m i t e d  by low s o i l - n u t r i e n t  a v a i l a b i l i t y  (Sanchez e t  a l .  1982). 

TABLE 3 ESTIMATED ABOVE-GROUND BIOMASS AND SOIL CARBON CONTENT ( tC/ha)  FOR TROPICAL FOREST REGIONS I N  MODEL 
RUNS THE VALUES ARE MEANS WEIGHTLO FOR THE AREA OF VARIOUS FOREST TYPES 

- -  ~. . _.___ _ _ _ _  
A l l  S i t e s  

E o n  et a1 (1983) 
Region Undisturbed S i t e s  LOW Hlqh So11 Carbonb 

Southeast Asla 252 108 178 132 

South A r i a  107 7s 126 65 

East  Africa 122 60 103 67 

West A f r i c a  123 63 106 70 

C e n t r a l  A f t i c a  139 76 127 66 

Not t h  A f r i c a  103 47 79 51 

South America 129 85 143 72 

C e n t r a l  America 117 66 137 62 

90 151 79 Caribbean 132 - ~- ~ - . - - _ _  _ _  
'Literature Sources Cannell ( 1 9 8 2 ) .  Snedaher (1980).  Blown and Lug" ( 1 9 8 0 ) .  Chdn and Olson (1983).  Grubb (1977)  

~ r u n i g  ( 1 9 7 7 ) ,  Anderson el a1 (1983) see Armentano et a1 ( 1 9 8 4 )  for details on a g y r e f a t i a n  or  bloPass d a t a *  

b L l t e r a t u r e  Sources. Brown and Lug0 ( 1 9 8 0 ) .  Yoda and K l r a  ( 1 9 6 9 ) .  Char1 ( 1 9 8 2 ) .  Schlesinger ( 1 9 7 9 )  and Evuards and 
Grubb ( 1 9 7 7 )  

Because biomass estimates va r ied  widely ,  we tes ted  the s e n s i t i v i t y  o f  
carbon exchange estimates t o  a range o f  biomass values. One se t  o f  simula- 
t i o n s  was based on a compi la t ion o f  biomass s tud ies o f  f o r e s t  s i t e s  having no 
apparent p r i o r  d is turbance (Table 3). However, s ince these data were no t  
a v a i l a b l e  f o r  a l l  regions and ecosystems, est imates from Brown and Lug0 (1980) 
were s u b s t i t u t e d  where gaps occurred. As an a l t e r n a t i v e ,  the extensive survey 
o f  Olson e t  a l .  (1983) o f  the l i t e r a t u r e  on ecosystem biomass values provided 
mean values f o r  l a r g e  areas which inc lude f o r e s t s  subjected t o  vary ing degrees 
o f  disturbance (Table 3). For both cases, below-ground biomass was estimated 
from above-ground values by m u l t i p l y i n g  by a f a c t o r  o f  16 t a  25%, depending on 
the l i t e r a t u r e  data (Cannell 1982). 

Presentat ion o f  biomass values as a range o f  h igh  and low values r e f l e c t s  
na tu ra l  v a r i a b i l i t y  and the unce r ta in t y  i m p l i c i t  i n  a l i m i t e d  data base, and 
incorporates some stud ies o f  product ive s i t e s  (Olson e t  a l .  1983). However, 
s tud ies o f  i n d i v i d u a l  f o r e s t s  i n  Southeast Asia and A f r i c a  r e p o r t  biomass 
values considerably  i n  excess o f  t he  Olson e t  a l . ' s  (1983) maximum mean b io -  
mass values. I n  con t ras t ,  s p e c i f i c  s tud ies i n  the  th ree  neotrop ica l  regions 
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focused on f o r e s t s  t h a t  were in termediate i n  biomass accumulation between 
Olson e t  a l . ' s  range o f  region-wide biomass estimates. 

The organic mat ter  content  o f  s o i l  a l s o  va r ies  by ecosystem and reg ion 
(Table 3). Carbon content  genera l l y  increases w i t h  i nc reas ing  p r e c i p i t a t i o n  
and decreasing temperature (Zinke e t  a l .  1983), and va r ies  reg iona l l y .  So i l  
carbon content i s  g rea tes t  i n  mangrove and swamp ecosystems where water tab les 
are near o r  above the s o i l  surface f o r  long per iods (Chan 1982). Organic 
wetland s o i l s  have the  h ighest  carbon content ,  s t o r i n g  up t o  t e n  t imes more 
carbon per  hectare than upland s o i l s  (Armentano e t  a l .  1984). 

3.2 Disturbance o f  Ecosystems 

Disturbance o f  ecosystems o r d i n a r i l y  reduces biomass and s o i l  carbon 
content, w i t h  the type o f  disturbance determining the  magnitude o f  loss. 
Greatest carbon loss  takes p lace when f o r e s t s  are converted t o  permanent 
a g r i c u l t u r e  and human sett lements. A g r i c u l t u r a l  ecosystems, which are the 
commonest r e s u l t  o f  f o r e s t  c lea r ing ,  have biomass values t h a t  average from 
5-16 tC/ha, depending on the  crop (Olson e t  a l .  1983). A g r i c u l t u r e  thus 
r e t a i n s  on l y  5-10% o f  predisturbance carbon dens i t i es .  Most o f  t he  f o r e s t  
biomass i s  ox id ized,  p r i n c i p a l l y  as exponen t ia l l y  decaying d e t r i t u s  o r  necro- 
mass. An a d d i t i o n a l  f r a c t i o n  o f  t he  biomass carbon, est imated a t  25%, i s  
i n s t a n t l y  ox id i zed  by f i r e  ( S e i l e r  and Crutzen 1980). A t h i r d  component, 
r e f r a c t o r y  charcoal, remains as unoxidized carbon f o r  centur ies.  Decay o f  
necromass was ca l cu la ted  based on decay r a t e s  o f  f o l i a r  and wood components 
(Furtado e t  a l .  1980, Nye and Greenland 1960, S w i f t  e t  a l .  1980, Chan and 
Olson 1983), weighted by the  c o n t r i b u t i o n  o f  each component t o  necromass 
(Armentano e t  a l .  1984). 

Tropica l  a g r i c u l t u r e  cons is t s  o f  bo th  s h i f t i n g  and permanent cropping 
systems. Where s h i f t i n g  a g r i c u l t u r e  i s  p rac t i ced ,  land i s  c lea red  and c u l t i -  
vated f o r  a few years and then abandoned. Abandonment leads t o  revegetat ion 
o f  the s i t e ,  a process which r e s u l t s  i n  increased carbon i n  the  vegetat ion and 
s o i l s .  Based on the  few stud ies ava i l ab le ,  biomass i n  most secondary fo res ts  
recovers t o  about 60% o f  predisturbance biomass; however, i f  l e f t  undisturbed, 
the recover ing biomass even tua l l y  would approach predisturbance values, where 
the s i t e  i s  n o t  degraded. Biomass recovery begins i n  the  same year as 
abandonment. 

I n  con t ras t ,  s o i l s  continue t o  l ose  carbon a f t e r  abandonment. So i l  
carbon l e v e l s  i n  r e c e n t l y  c leared f o r e s t s  drop s t e a d i l y  f o r  approximately 15 
years a f t e r  disturbance. A new e q u i l i b r i u m  carbon content  i s  then approached, 
est imated t o  equal about 60% o f  the o r i g i n a l  f o r e s t  s o i l  content  (Seubert 
e t  a l .  1977, Nye and Greenland 1960). Oxidat ion o f  organic mat ter  i n  s h i f t i n g  
c u l t i v a t i o n  releases on average about 25% o f  the  f o r e s t  s o i l  carbon (Nye and 
Greenland 1960). 

3.3 Organic S o i l  Wetlands 

Lowland swamp regions w i t h  organic  s o i l s  are o f  i n t e r e s t  because o f  t h e i r  
h igh  so i l -carbon content  and because o f  repor ted recent  disturbance, especial- 
l y  i n  Southeast Asia (Armentano e t  a l .  1983, Chan 1982). Although these sys- 
tems occupy r e l a t i v e l y  small areas o f  the t r o p i c s ,  they s t o r e  more s o i l  carbon 
per  hectare than ecosystems on mineral s o i l s .  Because FA0 inven to r ies  d i d  not 
t r e a t  organic s o i l  wetlands separate ly ,  data from o the r  sources were used t o  
analyze the  r o l e  o f  organic s o i l  ecosystems i n  t r o p i c a l  carbon exchange 
(Armentano e t  a l .  1983, Armentano e t  a l .  1984). Trop ica l  organic  s o i l s  have 
been developed p r i m a r i l y  i n  Southeast As ia and t o  a l esse r  ex ten t  i n  eastern 
A f r i c a  (Table 4). 



187 

TABLE 4. AREPS OF TROPICAL WETLAND CONVERSION TO AGRICULTURE 

Total Area Converted 
Country (10” ha) line References 

lndoncs i a I119  1950-1980 Amentano e t  al. (1984) 

& S t  W.laysia 407 1930-1980 Armentano e t  al. (1984) 

S i e r r a  Leone 7 1976-1980 FAO/UNEP (1981a) 

Liberia 40 1976-1980 FAWUNEP (1981a) 

Uganda/East A f ~ I c a  104 1935-1980 Jancron (1970) 

Rwanda 1 . 5  1970-1980 Ar ld  Land Information Center (1981b) 

I v o r y  coast 3 1970-1980 Lassoudlere (1976) 

J a ~ l c a  1 . 2  1980-present Kcnnard (1982) 
I 

Development o f  wetlands f o r  a g r i c u l t u r e  u s u a l l y  requ i res  lower ing the 
water t a b l e  by use o f  drainage canals. The r e s u l t i n g  o x i d a t i o n  o f  the s o i l  
organic mat ter  can re lease la rge  amounts o f  C02 t o  the  atmosphere, depending 
on cropping p rac t i ces  and peat  depth. For example, peat  ox ida t i on  r a t e s  i n  
Malaysian peat s o i l s  dra ined f o r  a g r i c u l t u r e  were estimated t o  range up t o  64 
tC/ha/yr from data o f  Coul ter  (1957). I n  con t ras t ,  o x i d a t i o n  ra tes  i n  peat  
s o i l s  dra ined f o r  r i c e  were estimated t o  be 17 tC/ha/yr, based on t h e  du ra t i on  
o f  f l ood ing  f o r  a s i n g l e  r i c e  crop (Armentano e t  a l .  1984). I n  the absence o f  
drainage, however, organic s o i l s  f u n c t i o n  as carbon s inks (Anderson 1964). An 
estimate o f  0.8 tC/ha has been ca l cu la ted  as a t y p i c a l  r a t e  f o r  carbon seques- 
t e r i n g  i n  undisturbed peatlands i n  Southeast As ia (Armentano e t  a l .  1984). 
Thus, drainage causes a s h i f t  i n  t he  r o l e  o f  organic  s o i l s  i n  the  carbon cyc le  
(Armentano e t  a l .  1983, 1984). Because o f  t he  nature o f  wetland carbon ex- 
change, developed wetland areas w i l l  s t i l l  be re leas ing  carbon years a f t e r  
development. Thus, i n  es t ima t ing  carbon f o r  a s p e c i f i c  year, t he  h i s t o r y  o f  
drainage f o r  p r i o r  decades and the  t ime- t rend o f  carbon re lease must be simu- 
lated. I n  most o the r  ecosystem types, re lease o f  carbon from disturbances 
p r i o r  t o  the pas t  several years before disturbance i s  very small. 

4. MODELING OF CARBON DYNAMICS 

Rates o f  carbon exchange i n  the  t r o p i c s  were computed w i t h  the s imu la t i on  
model, GLOBC7, developed a t  Cornel l  U n i v e r s i t y  (Detwi ler  and H a l l  1980, 
Detwi ler  e t  a l .  1981, H a l l  e t  a l . ,  i n  press, Bogdonoff e t  a l . ,  i n  press). The 
model ca l cu la tes  changes i n  carbon storages and releases from ecosystems 
fo l l ow ing  conversions o f  land o f  known area t o  t e r r e s t r i a l  land-use cate- 
gories. The re lease o f  carbon t o  the atmosphere and long-term storage o f  
carbon as charcoal o r  wood products i s  a l so  ca l cu la ted  (F igure 2). For each 
land-use category, carbon dens i t y  i s  s p e c i f i e d  f o r  t h ree  compartments: above 
and below ground biomass and s o i l  carbon. 

F i ve  model compartments correspond t o  the  f i v e  land-use categor ies p rev i -  
ously described: primary vegetat ion,  logged vegetation, s h i f t i n g  c u l t i v a t i o n /  
fa l low,  bush, and permanent a g r i c u l t u r e .  Cycles o f  disturbance and es tab l i sh -  
ment o f  e q u i l i b r i u m  carbon dens i t i es  i n  recover ing systems can be simulated 
(Figure 2). Undisturbed organic s o i l  wetlands and abandoned a g r i c u l t u r a l  
land, both o f  which accumulate s o i l  carbon, are t r e a t e d  as specia l  cases o f  
these cycles. 

Carbon f a t e s  f o r  each t r a n s f e r  are s p e c i f i e d  according t o  s p e c i f i c  land- 
use conversions. For example, f o res ted  land c leared by s h i f t i n g  c u l t i v a t o r s  
i s  farmed f o r  2-3 years before the land i s  abandoned. Vegetation recovery and 
accompanying biomass storage begin immediately f o l l o w i n g  c u l t i v a t i o n ,  and s o i l  
continues t o  l ose  carbon f o r  several years a f t e r  such regrowth. GLOBC7 ca l -  
culates separate ly  the r a t e s  o f  carbon exchange o f  biomass and s o i l s .  The 
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Figure 2. Land-use classification and transfer o f  tropical ecosystems in 
GLOBC7 model. (From Bogdonoff et al., in press.) Wetland runs use 
"recovering cultivation" to simulate natural accretion of carbon in 
undisturbed organic soils. 

simulations used data summarized in Tables 2 4 .  Literature data are described 
in more detail in Armentano et al. (1984). If no specific regional data were 
available, worldwide averages or values from similar regions were used. Upland 
simulations were run for 1980-1985. Thus carbon exchange rates reported for 
1985 include estimates of CO, release from decay o f  necromass produced from 
clearing in the past five years. For wetlands, the historical pattern of 
carbon exchange from 1900 until the present was simulated. 

5. SIMULATION RESULTS 

The land-use changes projected for 1985 in the tropics will release 
0.60-1.02 Gt/yr C for the period 1980-1985 (Table 5). (These projections 
utilize the area-weighted carbon density data of Olson et al. C19831.1 If 
biomass data from studies: of undisturbed sites are substituted after calcu- 
lating regional carbon densities based on ecosystem areas, a carbon release 
rate o f  1.08 Gt/yr is obtained. Thus, the difference between simulated 
releases based on Olson et al.'s high biomass values and biomass values from 
exceptionally old-growth sites is only 0.06 Gt. These results suggest that 
because, over large areas, most tropical forests contain less carbon than the 
exceptional sites, carbon release rates fall below 1 Gt/yr. 

Regardless of the biomass data used in simulations, Southeast Asia and 
South America are the regions of greatest carbon release (Table 5). In South 
America, carbon release ranges from 0.30-0.40 Gt/yr, 44-4s  of the total for 
the tropics, even though biahlass carbon densities there are only moderate. An- 
nual deforestation rates equal 0.6% of the extant forest area, an annual loss 
of 2.7 million ha of primary forest. With a projected 5% annual deforestation 
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increase (FAO/UNEP 1981c), and l a r g e  unexplo i ted areas s t i l l  ava i l ab le ,  carbon 
release from South America w i l l  probably cont inue t o  increase i n t o  the near 
fu ture.  

Carbon releases from Southeast Asia range from 0.17-0.34 Gt/yr, a h igher  
release on a u n i t  area bas is  than elsewhere, because biomass and s o i l  carbon 
content i s  r e l a t i v e l y  h igh  (Table 3). De fo res ta t i on  i s  occu r r i ng  a t  0.7% 
annually, h a l f  o f  t h i s  r e s u l t i n g  from s h i f t i n g  c u l t i v a t i o n .  Although 65% o f  
Southeast Asia i s  s t i l l  f o res ted  (FA0 1981b). s e l e c t i v e  logging has d i s tu rbed  
a l a rge  p o r t i o n  o f  t h i s  area, re leas ing  carbon i n  the process. Forests i n  
other t r o p i c a l  reg ions such as South Asia and Central America are l ess  exten- 
s ive and a l ready h e a v i l y  d is turbed.  

TABLE 5. CO, RELEASE BY REGIONS 

Range f o r  Current 
Region Annual Release ( G t )  

Southeast As ia 0.170 - 0.337 
South Asia 0.015 - 0.022 
East A f r i c a  0.038 - 0.048 
Centra l  A f r i c a  0.021 - 0.040 
Nor th A f r i c a  0.004 - 0.004 
West A f r i c a  0.023 - 0.042 
South America 0.302 - 0.480 
Central America and Caribbean 0.059 - 0.110 

TOTAL 0.633 - 1.083 

Despite A f r i c a ' s  l a r g e  area, carbon releases ranged from 0.086-0.134 
Gt/yr, on l y  12-14% o f  t he  t r o p i c a l  t o t a l .  The c h i e f  areas o f  f o r e s t  l oss  are 
located i n  semiar id  and subhumid c l imates where f o r e s t  carbon stocks are 
r e l a t i v e l y  low (FAOANEP 1981a, Brown and Lug0 1980). Over h a l f  o f  A f r i c a n  
moist t r o p i c a l  f o r e s t s  are l oca ted  i n  Zai re ,  a l i g h t l y  populated country  w i t h  
l i t t l e  f o r e s t  disturbance ( L i b r a r y  o f  Congress 1980). 

Annual carbon re lease from t r o p i c a l  organic  s o i l s  equaled 0.015 G t  i n  
1980 (Table 6). Although t r o p i c a l  organic  s o i l s  c o n t r i b u t e d  on ly  a small 
percentage t o  t h e  t o t a l  t r o p i c a l  exchange, t h e i r  e x p l o i t a t i o n  a l so  represented 
a l o s s  o f  n e t  carbon-sequestering capaci ty  which funct ioned i n  the  p red is tu rb -  
ance e ra  a t  a r a t e  o f  0.034 G t  carbon pe r  year. Thus, t he  t o t a l  annual s h i f t  
i n  carbon exchange due t o  t r o p i c a l  wetland d is turbance i s  p resen t l y  a t  l e a s t  
0.05 G t .  Almost t h e  e n t i r e  s h i f t  has occurred s ince 1950, w i t h  Southeast 
Asian wetlands most s i g n i f i c a n t .  The wetland carbon s h i f t  i n  Southeast Asia 
comprises 17-25% o f  t he  t o t a l  reg iona l  release. I n  East A f r i c a ,  t he  apparent 
carbon s h i f t  i n  wetlands i s  1 3 - 1 3  o f  t he  estimated reg ional  release. 

TABLE 6 CARBON EXCHANGE OF TROPICAL ORGANIC SOILS BY COUNTRY (from Amcntano e t  a1 1984) _ _  __ __.__ 

Organtc S o t 1  ANNUAL EXCHANGE (10" TC)b 
Area tn 10' ha Prcdtsturbancc 1980 Country 

Indonesia 

u*st M l a y s t a a  

Ivory coast 

S h r r a  Leone/Ltbcrta 

J m l c a  

Rwanda and Uganda 

Other 

2 0 . 0  

1.20 

0.15 

1.0 

0 .01  

0 .66  

20.5 

-16.27 

- 0.09 

0.0 

0 . 0  

- 0.010 
- 0.59 

-16.44 

16.80 

0.96 

0.12 

2.59 

0.036 

3. 16 
16.44 

-34.20 *15.22 TOTAL 

'Includes Sabah and Brunet; Sarawak i s  included i n  the "other" category. 

*Hcpat(vc nmbers (ndlcatc a slnk 

- 
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6. DISCUSSION AND CONCLUSIONS 

Simulations o f  t he  carbon exchange o f  the w o r l d ' s  t r o p i c a l  regions, using 
the most recent  land conversion and carbon dens i t y  data, i n d i c a t e  t h a t  net 
carbon re lease f a l l s  w i t h i n  the  range o f  0.6-1.1 Gt/yr. These r e s u l t s  are 
s i g n i f i c a n t l y  lower than estimates repor ted f i v e  years ago (Woodwell e t  a l .  
1978). b u t  are cons is ten t  w i t h  r e s u l t s  o f  De tw i l e r  e t  a l .  (1984) (Table 7). 
A t  t he  reg ional  l e v e l ,  our est imate o f  carbon re lease 0.17-0.34 Gt/yr f o r  
Southeast Asia agrees w i t h  the 0.32 Gt/yr n e t  re lease estimated by Chan and 
Olson (1983). 

Although biomass and s o i l  carbon values a re  modeled d i f f e r e n t l y  by 
var ious i n v e s t i g a t o r s  (Table 7), d i f f e rences  i n  s imulat ions are probably not 
due t o  a lgo r i t hm d i f f e rences ;  our model r e s u l t s  resemble Houghton e t  a l . 3  
(1983) when s i m i l a r  data and assumptions are used (Woodwell e t  a l .  1983). 
Thus, data d i f f e rences  are more impor tant  than model s t ruc tu re .  E a r l i e r  work 
had estimated t r o p i c a l  carbon releases o f  1-7 Gt/yr o r  more based on c lea r ing  
ra tes  o f  l%/yr (Woodwell e t  a l .  1978). However, l a t e s t  FA0 assessments (Lanly 
1982) i n d i c a t e  t h a t  on l y  0.6% o f  a l l  closed, broad-leaved f o r e s t s  are being 
c leared annually. More important, c l e a r i n g  o f  undisturbed product ive broad- 
leaved fo res ts ,  t he  ecosystem type w i t h  h ighest  carbon dens i t y ,  i s  estimated 
t o  be on ly  0.27%/yr, whereas logged-over lower-biomass secondary fo res ts  are 
being c leared a t  2.06%/yr. Thus the mean biomass o f  f o r e s t s  being cleared 
s h i f t s  downward when disturbance and s i t e  p o t e n t i a l  are considered. I n  addi- 
t i o n ,  the d i f f e r e n t i a t i o n  o f  s h i f t i n g  c u l t i v a t i o n / f a l l o w  from permanent c lear-  
i n g  a l so  lowers p red ic ted  carbon release. Therefore, r e l i a b l e  data on the 
vegetat ion type subject  t o  disturbance, and the  k ind  o f  disturbance, emerge as 
c r i t i c a l  needs f o r  t e r r e s t r i a l  carbon modeling. 

TABLE 7 .  ESTIHATES Of CARBON RELEASES FROM THE TROPICS. AND FKTORS INCLUDED I N  THE E S T l W l l E S  

Author Clearing Rater Blomass Soil S h l f t l n g  Agriculture Carbon Release (611 

____ 
~ ~ .~ . -..~ ----- ~ ~ .-- - _ _  . - 

Woodwell et al. (1978)  Hlgh High Yes wo 1.0-7.0 

01.0" (1982) Nl. Low-Hlgh Yes V C I  1 3-2 5 

Dctwiler et 01. (1984) Low-Medlm L a - H i g h  Yes YCS 0.7-2 2 

Houghton et a l .  (1983)  Low-Hlgh Hlgh Yes NO 1 . 8 4 .  7b 

0 .6 -1 .1  ____ - _ _ _ _  ..~ ..- 
Low-Hlgh Yes vcs 

._ 
Medlum - This Paper 

'not available 

b n r l d - w l d e  release. tropics cowrise 80% or  more of t o t a l  

Test ing a range of f o r e s t  carbon d e n s i t i e s  shows t h a t  t h i s  parameter i s  
on l y  secondar i ly  impor tant  i n  exp la in ing  d i f f e rences  i n  carbon re lease e s t i -  
mates. The use o f  200 tC/ha o f  t o t a l  biomass f o r  mois t  f o r e s t s  and 160 tC/ha 
f o r  seasonal f o r e s t s  by Houghton e t  a l .  (1983) overestimates biomass f o r  a l l  
regions except Southeast Asia. However, from our model runs, i t  appears tha t  
biomass accounts f o r  d i f f e rences  i n  carbon re lease estimates o n l y  on the order 
o f  0.50 Gt/yr. 

Because secondary f o r e s t s  a re  most o f t e n  cleared, t he  use o f  t he  biomass 
data from on ly  product ive,  undisturbed s i t e s  i s  n o t  warranted. Rea l i s t i c  
biomass values probably a re  c l o s e r  t o  the  middle o r  low end o f  Olson e t  a l . ' s  
(1983) estimates. Th is  genera l i za t i on  may n o t  be v a l i d  f o r  Southeast Asia, 
where h igh  biomass v i r g i n  d ip terocarp f o r e s t s  are c u r r e n t l y  be ing cleared. 
Closed product ive fo res ts ,  which are probably bes t  est imated by Olson e t  a l . ' s  
(1983) h igh  values, a re  be ing c lea red  f o r  a g r i c u l t u r e  a t  a r e l a t i v e l y  low 
ra te .  Thus t o t a l  carbon re lease may be no more than 0.8-0.9 Gt/yr. New 
volume inven to r ies  f o r  t r o p i c a l  coun t r i es  (FAO/UNEP 1981a,b,c) add s t rength t o  
t h i s  conclusion because they suggest even lower mean biomass (Brown and Lug0 
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1984) than used i n  our s imulat ion.  An a d d i t i o n a l  f a c t o r  t o  consider i s  carbon 
loss  i n  converted f o r e s t  s o i l s .  Schlesinger (1983) repo r t s  t h a t  t he  a v a i l a b l e  
l i t e r a t u r e  i nd i ca tes  t h a t  79% i s  the  bes t  est imate o f  t he  p r o p o r t i o n  o f  f o r e s t  
s o i l  carbon r e t a i n e d  i n  a g r i c u l t u r a l  s o i l s .  Hence, carbon modelers may have 
overestimated t h e  l o s s  r a t e ,  thus overest imat ing carbon releases. 

The tendency f o r  improvements i n  the  data base t o  produce lower estimates 
o f  t r o p i c a l  carbon re lease r a i s e s  impor tant  questions about the  b iosphere 's  
r o l e  i n  the  o v e r a l l  carbon budget. F i r s t ,  i t  i s  apparent t h a t  f u t u r e  r e f i n e -  
ments o f  carbon re lease estimates w i l l  r e s u l t  i n  changes on the  order o f  0.1 
t o  0.2 Gt/yr r a t h e r  than 1 Gt/yr o r  more as i n  t h e  past. A t  t h i s  l e v e l  o f  
release, subregional o r  r e l a t i v e l y  l o c a l  ecosystem types become important 
cons iderat ions i n  making r e l i a b l e  g loba l  estimates. Thus, f o r  example, a s h i f t  
i n  carbon balance i n  t r o p i c a l  organic s o i l  wetlands o f  0.05 Gt/yr can no 
longer can be dismissed as i n s i g n i f i c a n t  i n  the  balance o f  reg ional  carbon 
releases. Since f u t u r e  development i n  the  t r o p i c s  i s  l i k e l y  t o  focus on 
wetlands as popu la t i on  s i z e  and demand f o r  arable land expands, f u t u r e  CO, 
releases from t r o p i c a l  wetlands may become an Inc reas ing l y  impor tant  component 
o f  t r o p i c a l  carbon exchange. 

Second, temperate-zone carbon dynamics w i l l  become recognized f o r  t h e i r  
importance i n  the  carbon re lease o f  t he  e n t i r e  biosphere. Although once 
considered secondary t o  the t r o p i c s  i n  the  g loba l  carbon balance (Woodwell 
e t  a l .  1978), c u r r e n t  temperate zone carbon dynamics may be o f  major s i g n i -  
f icance. Since estimates o f  temperate zone carbon exchange vary from a small 
source (Houghton e t  a l .  1983) t o  a n e t  s i n k  o f  1.0-1.9 Gt/yr (Armentano and 
Ralston 1980, Johnson and Sharpe 1983), temperate zone carbon storage could 
more than balance t r o p i c a l  releases. Therefore, improvement i n  temperate 
carbon balance estimates i s  needed t o  determine the  dynamics o f  simultaneous 
sources and s inks throughout the  biosphere. Only a f t e r  t he  n e t  balance o f  t he  
many asynchronous reg ional  carbon pools  i s  understood w i l l  t he  carbon balance 
o f  t he  biosphere and i t s  r o l e  i n  the  g loba l  carbon cyc le  be known. 
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