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Trop ica l  f o r e s t s  c o n s t t t u t e  about h a l f  of t h e  wor ld ' s  f o r e s t  and a r e  
cha rac t e r i zed  by r ap id  r a t e s  of organic  m a t t e r  tu rnover  and h igh  s t o r a g e s  
of organic  m a t t e r .  For t h e s e  reasons ,  and t h e  imp;ession t h a t  humans a r e  
u s ing  t h e s e  f o r e s t s  a t  unprecedented r a t e s ,  t r o p i c a l  f o r e s t s  are considered 
t o  be one of t h e  most s i g n i f i c a n t  t e r r e s t r i a l  elements i n  t h e  equat ion  t h a t  
balances t h e  carbon cyc le  of t h e  world. I n  s p i t e  of t h i s  recognized impor- 
t ance ,  many s c i e n t i s t s  t r e a t  t h e  t r o p i c s  a s  a  simple b lack  box composed of 
a  few f o r e s t  types .  Y e t ,  a s  d i scussed  i n  t h e  paper  by Tos i ,  t r o p i c a l  and 
s u b t r o p i c a l  l a t i t u d e s  a r e  more complex i n  terms of c l ima te  and v e g e t a t i o n  
composition than  temperate and b o r e a l  l a t i t u d e s .  The imp l i ca t ions  of t h e  
complexity of t h e  t r o p i c s  and t h e  d i s r e g a r d  of t h i s  complexity by many 
s c i e n t i s t s  i s  made ev ident  i n  t h e  paper by Brown and Lugo which shows t h a t  
biomass estimates Iur t r o p i c a l  ecosystems have been overest imated by a t  
l e a s t  100%. The paper by Brown shows t h a t  t h e  r a t e s  of success ion  i n  t h e  
t r o p i c s  a r e  extremely r ap id  i n  terms of t h e  a b i l i t y  of moist and wet f o r e s t s  
t o  accumulate organic  ma t t e r .  Yet,  i n  a r i d  t r o p i c a l  L i f e  Zones success ion  i s  
slow. This  l e a d s  t o  t h e  i d e a  t h a t  t h e  ques t ion  of whether t r o p i c a l  f o r e s t s  
a r e  s i n k s  o r  sources  of carbon must be analyzed i n  r e l a t i o n  t o  L i f e  Zones 
and t o  i n t e n s i t i e s  of human a c t i v i t y  i n  t h e s e  Zones. The paper by Lugo 
p r e s e n t s  conceptual  models t o  i l l u s t r a t e  t h i s  po in t  and t h e  paper by Tos i  
shows how land uses  i n  t h e  t r o p i c s  a l s o  correspond t o  L i f e  Zone cha rac t e r -  
i s t i c s .  The u l t i m a t e  s i g n i f i c a n c e  of land use t o  t h e  ques t ion  of t h e  carbon 
balance i n  a  l a r g e  reg ion  i s  addressed i n  t h e  paper  by Detwi le r  and Ha l l .  They 
show how t h e  c y c l e s  of c u t t i n g  and subsequent growth a l t e r  t h e  p a t t e r n  and 
amount of carbon exchange between a  r e g i o n  and t h e  atmosphere. 

A r e c u r r e n t  theme of t h e  symposium was t h e  d i f f i c u l t y  of accept ing  cer -  
t a i n  g e n e r a l i z a t i o n s  t h a t  permeate t h e  l i t e r a t u r e  on t h e  carbon ba lance  
problem. For  example, t h e  paper by Holdridge s t r o n g l y  a rgues  i n  f a v o r  of 
mechanisms by which carbon f lows from t h e  t e r r e s t r i a l  b i o t a t o t h e  oceans,  a n d t h u s  
a l low f ,ores t s  t o  become n e t  s i n k s  of carbon because,once i n  t h e  ocean, t h e  
r e t u r n  of C02 t o  t h e  atmosphere i s  slowed down. He a l s o  ques t ions  previous  
i n t e r p r e t a t i o n s  of Mauna Loa d a t a  a s  does t h e  paper by Lugo and Brown. I n  
gene ra l ,  t h e  symposium r a i s e d  more ques t ions  than  i t  answered. But,  i t  does 
p re sen t  t h e  s t a t u s  of our  i n q u i r y  i n t o  t h e  r o l e  of t r o p i c a l  f o r e s t s  i n  t h e  
carbon balance of t h e  e a r t h .  

A r i e l  E. Lugo 

Sandra Broim 

Rio P i e d r a s ,  March 30, 1980 
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ARE TROPICAL FOREST ECOSYSTEMS SOURCES OR 

: SINKS OF CARBON? 

A r i e l  E .  Lugo 

I n s t i t u t e  of Tropica l  Fores t ry  

In t roduct ion  

~ r o ~ i c a l  f o r e s t s  a f f e c t  , t h e  carbon'balance of the  world by: 
s t o r i n g  l a r g e  amounts of carbon,' doing so  a t  a rapid  r a t e ,  re leas ing.  carbon 
t o  t h e  atmosphere through r e s p i r a t i o n ,  export ing organic ma t t e r  t o  deep 
aqu i fe r s  o r  oceanic ecosystems, o r  by t h e i r  response. t o  human uses  which 
include t h e  e x t r a c t i o n ' o f  wood, f o r e s t  destruc. t ion,  o r  f o r e s t  management 
f o r  n e t  growth. Those who be l i eve  t h a t  t r o p i c a l  f o r e s t s  a r e  sources of 
carbon argue t h a t  rapid  r a t e s  of de fo res ta t ion  reduce carbon s torage  and 
increase  t h e  amount of C02 going i n t o  the  atmosphere due t o  burning and de- 
composition of vegeta t ion  (Woodwell e t  a l .  1978) . However, b e l i e v e r s  t h a t  
t r o p i c a l  f o r e s t  ecosystems a r e  s inks  of carbon emphasize t h e  rapid  r a t e s  of 
succession and high n e t  COz uptake of t r o p i c a l  f o r e s t s  (Broecker et a l .  1979, 
Brown, t h i s  volume, and Holdridge, t h i s  volume). 

A balanced view of the  i s s u e  must consider  both s i d e s  of the  argument 
a s  depicted i n  Fig.  1 which i s  a diagram of land uses  and t h e i r  impl ica t ions  
t o  t h e  carbon balance. Climax f o r e s t s  (depicted on top  of Fig. 1 )  a r e  pre- 
sumed t o  be i n  balance with respect  t o  carbon uptake and re lease .  More carbon 
is  re leased than taken up when human o r  n a t u r a l  fo rces  convert the  climax 
f o r e s t  i n t o  any of t h r e e  poss ib le  s t a t e s .  The l e a s t  d is turbed is  termed a 
success ional  f o r e s t ,  next is a c l e a r  cu t  o r  defores ted  a r e a ,  and below i t  is 
an a r e a  dedicated t o  permanent non-forest use. Net carbon r e l e a s e  t o  the  
atmosphere increases  downward along t h i s  pathway of changing land use. Woodwell 
e t  a l .  (1978) assumed t h a t  t h i s  i s  v i r t u a l l y  t h e  only pathway opera t ing  i n  
t r o p i c a l  regions .  I n  f a c t ,  they assumed t h a t  95% of t h e  biomass i n  a reas  be- 
ing defores ted  reached t h e  atmosphere a s  C02 and t h a t  succession was n e g l i g i b l e .  

The l e f t  s i d e  of t h e  diagram shows the  success ional  pathway from d i s -  
turbed f o r e s t  t o  a :climax s t a t e .  N e t  carbon uptake cha rac te r i zes  t h i s  pathway. 
The r a t e  of uptake depends on environmental condi t ions  and speed of succession.  
Arid environments e x h i b i t  slow r a t e s  of succession,  while humid environments 
e x h i b i t  much f a s t e r  r a t e s  (Ewe1 1977). Obviously, t h e  secondary f o r e s t  re- 
covers quicker than t h e  completely deforested s i te  while land being dedicated 
t o  non-forest uses  has l i t t l e  opportunity t o  a c t  a s  a n e t  carbon s ink .  The 
balance between the  downward vs .  upward changes i n  land-use d i c t a t e  whether a 
t r o p i c a l  region is a source or  s i n k  of carbon. The ob jec t ive  of t h i s  paper is 
t o  explore  with conceptual diagrams the  fo rces  and f a c t o r s  t h a t  m a y . t i l t  t h e  
balance. 
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Fig. 1. Flow diagram i l l u s t r a t i n g  land-use changes t h a t  a f f e c t  the  carbon 
balance. Deforestat ion leads  t o  temporary carbon re lease  wh;ich 
can be balanced by carbon uptake during s u c c e s s i o ~ .  C i r c l e s  re- 
present  t h e  external  fo rces  t h a t  power e i t h e r  f o r e s t  disturbance . 
o r  f o r e s t  regerierat ion. The lower tank (storages)  represents  lands 
t h a t  a r e  no t  allowed t o  r e f o r e s t  and thus no successional  change is 
shown. Arrows represent  flows of mate r i a l  o r  energy. 



S t a b l e  Steady S t a t e  Condition 

A s t a b l e  s t eady  s t a t e  cond i t i on  occurs  when humans a r e  completely 
dependent on s o l a r  energy f o r  s u r v i v a l  (Fig.  2 ) .  Under t h e s e  cond i t i ons ,  
humans a r e  simple consumers and may use  t r a d i t i o n a l  s h i f t i n g  c u l t i v a t i o n ,  
hunt ing ,  o r  ga the r ing  as a means of procur ing  food.. The carbon balance is  
maintained because t h e  i n t e n s i t y  of human a c t i v i t y  i s  not  h igh  enough t o  
o f f s e t  t h e  regrowth of vege ta t ion .  ~ u c c e s s i o n  e a s i l y  t a k e s  up t h e  C02 pro- 
duced by t h e  p e r i o d i c  c l e a r i n g  of vege ta t ion .  

The sugges t ion  t h a t  a climax f o r e s t  i s  i n  p e r f e c t  carbon ba lance  is a 
hypothes is  t h a t  is  y e t  t o  be proven c o r r e c t .  A l l  ecosystems a r e  open systems 
and t h u s  they  can never be expected t o  be p e r f e c t l y  balanced. Climax f o r e s t s  
i n  t h e  Luqui l lo  Experimental Fo res t  i n  Puer to  Rico, f o r  example, exh ib i t ed  a 
small bu t  measurable l o s s  of d i s so lved  organic  ma t t e r  t o  downstream ecosystems 
(Odum 1970).  Odum measured up t o  15  mg/l of d i s so lved  organic  ma t t e r  i n  run- 
o f f  waters  dur ing  pe r iods  of heavy r a i n s , b u t h e  only made four  d i r e c t  d e t e r -  
minat ions.  I n  a one-year s tudy  of watersheds i n  t h e  lowland f o r e s t s  of 
Guatemala, Brinson (1973) measured h igh  d isso lved  organic  m a t t e r  concen t r a t ions  
i n  r i v e r s  (up t o  36.8 mg/l) and found t h e s e  t o  be p ropor t iona l  t o  s t ream d i s -  
charge. 

High concen t r a t ions  of organic  matter i n  waters  a r e  u s u a l l y  a s soc i a t ed  
wi th  wetland ecosystems. For example, Brinson e t  a l .  (1981) r epo r t ed  t h a t  
s t reams d r a i n i n g  watersheds wi th  ex t ens ive  wetland systems exh ib i t ed  ,dissolved 
organic  ma t t e r  concen t r a t ions  of 3 t o  72 mg/l whi le  t hose  t h a t  dra ined  water- 
sheds wi th  few wetlands exh ib i t ed  diissolved organic  m a t t e r  concen t r a t ions  of 
1 .8 t o  12.4 mg/l. Twil ley (1980) found t h a t  b l ack  mangrove f o r e s t s  i n  F l o r i d a  
exported about 0.7 g organic  ma t t e r  /m2 .day. Y e t ,  i n  t e r r e s t r i a l  ecosystems, 
Lugo et  a l .  (1978) measured a mean o rgan ic  m a t t e r  concen t r a t ion  of 115 mg/l  
i n  stemflow waters  of a hardwood f o r e s t .  Under a p ine  f o r e s t  growing on 
sandy s o i l s  i n  F l o r i d a ,  o rganic  m a t t e r  concen t r a t ions  i n  excess  of 200 mg/l 
have been measured i n  ground water (E. Heald, T r o p i c a l  B io Indus t r i e s  Co., 
personal  communication) . 

These d a t a  u s u a l l y  y i e l d  low abso lu t e  amounts of carbon when e x t r a -  
14 

. polated t o  a g l o b a l  s c a l e .  The Amazon basin,, f o r  example, expor t s  0 . 2 ~ 1 0  g 
carbonlyr  based on d r y  season measurements of dissolved.  carbon concen t r a t ions  
and annual  r i v e r  d i scha rge  (Williams 19683. Y e t ,  d a t a  show t h a t  even "bal- 
anced" ecosystems expor t '  o rganic  matter t o  downstream a q u a t i c  ecosystems 
where carbon may be seques te red  f o r  long per iods .  The g loba l  s i g n i f i c a n c e  
of t h e s e  expor t s  s t i l l  awai t s  e l u c i d a t i o n  because - the  d a t a  base does no t  
penni t  a r e l i a b l e  c a l c u l a t i o n .  For  example , . the  c a l c u l a t i o n  f o r  t h e  Amazon 
River  is  based on 1 2  de termina t ions ,  none at h igh  f lood  s t a g e .  For t hose  

'rivers f o r  which d a t a  a r e  a v a i l a b l e ,  it is  c l e a r  t h a t  expor t  of o rgan ic  
ma t t e r  i s  p ropor t iona l  t o  d ischarge  (Brinson 1976; F ig .  3 ) .  Of more s i g n i f i -  
cance,  however, a r e  t h e  unusual  even t s  t h a t  escape sampling. I n  Fig.  4 such 
an event  i s  dep ic t ed  f o r  a r i v e r  i n  Pue r to  Rico which discharged 70% of i t s  
annual  sediment load  and 10% of i t s  annual  water  d i scha rge  i n  one day (Nov. 
27, 1968). U n t i l  t h e s e  even t s  a r e  taken  i n t o  cons ide ra t ion ,  p a r t i c u l a r l y  i n  
t h e  w e t  t r o p i c s ,  i t  w i l l  be d i f f i c u l t  t o  d i sp rove  t h e  hypothes is  t h a t  t h e  f low 
of ' disso lved  carbon through a q u i f e r s  and r i v e r s  r e p r e s e n t s  a s i g n i f i c a n t  g loba l  
s i n k  of carbon (Holdridge,  t h i s  volume) . 



Fig. 2.  Flow diagram of human u s e  of n a t u r a l  f o r e s t s  when human a c t i v i t y  i s  
l imi t ed  by s o l a r  energy. Under t h e s e  condi t ions  ga ins  of carbon by 
photosynthes is  (P) equal  l o s s e s  by r e s p i r a t i o n  and combustion. 
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Fig .  3 .  (cont inued)  . 



NOVEMBER 1968 

Fig. 4 .  ,Discharge and sediment export of Ri6 ~anams i n  Puert'o Rico for  
the period of November 19.68 (Lugo e t  a l .  1930). 



O s c i l l a t i n g  Carbon Uptake and Release Conditions 

I f  humans have add i t iona l  energy sources ava i l ab le ,  population den- 
sit ies can increase  above n a t u r a l  carrying capacity and humans can exp lo i t  
n a t u r a l  systems more f u l l y  (depicted i n  Fig.  5 ) .  I argue t h a t  t h i s  leads  
t o  long-term o s c i l l a t i o n s  i n  terms of n e t  carbon uptake o r  r e l e a s e  by the  
landscape. Examples from two coun t r i e s  i l l u s t r a t e  my po in t .  

Tosi  ( t h i s  volume) has  reviewed t h e  land use changes i n  Costa Rica,  a 
country t h a t  is  enter ing a phase of r ap id  development of i ts larlds because 
of increas ing f o s s i l  f u e l  use. Deforestat ion i s  proceeding a t  f a s t  r a t e s  
and t h e  country may be a net  carbon y ie lde r .  I n  Table 1 I present  s i m i l a r  
d a t a  f o r  Puerto Rico where de fores ta t ion  occured much earlier, and where 
f o s s i l  f u e l s  long ago replaced fuelwood a s  t h e  main source of energy. Puerto 
Rico now has more f o r e s t  resources chan i t  d id  a t  Ll~e L U L L I  of the  century. 
Apparently, the  use of f o s s i l  f u e l s  alld Llle iacreas ing dependence on imported 
food has allowed a g r i c u l t u r a l  lands  t o  go fal low and f o r e s t s  t o  r e t u r n  through 
rap id  succession. Puerto Rico i s  now probably a ne t  C02 s ink  a s  i s  t h e  t e m -  
p e r a t e  region of t h e  world where s i m i l a r  phenomena have occured (Armentano 
and H e t t  1980). 

Detwilor and 'Hal1  ( t h i s  volume) suggest t h a t  land-use changes a r e  t h e  
c r i t i c a l  element i n  understanding t h e  exchange of carbon between 'a landscape 
and t h e  atmosphere. Puerto Rico and Costa Riea a r e  examples of t h e  two extreme 
po in t s  i n  a long-term osci l la t i 'on  i n  land-use t h a t  is a product of how humans 
use t h e i r  f o s s i l  f u e l  energy and other  n a t u r a l  resources.  

Extreme Rate of Forest  Exploi ta t ion  

Under extreme r a t e s  of f o r e s t ' e x p l o i t a t i o n  (Fig. 6) such a s  is  happening 
i n  c e r t a i n  a reas  i n  t h e  w e t  t r o p i c s  (Tosi,  t h i s  volume), l a r g e  .amounts of 
f o r e s t  biomass may be converted t o  C02 but  t h i s  condit ion may paradoxically 
lead t o  a s ink  of carbon because not  a l l  the  biomass i s  converted t o  C02 
(Ewel e t  a l .  1980) and succession may be f a s t  enough t o  support a vigorous 
young ecosystem with a rapid  r a t e  of net  carbon uptake. 

Another important considera t ion is t h a t  f o r e s t  inventor ies  i n  t r o p i c a l  
coun t r i e s  normally include t r e e s  larger .  than 10 o r  25 cm dbh while ignoring 
all .  smaller  trees:Logging opera t ions  a r e  a l s o  s e l e c t i v e  and leave behind 
enough trees t o  assure  fas t ' r eg rowth  provided s i te  q u a l i t y  hasn ' t  been i r rev-  
e r s i b l y  a f fec ted  (Ewel and Conde ,1978). I n  f a c t ,  even i n  a reas  t h a t  have been 

. c l ea red ,  t r e e  regenera t ion and organic mat ter  accumulation i s  extremely f a s t  
(Brown, t h i s  volume) . 

The f a t e  of wood cut  from t r o p i c a l  f o r e s t s  determines how f a s t  t h a t  
organic matter  i s  returned t o  t h e  atmosphere a s  C02. The production of round- 
wood i n  t h e  world's f o r e s t  is considerable (about 1.8 b i l l i o n  metr ic  tons 
and increas ing,  Fig. 7) and t r o p i c a l  production accounts f o r  about 40% of the  
t o t a l  (Fig. 8a) .  However, over 70% of t h e  world's charcoal and fuelwood pro- 
duct ion o r i g i n a t e s  i n  the  t r o p i c s  (Fig. 8b). I n  biomass u n i t s  fuelwood and 

' charcoal  production i n  t h e  t r o p i c s  i s ' a b o u t  0.6 b i l l i o n  metr ic  tons  and 
increas ing (Fig. 9 ) .  I n  terms of t h e  roundwood production wi th in  t h e  t r o p i c s  
over 80X' , is  a l loca ted  f o r  fGel wood and charcoal  production (Fig. 10) .  This 



Table 1. Fores t  a r e a s  and t h e i r  carbon s to rage  i n  P u e r t o  ~ i c o  a t  d i f f e r e n t  
t i m e s  i n  h i s t o r y .  

Date Fo res t  Area Carbon Storage Source 
(103lau2) Equivalencea 

(106mt) 

A t  t h e  t ime of 
d i scovery  (1493) 8.5b ,. 93.8 Zon and Sparhawk 1923 

1916 1.787 19.7 Zon and Sparhawk 1923 

26.0 ~ e ~ a r t m e n t  of Natura l  
Resources Inventory 
Program 

Department of Na tu ra l  
Resources Inventory 
Program 

a Es t imate  f o r  1493 i s  based on L i f e  Zone d i s t r i b u t i o n  g iven  by Ewe1 . and 
Whitmore (1973) and biomass s t o r a g e  i n  p l a n t s  and l i t t e r  from Brown and 
Lugo ( t h i s  volume). . F o r  o t h e r  yea r s ,  e s t ima te s  assumed equal  rates of 
d e f o r e s t a t i o n  and growth f o r  a l l  L i f e  Zones. 

Assuming 95% of i s l a n d  f o r e s t e d .  . 



Fig.  5. Flow diagram of human use of n a t u r a l  f o r e s t s  vhen humans have 
access  t o  f o s s i l  f u e l s .  The add i t iona l  source of energy allows 
an increased rate of f o r e s t  e x p l o i t a t i o n  o r  a s u b s t i t u t i o n  of 
f o r e s t  products f o r  f o s s i l - f u e l  derived products.  I f  environ- 
mental condit ions a r e  favorable,  n a t u r a l  succes3ion i s  rapid 
a f t e r  disturbance. This l eads  t o  o s c i l l a t i o n s  between f o r e s t  
d is turbance  (fol l .~wed by net  r e l ease  of carbon t o  the  atmos- 
phere) and f o r e s t  recovery (accompanied by n e t  nptake of carbon 
from t h e  atmosphere). 



FUELS ii , * .  - 

Fig. '6. Flow diagram % l l u s t r a t i n g  t h e  use  of f o s s i l . £ u e l s  t o  r a p i d l y  e x p l o i t  - 
n a t u r a l  f o r e s t s .  



Tropical Asia' 

Fig. 7. Roundwood product ion  i n  t h e  world and t h e  t r o p i c s  (by 
c o n t i n e n t )  f o r  t h e  pe r iod  of r eco rd  ( f rom Food and 
A g r i c u l t u r a l  Organ iza t ion  1952-1963, 1973, 1977).  



--t- Potol Tropics 

-+ . Asia (a> 
-7~' Lotin America + Oceania 

Fig. 8. Roundwood product ion '(a) and fuelwood and c.harcoa1 production 
(b) . in the tropics .(by continent) as a percent of the world. . 
production for the period of record. ' - . 
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Fig. 9. Fuelwood and cha rcoa l  p roduct ion  i n  t h e  t r o p i c s  (by 
c o n t i n e n t )  expressed i n  biomass u n i t s  f o r  t h e  pe r iod  
of record  (from Food and A g r i c u l t u r a l  Organiza t ion  
1952-1963, 1973, 1977). 
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Fig. 10. Fuelwood and cha rcoa l  p roduct ion  i n  t h e  t r o p i c s  (by 
con t inen t )  expressed  a s  ' p e r c e n t  of roundwood produ.ctian 
f o r  t h e  pe r iod  of r eco rd .  



i s  t r u e  of most t r o p i c a l  a r eas  except Oceania where f o r e s t s  a r e  not  w e l l  
developed a s  they  a r e  i n  o t h e r  t r o p i c a l  reg ions .  These d a t a  suggest  t h a t  
t r o p i c a l  woods a r e  predominantly used a s  energy sources and thus  t h i s  
biomass is r a p i d l y  re turned  t o  t he  atmosphere a s  C02 r a t h e r  than . remain ing  
f o r  long-term s to rage  i n  s t r u c t u r e s  o r  i n  o the r  u ses .  Furthermore, t h e  use 
of wood energy i n  t he  t r o p i c s  may be more s i g n i f i c a n t  than these  s t a t i s t i c s  
r e f l e c t  because of t h e  l a r g e  amount of wood t h a t  is  used a t  t h e  l o c a l  l e v e l  
and not repor ted .  

During t r a d i t i o n a l  s l a s h  and burn a c t i v i t i e s ,  however, l a r g e  q u a n t i t i e s  
of wood remain on t h e  ground where decomposition r a t e  is  extremely slow. 
For example, Ewe1 e t  a l .  (1980) repor ted  t h a t  i n  Costa Rica,  40% of t h e  
o r i g i n a l  biomass remained on s i t e  most ly a s  s o i l  organic  ma t t e r  and wood. 
b70ud strmps decompose i n  humid environments a t  a  r a t e  of about 0.15 - 0.44 

2 g/m .day (Odqm 1970).  

Decl ining S t a t e s  

I n  environments wi th  n a t u r a l  s t r e s s o r s  such a s  i n  very  d ry  o r  cold 
reg ions ,  human popula t ions  subs id ized  by e x t e r n a l  energy sources  could de- 
f o r e s t  t he  land i r r e v e r s i b l y  and thus  c r e a t e  condi t ions  t h a t  a r e  c l e a r l y  
ne t  sources  of C02 (Fig. 1 1 ) .  I n  p l a c e s  l i k e  H a i t i  and thk Sahel  t h i s  must 
be happening. I n  t hese  environments,  success ion  i s  not  f a s t  enough t o  make 
up f o r  human e x p l o i t a t i o n  which i s  fue l ed  by a  growing popula t ion  responding 
t o  e x t e r n a l  energy subs id i e s .  Because of land devas t a t ion  t h e s e  a r e a s  hold 
l i t t l e  p o s s i b i l i t y  f o r  s u s t a i n i n g  human popula t ions  i n  t h e  f u t u r e  when cheap 
f o s s i l  f u e l s  d i sappear  completely.  

. . Conclusion 

I f i n d  i t  e a s i e r  t o  f i n d  mechanisms and reasons  why t r o p i c a l  ecosystems I 

a r e  s i n k s  of carbon r a t h e r  t han  sources .  Pa radox ica l ly ,  even d e f o r e s t a t i o n  I 

may c r e a t e  carbon s i n k s  i f  success ion  i s  f a s t  enough and i f  a  p o r t i o n  of 
t h e  i n i t i a l  biomass remains on s i t e .  Climax ecosystems may a l s o  be sl.ow 
s i n k s  of carbon v i a  export  of organic  ma t t e r  t o  downstream a q u a t i c  ecosystems. 
This pathway probably becomes more important i n  wet environments and i n  d i s -  
turbed a r e a s  where t h e  ecosystem may be more s u s c e p t i b l e  t o  leaching  
(Rrinson 1976).  The a n a l y s i s  of t h e  Mauna Loa d a t a  by Lugo and Brown ( t h i s  
volume) a l s o  sugges ts  t h a t  t h e  b iosphere  a c t s  a s  a  s i n k  of carbon a s  does 
t h e  reasoning of Holdridge ( t h i s  volume) based on t h e  l a r g e  carbon accumu- 
l a t i o n s  of t he  p a s t .  

I n  experiments wi th  c losed  microcosms Odum and Lugo (1970) found t h a t  
each microcosm reached and ~ a i n t a i n e d  a  d i f f e r e n t  "atmospheric" C02 concen- 
t r a t i o n .  This "atmospheric" balance depended on the  r e l a t i v e  propor t ions  of 
p l a n t s  and consumers i n  t h e  microcosm. This  lead  t o  t h e  specu la t ion  of t h e  
p o t e n t i a l  r o l e  of t h e  b i o t a  i n  a f f e c t i n g  such c l i m a t i c  phenomena a s  i c e  ages  
v i a  t h e  r e g u l a t i o n  of atmospheric C02. The cu r ren t  i n t e n s e  a c t i v i t y  of humans, 
powered by abundant f o s s i l  f u e l s ,  i s  aga in  t i p p i n g  t h e  wor ld ' s  carbon balance 
towards t h e  product ion of carbon and poss ib ly  towards a  warming t r end  i n  t h e  
world. However, t h e r e  appears  t o  be enough carbon uptake capac i ty  i n  t he  
t e r r e s t r i a l  b i o t a  t o  slow!y coun te rac t  t h i s  t rend .  I n  f a c t ,  one could hypoth- 



Fig. 11. Flow diagram of human use of natural forests  when the forests  are 
subjected t o  natural stressors and humans have access t o  supple- 
mentary energy resources. This situation leads t o  net carbon release 
because natural succession cannotkeep pace with. human use and thus.  
the forest  degenerates. 



e s i z e  that ,  p r i o r  t o  t h e  f o s s i l  f u e l  era, C02 i n  t h e  atmosphere must have 
been decreas ing  s i n c e  one of t h e  ana lyses  of t h e  Mauna Loa d a t a  r e f l e c t s  
a high rate of carbon uptake by t h e  b iosphere  (Lugo and Brown, t h i s  volume). , 

Proof i s  hard t o  come by, bu t  t h e  need f o r  t h e  miss ing  information required* 
t o  reach t h a t . s t a t e  of understanding f u e l s  our OF i n t e r e s t  . i n  t h i s  i s s u e .  
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A NEWLOOK AT ATMOSPHERIC CARBON DIOXIDE 
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Introduction 

When I began to study the existing reports on atmospheric carbon 
dioxide (C02) with the intention of concentrating on the role of tropical 
forests'in C02 movements, I found two puzzling or thought-provoking items 
in the proposed diagrams of the cyclic circulation of carbon (Baes et e l .  
1977, EkdahP and Keeling 1973, Woodwell et al. 1978). One of these was an 
hypothesized annual balance or equilibrium between,the incorporation of C02 
in terrestrial vegetation.through the process of photosynthesis and the re- 
turn of an equal quantity of C02 to the atmosphere from the living and dead 
biomass of the same vegetation. The other item of special note was a lack 
of identification or even speculation about the specific origin and further 
movement of the tremendous amounts of carbon in the deep oceanic sediments 
and'in the carbonate rocks formed from sediments in the past. 

To a forester who has worked for several decades with plantations, 
the first item, that of a balance in movement of C02 from and back into the 
atmosphere, appeared quite unnatural. Wherever tree plantationc are.esta- 
blished on favorable sites and adequately tended, there is a'continued . 

annual increase in the volume of both standing wood and total biomass until 
heavy thinnings or harvest of the timber takes place. How can the proposed 
flows of carbon dioxide from and to the atmosphere possibly be in equilibrium? 

Both second growth, following previous disturbance of a forest, and 
managed stands, after timer extraction, build up biomass in the same manner 
as plantations do, even though such forests are much more diverse in species 
and dimensions. Until maturity or harvest, carbon fixation in the increasing 
biomass of wood, living branches and roots is several times the magnitude of . 
the carbon in the fallec leaves, decaying branchlets or roots, fallen bark, 
and an occasional dead tree. In general, outside of the lowland tropical 
regions, there is also a build-up of considerable litter and undecayed orga- 
nic matter in or on the soil under such stands, in addition to the standing 
biomass. 

Only in a virgin or mature, untended forest can one state with certainty 
that the average tonnage of carbon per hectare khich oxidizies to C02 each 
year must be in balance with the quantity of carbon per hectare fixed by pho- 
tosynthesis in an'average year. However, virgin forests occupy an ever de- 
creasing percentage of the land surface of our planet. Furthermore, there is 
no definite proof that all of the carbon dioxide from death and decay within 
mature or secondary forests returns directly to the atmosphere. 



A s  averaged over  s e v e r a l  y e a r s ,  n e t  photosynthes is  and ox ida t ion  
o r  decay t o  C02 probably a r e  f a i r l y  w e l l  balanced i n  not  only v i r g i n  
f o r e s t s ,  bu t  a l s o  i n  f o r e s t  a r e a s  sub jec t ed  t o  swidden o r  s h i f t i n g  
a g r i c u l t u r a l  use ,  i n  a r e a s  of both annual  and pe renn ia l  crop a g r i c u l t u r e ,  
i n  p a s t u r e  l ands ,  I n  savannas,  i n  n a ~ u ~ a l  bush-lands, and i n  d o s e r t s .  On 
t h e  b a s i s  of t h a t  rough e s t ima te  of ba lance ,  even i f  a l l  ox id ized  carbon 
were t o  r e t u r n  d i r e c t l y  t o  t h e  atmosphere and t h e  percentage of l ands  wi th  
C02 movements i n  equ i l i b r ium were t o  equal  75 percent  o r  more of t h e  e a r t h ' s  
land s u r f a c e ,  t h e r e  would s t i l l  be a  cons iderable  p o s i t i v e  n e t  flow of carbon 
from t h e  atmosphere i n t o  t h e  t e r r e s t r i a l  bio.sphere. The l a t t e r  would t ake  
p l ace  i n  f o r e s t  p l a n t a t i o n s ,  i n  managed f o r e s t s ,  and i n  long-term, second- 
growth s t a n d s  such a s  tliose on abandoned farms i n  t h e  n o r t h e a s t e r n  USA, 
i n  Puer to  Rico,  and even i n  some p l aces  w i t h i n  t h e  inne r  t r o p i c s .  However, 
t h e r e  a r e  s t i l l  two o t h e r  i tems o r  a c t i v i t i e s  which much be considered.  

When a mature o r  any o t h e r  app rec i ab le  f o r e s t  cover is removed i n  t h e  
process  of conversion t o  a g r i c u l t u r a l  o r  p a s t u r e  l a n d s ,  a  l a r g e  p a r t  of t h e  
l i v i n g  biomass and t h e  organic  ma t t e r  on or  i n  t h e  s o i l  i s  e i t h e r  burned 
soon a f t e r  c u t t i n g  wi th  the  C02 e n t e r i n g  t h e  atmosphere d i r e c t l y  o r  ox id ized  
more s lowly by decay over  t h e  next  few yea r s .  Such a  reduct ion  i n  biomass 
by c l e a r i n g s  has been going on f o r  c e n t u r i e s ,  i s  p r a c t i c a l l y  complete i n  

, t h e  temperate  r eg ions ,  and i s  only apprec i ab ly  a c t i v e  now i n  t h e  h igh  r a i n -  
f a l l  a r e a s  i n  t h e  t r o p i c s .  I n  t h e  t r o p i c a l  a r e a s ,  i n  g e n e r a l ,  t h e r e  i s  l e s s  
biomass i n  t h e  s o i l  because t h e  c l ima te  i s  not  conducive t o  t h e  accumulations 
of dead organic  ma t t e r  on o r  i n  t h e  s o i l .  

An apprec i ab le  counterbalance t o  t h i s  r educ t ion  of biomass i n  t h e  process  
of land  c l e a r i n g  c o n s i s t s  of the  long-term u t i l i z a t i o n  of harves ted  t imbers  
i n  t h e  r .nnstruct ion of bu i ld ings  o r  o t h e r  s t r u c t u r e s ,  a s  p i l i n g s ,  p i t -props  
i n  mines,  r a i lway  t i e s  and many o t h e r  items. Such uses  postpone t h e  decay of 

. a  cons ide rab le  p o r t i o n  of t h e  biomass produced i n  f o r e s t  p l a n t a t i o n s  o r  
managed f o r e s t s ,  a s  we l l  a s  s i g n i t l c a n t  q u a a r i r i e s  irum t h e  t r o p i c a l  f u r c c t  
harves ted  e i t h e r  be fo re  o r  a t  t h e  time of t h e i r  being cleared.  The d a t a  c o l l e c t e d  
by FA0 on timber expor t s  a r e  summarized h e r e  by Lugo, bu t  i t  i s  of l i t t l e  he lp  
t o  draw conclus ions  because l o c a l  u ses  of wood a r e  n o t  repor ted .  

On t h e  b a s i s  of t h e  preceeding a n a l y s i s ,  and supposing t h a t  a l l  oxidized 
carbon r e t u r n s  q u i t e  d i r e c t l y  t o  t he  atmosphere, one could deduce t h a t  e i t h e r  
the.movements of C02 between t h e  atmosphere and t h e  land  biomass a r e  balanced 
o r  t h a t  t h e r e  i s  a  sma l l ,  bu t  predominant movement from t h e  atmosphere t o  t h e  
t e r r e s t r i a l  biomass. Nei ther  one of t h e s e  deductions,however,  o f f e r s  t h e  
p o s s i b i l i t y  t h a t  t h e  t e r r e s t r i a l  vege ta t ion  could s e r v e  a s  an annual  s i n k  f o r  
around t h r e e  b i l l i o n  me t r i c  t ons  (Gigatons) of carbon e n t e r i n g  and d isappear -  
ing from t h e  atmosphere each year  a s  p a r t  of t h e  a d d i t i o n  t o  t h e  a i r  from t h e  
ox ida t ion  of t h e  f o s s i l  f u e l s .  

Thus, by supposing a  prompti and complete r e t u r n  of oxidized carbon £run  
t h e  t e r r e s t r i a l  biomass t o  t h e  atmosphere, one i s  e f f e c t i v e l y  e l i m i n a t i n g  
l i v i n g  land  vege ta t ion  a s  a  p o s s i b l e  s i n k  of excess  C02. The only o t h e r  
p o s s i b l e  s i n k ,  namely t h e  oceans a t  t h e i r  i n t e r f a c e  wi th  t h e  atmosphere,  i s  one 
of s imple movements of C02, an hypothes is  which appears  t o  have been j u s t i f i a b l y  



discarded  by most s c i e n t i s t s  because of t h e  l ack  of p o s i t i v e  evidence 
of any s i g n i f i c a n t  n e t  movement i n t o  t he  ocean. Models of oceanic  systems 
suggest- t h a t  t h e  uptake c a p a c i t y  of t he  oceans i s  about 2 b i l l i o n  m e t r i c  
t ons  of carbon (Broecker e t  a l .  1979) .  

F i n a l l y ,  t h e r e  i s  one o t h e r  p i e c e  of f a c t u a l  evidence which cha l l enges  
t h e  b e l i e f  of a r ap id  r e t u r n  t o  t h e  atmosphere of a l l  t h e  ox id ized  carbon,  
s o  a s  t o  e f f e c t i v e l y  balance n e t  photosynthes i s .  That evidence c o n s i s t s  of 
t h e  geo log ica l  knowledge t h a t  tremendous q u a n t i t i e s  of o rgan ic  m a t t e r  
accumulated i n  t h e  p a s t  from v i r g i n  f o r e s t s  of even s imp le r  composition and 
probably slower growth than those  of t h e  present .  Those accumulations of 
m a t t e r  w e r e  converted subsequent ly  by hea t  and p r e s s u r e  i n t o  t h e  d e p o s i t s  
of c o a l  which we a r e  now e x t r a c t i n g  from t h e  e a r t h .  Seemingly, i f  t h e r e  
could have been a l a r g e  s u r p l u s  product ion of wood and o t h e r  organic  ma t t e r  
i n  t h e  v i r g i n  f o r e s t s  of t h e  p a s t ,  t h e  same p o s s i b i l i t y  should e x i s t  today 
f o r  a s u r p l u s  product ion  of carbon from t h e  t e r r e s t r i a l  vege ta t ion .  Never- 
t h e l e s s ,  none of t h i s  evidence i s  accep tab l e  a s  long a s  a tmospheric  gas  
a n a l y s i s  v a l u e s  a r e  i n t e r p r e t e d  a s  s i g n i f y i n g  balanced movements of carbon 
between t h e  atmosphere and land vege t a t i on .  

With a presen t iment  t h a t . t h e  t e r r e s t r i a l  v e g e t a t i o n  h a s  t o  be t h e  main 
s i n k  f o r  carbon d iox ide  from t h e  atmosphere,  a c l o s e  examination was made of 
t h e  CO7 concentrati-nn of t h e  a t m o ~ p h c r e  throughouC the yea r  a s  measured a t  
Mauna t o a ,  t h e  south  Pole  and Po in t  Barrow, Alaska. Values p l o t t e d  i n  t h e  
diagrams a s  shown i n  F ig .  1 a r e  monthly averages  of p a r t s  p e r  m i l l i o n  (ppm) . 
by volume of C 0 2  i n  t h e  atmosphere. The diagrams c l e a r l y  show cont inuous ly  
dec reas ing  monthly v a l u e s  from around March t o  l a t e  f a l l  and succes s ive ly  
l a r g e r  v a l u e s  from t h e  l a t t e r  t i m e  u n t i l  t h e  h igh '  i n  t h e  sp r ing .  

The decrease  from s p r i n g  t o  f a l l  i s  supposedly due t o  t h e  predominance 
of photosynthes i s  over  r e s p i r a t i o n  w i t h  t h e  v e g e t a t i o n  drawing C 0 2  from t h e  
atmosphere whereas t h e  i n c r e a s e  from f a l l  t o  s p r i n g  would be due t o  n e t  r e s p i r a -  
t i o n  o r  o x i d a t i o n  of carbon .with a r e l e a s e  of C 0 2  t o  t h e  atmosphere. 

From a f o r e s t e r ' s  p o i n t  of view, t h e  long cont inued seasona l  i n c r e a s e  
i n  n e t  photosynthes i s  does  n o t  look c o r r e c t  because i n  t h e  n o r t h  temperate  
and b o r e a l  r eg ions ,  t r e e  growth i s  a c t i v e  only i n  s p r i n g  o r  e a r l y  summer. 
Likewise,  I f i n d  i t  d i f f i c u l t  a l s o  t o  v i s u a l i z e  a s t e a d y  i n c r e a s e  i n  t h e  
va lues  of n e t  ox ida t ion  o r  decay of o rgan ic  ma t t e r  r i g h t  through t h e  c o l d ,  
w in t e r  season.  

The l a g  i n  n e t  photosynthes i s  i n t o  t h e  f a l l  a t  Mauna Loa i s  explained i n  
t h e  l i t e r a t u r e  a s  due t o  t'he l a p s e  i n  time of g e n e r a l  a tmospheric  movements . 
from e a s t  t o  west, from North America t o  Hawaii. That suppor t ing  argument i s  
hard t o  cha l l enge ,  because any such l a rge - sca l e  a tmospheric  movements a r e  
s u r e l y  complex and v a r i a b l e .  

A t  Mauna Loa, a cont inuous gas  ana lyzer  w a s ' u t i l i z e d ,  whereas almost a l l  
of t h e  d a t a  from t h e  South Po le  comprised those  from subsequent  l a b o r a t o r y  
ana lyses  of samples c o l l e c t e d  i n  f l a s k s - o n  schedule .  For  a one-year p e r i o d ,  
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, ,: 
Fig .  1. Atmospheric C02 concen t rk t i ons  f o r  P o i n t  Barrow, Alaska ( t o p ) ,  

Mauna Loa, Hawaii (middle) , and South P o l e  (bottom) moni tor ing  
. s t a t  i o n s  (from Machta' e t  a l .  1977). 
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South Pole  d a t a  were from a cont inuous gas ana lyzer .  A s  t h e  va lues  from 
t h e  l a t t e r  showed t h e  same p a t t e r n  and magni tudes ,as  those. from t h e  f l a s k  
samples, one may be q i i t e  c e r t a i n  t h a t  both methods g ive  equiva len t  r ead ings .  

An important  i t em t o  remember i s  t h a t  t he  ana lyses  were intended t o  de- 
termine t h e  p a r t s  pe r  m i l l i o n  (pprn) of C02 by volume.' I n  o t h e r  words, a  
reading of 316 ppm by volume imp l i e s  t h a t  i n  1,000 l i t e r s  o r  1 ,000 ,000,cubic  
cent imeters  of atmosphere a t  a  given temperature and p re s su re ,  t h e r e  should 
be 316 c c  of C02. Because of Avogadro's Law, one can say  t h a t  t h e  above i s  
equ iva l en t  t o  having a  molecular d e n s i t y  of 316 molecules of C02 i n  a sample 
of atmosphere con ta in ing  a  t o t a l  of one m i l l i o n  molecules .  

I f  p re s su re  were increased  on t h e  preceding volumetr ic  sample, s o  t h a t  
t h e  atmospheric gases  of t h e  sample decreased'  i n  volume t o  one h a l f  o r  500 

, l i t e r s ,  t h e  C02 would then comprise only 158 c c ,  bu t  would s t i l l  be 316 ppm 
by volume. I n  r e v e r s e  f a s h i o n ,  i f  t h e  o r i g i n a l  sample w a s  jo ined  t o  another  
con ta ine r  of 1,000 l i t e r s  f i l l e d  wi th  a  vacuum and a l lowed . to  expand, t h e  
C02 would then  occupy 632 c c  of t h e  t o t a i  volume of 2,000 l i t e r s ,  bu t  aga in  

~ would comprise only 316 ppm by volume. 

Because t h e  p re s su re  and temperatures  of g iven  volumes of gas  i n  con- 
t a i n e r s  a r e  c o r r e l a t e d ,  t h e  compressed gas i n  t h e  previous  examples would be- 
come warmer whereas t h e  expanded gas samplc would coo l .  Supposedly, samples 
from t h e  atmosphere o r  from f l a s k s  could be compared wi th  c a l i b r a t e d  samples 
prepared i n  a  l a b o r a t o r y ,  i f  both were subjec ted  t o  t h e  same p re s su re  o r  r a t e  
of f low and t h e  same temperature.  Readings were appa ren t ly  made i n  accordance 
wi th  t h e  d e n s i t y  of C02 molecules ,  wherein t h e  c o r r e l a t i o n  of Avogadro's mole 
wi th  molecular d e n s i t y  g ives  p a r t s  pe r  m i l l i o n  wi th  no problems. 

There appears ,  t o  me, t o  be  one p o s s i b i l i t y  f o r  e r r o r  i n  t h e  ppm 
readings  of C02 i n  t h e  atmosphere. That ,  I b e l i e v e ,  i s  due t o  t h e  l a c k  
of uniform c o r r e l a t i o n  of t h e  d e n s i t y  of t h e  C02 molecules w i th  p re s su re  
i n  t h e  open atmosphere. This  i s  q u i t e  d i s t i n c t  from l a b o r a t o r y  obse rva t ions  
and laws. 

The p re s su re  of a  gas  w i th in  a  c losed  con ta ine r  i n  t h e  l abo ra to ry  i n c r e a s e s  
i n  d i r e c t  c o r r e l a t i o n  wi th  an inc rease  i n  temperature of t h e  gas.  As  t h e  tem- 
p e r a t u r e  rises, the  gas molecules move more r a p i d l y  and thus  e x e r t  a  g r e a t e r  
p re s su re  on t h e  con ta ine r  wal l s .  I n  t h e  open atmosphere, on t h e  con t r a ry ,  t h e  
p re s su re  of t h e  atmospheric gas  i s  due t o  i t s  own weight o r  t o  t h e  g r a v i t a t i o n a l  
a t t r a c t i o n  between t h e  e a r t h  and t h e  atmosphere, R i se s  i n  t h e  temperature of 
t h e  atmospheric gas  produce t h e  same speed-upof gas  molecules ,  bu t  t h e  r e s u l t - -  
is  an expansion of t h e  gas mixture r a t h e r  t han  an i n c r e a s e  i n  p re s su re .  - 

A t  s e a  l e v e l ,  where t h e  p re s su re  of a  column of  a i r  i n  warm weather may 
be e x a c t l y  t h e  same a s  t h a t  i n '  t he  w i n t e r ,  t h e  d e n s i t y  of t h e  gas molecules 
p e r  c c  would be l e s s  i n  t h e  summer than  i n  t he  win ter  due t o  t h e  expansion of 
t h e  a i r  column wi th  t h e  hea t  of sum,ef and t h e  c o n t r a c t i o n  of t h e  a i r  wi th  t h e  
low temperatures  i n  w in te r .  



Pig. 2. Average monthly mean temperature of surf ace oceanic water temperatures taken 
off-shore to the Northeast of the Hawaiian Islands at latitude 20.g0N longitude 
156.0°W plotted repetitively to approximate several-years pattern. 



A l l  t h i s  i n  no way changes t h e  gas  laws. It simply i n d i c a t e s  t h a t  a 
gas  ana lyzer  cannot c o r r e c t l y  compare t h e  gas  composition i n  an open p l ane ta ry  
atmosphere wi th  t h a t  of c a l i b r a t e d  con ta ine r  gas  samples without  t h e  a p p l i c a t i o n  
of a c o r r e c t i o n  f a c t o r  due t o  t h e  gene ra l  atmospheric gas  temperature a t  t h e  
t ime of sampling. 

The C02 readings  i n  ppm from gas  ana lyze r s  should be c o r r e l a t e d  wi th  gen- 
e r a l  hemispheric temperatures  of t h e  atmosphere. However, due t o  l o c a l  a l t e r -  
a t i o n s  i n  a i r  f low and temperature w i t h i n  t h e  atmosphere, a c l e a r e r  c o r r e l a t i o n  
may be obta ined  from marine s u r f a c e  water  temperatures.  The l a g s  i n  hea t ing  
i n  t h e  summer and cool ing  i n  t he  win te r  of t h e  s u r f a c e  waters  off-shore from 
Elaui i n  t h e  Hawaiian I s l a n d s ,  a s  shown i n  F ig .  2 ,  correspond ve ry  w e l l  wi th  
t hose  of t h e  p rev ious ly  r epo r t ed  h ighs  and lows of C02 ppm i n  t h e  a i r .  

The preceding i n t e r p r e t a t i o n  of t h e  p l o t t e d  CO atmospheric readings  does 
not a l t e r  t h e  f a c t  of a s t eady  annual  o r  semi-annua? ( secu la r )  i n c r e a s e  of 
C02 i n  t h e  atmosphere of our p l ane t .  Carbon d iox ide  i s  s t i l l  bu i ld ing  up i n  
concent ra t ion  i n  t h e  a i r .  However, t h e  proposed i n t e r p r e t a t i o n  of t h e  seasonal  
zig-zags does remove t h e  r e s t r i c t i o n  on ou r  understanding of t h e  carbon cyc le  
which had been imposed by a presumed balanced movement between t h e  atmosphere 
and the  t e r r e s t r i a l  biomass. I n  o the r  words, t h e  t e r r e s t r i a l  biomass may be 
considered a s  a p o s s i b l e  s i n k  f o r  atmospheric C02. 

I f  one accep t s  t h e  i d e a  of terrestrial v e g e t a t i o n  be.ing an  apprec i ab le  
s i n k  f o r  C02 from t h e  atmospl~ere,  he is immediately confronted wi th  a new, prob- 
lem, namely: I f  t h e  land vege ta t ion  i s  absorbing i n  n e t  photosynthes is  about 
1 t o  3 G-tons per  year  of t h e  carbon being added t o  t h e  atmosphere from t h e  
burning of f o s s i l  f u e l ,  p l u s  a l e s s e r  bu t  unknown amount from man's c l e a r i n g  
and burning of f o r e s t  cover ,  over  and above t h a t  consumed i n  growth of t h e  
e x i s t i n g  vege ta t ion ,  then one must exp la in  where t h e  excess  carbon goes a f t e r  
being f ixed  temporar i ly  i n  t h e  vege ta t ion .  

Obviously, t h e  most e l e g a n t  s o l u t i o n  t o  t h e  above disappearance of carbon 
a f t e r  it had been f i x e d  i n  t e r r e s t r i a l  vege ta t ion  would be  t o  have i t  r e l eased  
from t h e  v e g e t a t i o n  by decay and moved g r a v i t a t i o n a l l y  by p e r c o l a t i o n  of waters  
i n t o  t h e  ground o r  s t ream runoff f.rom t h e  s o i l  t o  t h e  depths  of t h e  oceans. , + 
This  would' account f o r  d e p o s i t s  of carbon i n  sediments o r  carbonate  rocks  made 
from sediments.  

The problem one encounters  w i th  t h e  preceding hypothes is  is t h a t  t h e r e  i s  
extremely l i t t l e  suppor t ing  evidence a v a i l a b l e .  However, evidence is  normal ly  
gathered t o  prove o r  d i sprove  a hypothes is  s o  t h a t  a l a c k  of evidence may.be 
i n  p a r t  due t o  t h e  p a s t  l a c k  of a suppos i t i on  t h a t  carbon was moving i n  appre- 
c i a b l e  q u a n t i t i e s  from t h e  atmosphere i n t o  t h e  l and  biomass and from t h e r e  v i a  
f r e s h  wa te r . s t r eams  t o  t h e  ocean and i t s  depths .  I n  o t h e r  words, i f  one is  
s u r e  t h a t  a l l  t h e  carbon der ived  from t h e  atmosphere i n  n e t  photosynthes is  of 
land p l a n t s  s'oon r e t u r n s  t o  t h e  a i r  fo l lowing  dea th  and ox ida t ion  of t h e  organic  
m a t t e r ,  he  i s  no t  going t o  waste h i s  t i m e  checking o t h e r  p o s s i b l e  d i s p o s i t i o n s  
of t h e  C02 from the  oxida t ion .  



' Furthermore, t h e  necessary  d i r e c t  evidence may no t  be easy  t o  o b t a i n .  
.. The volume of f r e s h  water  moving i n t o  t h e  ocean each year  while  huge, is 

r e l a t i v e l y  smal l  compared w i t h  t h e  t o t a l  cub ic  content  of t h e  oceans. The 
tonnage of ocean sediments and sedimentary rocks  which appears  so  impressive 
could have been accumulated w i t h  r e l a t i v e l y  smal l  annual increments over 
hundreds of m i l l i o n s  of yea r s .  Then, t o o ,  we must remember t h a t  only w i t h i n  
t h e  l a s t  few decades has  v e g e t a t i o n  c l e a r i n g  been pushed up t o  l a r g e  f i g u r e s  
and t h e  burning of f o s s i l  f u e l s  reached impressive volumes. 

A s  an example of a nega t ive  opin ion ,  namely one a g a i n s t  t h e  hypothes is  
of an apprec i ab le  carbon movement from land vege ta t ion  t o  t h e  s e a ,  R i l ey  
(1973) wrote: "The non-living organic  m a t t e r  i s  der ived  from l i v i n g  organisms 
i n  t h e  s e a  except  f o r  a smal l  and probably i n s i g n i f i c a n t  amount from t e r r e s t r i a l  
sou rces ,  and t h e  u l t i m a t e  source  i s ,  of cou r se ,  pho tosyn the t i c  f i x a t i o n  of 
carbon i n  t h e  s u r f a c e  l a y e r . "  However, t h e r e  is  v e r y  l i k e l y  a  need f o r  more 
s e l e c t i v e  sampling of f r e s h  water  muving t o  the means be fo re  w r i t i n g  of f  t h e  
e f f e c t  of land  v e g e t a t i o n  sources  as R i l ey  d id .  

For example, t h e  d e p o s i t s  of c o a l  were almost completely l a i d  down i n  
temperate  c l ima te s .  This  l o c a l i z a t i o n  must have been due t o  what is  termed 
a r a p i d  turn-over of organic  m a t t e r  i n  t h e  t r o p i c s  as opposed t o  a  much 
slower decomposition of organic  m a t t e r  i n  t h e  temperate  r eg ions .  We do not  
know what percentage  of t h e  organic  ma t t e r  i n  t h e s e  two reg ions  goes back t o  
t h e  atmosphere and what percentage  may go t o  t h e  sea .  When examined c a r e f u l l y  
t h e r e  appears  t o  be some s t r o n g  reasons  f o r  supposing t h a t  a  cons iderably  l a r g e r  
p a r t  of t h e  carbon of t h e  t r o p i c a l  f o r e s t s  could move d i r e c t l y  t o  t h e  s e a .  

The main reason  f o r  t h e  l a t t e r  b e l i e f  is  due t o  t h e  g e n e r a l l y  h ighe r  
r a i n f a l l  i n  t he  t r o p i c s  t han  i n  t h e  temperate  r eg ions .  The g r e a t e r  annual  
p r e c i p i t a t i o n  i n  t h e  t r o p i c s  n o t  only produces a g r e a t e r  movement of water  
over  and through t h e  s o i l ,  b u t  a l s o  l i m i t s  r o o t  p e n e t r a t i o n  t o  a  l e s s e r  depth 
f o r  l a c k  of a e r a t i o n .  Higher average tempera tures  throughout t h e  yea r  coupled 
wi th  t h e  g r e a t e r  mois ture  i n  t h e  s o i l  favor  r a p i d  decomposition ino the  t r o p i c s .  

Furthermore, one should not  j u s t  cons ider  t h e  t r o p i c s  as a  whole a s  a  
* probable t h e a t e r  f o r  C 0 2  movement t o  t h e  s e a ,  bu t  r a t h e r  concen t r a t e  on those  

moi s t e r  a r e a s  which a r e  u s u a l l y  lumped t o g e t h e r  by temperate  zone e c o l o g i s t s  
and p l a n t  geographers as t h e  t r o p i c a l  r a i n  f o r e s t .  Even t h e r e ,  t h e  r i v e r s  
du r ing  t h e  dry  season a r e  u s u a l l y  c l e a r  and much reduced i n  volume. I n  o r d e r  
t o  he s u r e  t h a t  t h e r e  i s  not  a  cons ide rab le  movement of d i s so lved  and p a r t i c u -  
l a t e  carbon down t h e  s t reams t o  t he  s e a ,  samples of flowing water  should be 
taken fo l lowing  heavy r a i n s  and e s p e c i a l l y  so  dur ing  t h e  several-day storms 
of peak r a i n y  season when t h e r e  is complete s a t u r a t i o n  of t h e  s o i l s  and f lood ing  
of t h e  r e c e n t  and some of t h e  o l d e r  a l l u v i a l  t e r r a c e s  along t h e  s t reams ( see  t h e  
paper  by Lugo i n  t h i s  volume). 

Not only a r e  t h e  s torm pe r iods  unpleasant  t imes i n  which t o  be t ak ing  sam- 
p l e s ,  b u t  t hey  can a l s o  be dangerous. I n  a d d i t i o n  t o  t h e  p r o b a b i l i t y  t h a t  t h e  
wa te r s  a r e  ca r ry ing  much d isso lved  o r  p a r t i c u l a t e  carbon, i t  is  obvious t h a t  
t h e  swollen,  fas t - running  s t reams a r e  ca r ry ing  branches,  l o g s ,  and even some- 
t imes  e n t i r e  uprooted t r e e s .  I remember once r a i n s  of 330 mm i n  one day i n  Pue r to  
Rico,  when t h e  e n t i r e  width of t h e  Luqu i l l o  Mountain highway s l i d  away i n  a  
couple of p l aces .  I have a l s o  been i n  f o r e s t  wi th  water s e v e r a l  meters  above t h e  



normal l e v e l  of t h e  R ~ O  Pue r to  Vie jo  i n  Costa Rica and watched r i v e r  f i s h  
scur ry ing  around i n  t h e  sha l low water  between t h e  t r e e s  i n  t h e i r  s ea rch  
f o r  a s h o r t  time bonanza of e x t r a  food dur ing  a f l ood  peak. It is  hard t o  
b e l i e v e  t h a t  a l l  of t h e  p r e c i p i t a t i o n  of t h e  heavy seasona l  r a i n s  and of 
t h e  occas iona l  s torm pe r iods  a r e  not  f l u s h i n g  o u t  and d i s so lv ing  06 ca r ry ing  
along wi th  t h e i r  waters  very  apprec i ab le  q u a n t i t i e s  of carbon f o r  t h e  o rgan ic  
sediments ., 

Thus, a l though we  s t i l l  do n o t  know t h e  q u a n t i t a t i v e  d e t a i l s  of t h e  
carbon cyc le  on our  p l a n e t ,  I b e l i e v e  t h a t  we do know enough t o  understand 
t h e  gene ra l  p i c t u r e .  Although many have imagined a rather. grim p i c t u r e  uf 
a C02 hiiild-up i n  thc.aLmosphere, a r e s u l t a n t  warming of t h e  e a r t h ' s  c l ima te  
wi th  a mel t ing  of po la r  i c e  and covering of ex t ens ive  low e l e v a t i o n  a r e a s ,  
t h e  yea r s  w i l l  probably show t h a t  t h e  s i t u a t i o n  w i l l  n o t  be t h a t  s e r i o u s .  

More l i k e l y ,  a s  man slows down t h e  r ap id  c l e a r i n g  of f o r e s t s  f o r  o t h e r  
u s e s  p r i m a r i l y  because t h e  remaining mature f o r e s t  a r e a s  a r e  now l i m i t e d  i n  
e x t e n t  and, on t h e  o t h e r  hand, i n c r e a s e s  bo th  t h e  a r e a  of managed f o r e s t s  and 
t h e  long-term u t i l i z a t i o n  of f o r e s t  p roducts  from those  f o r e s t s ,  t h e  e x i s t i n g  

a v e g e t a t i o n  w i l l  be ab l e  t o  a b s o r b  a h ighe r  percentage  of t h e  GO2 being re- 
l ea sed  from f o s s i l  f u e l s .  Even t h e  o rgan iza t ion  of t h e  Petroleum producers ,  
without  doing s o  because of C02, i s  g iv ing  s i g n s  of s e r i o u s  a t t empt s  t o  slow 
down t h e  e x t r a c t i o n  and use  of t h e  fossi.1. f l ~e l , ,  petroleum. 

Figure 3 i s  my diagram of a proposed, carbon cyc le  which i n d i c a t e s  a def.- 
i n i t e  p a r t i a l  movement of carbon from t h e  t e r r e s t r i a l  v e g e t a t i o n  through 
decay a n d , o x i d a t i o n  t o  t h e  seas thus  provid ing  a h y p o t h e t i c a l  source  f o r  
t h e  l a r g e  d e p o s i t s  of marine sediments of carbon and t h e  carbonate  rocks.  
Also ind ica t ed  i s  a .hypothe t ica l  r o u t e  f o r  t h e  r e t u r n  of t h e  carbon of 
those  rocks  t o  t h e  atmosphere through t h e  processes  of super impos i t ion  of 
a moving p l a t e  of t h e  e a r t h ' s  c r u s t  by ano the r ,  mel t ing  of t h e  rock w i t h i n  
t h e  e a r t h ,  followed by e j e c t i o n  ash  o r  l a v a  and C02 .from volcanoes.  That 
would l eave  open f o r  specu la t ion  t h e  p o s s i b l i t y  of p a s t  and f u t u r e  app rec i ab le  
v a r i a t i o n s  of C02 i n  t h e  atmosphere. 
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' ECOLOGICAL ISSUES ASSOCIATED WITH THE 

INTERPRETATION OF ATMOSPHERIC C02 DATA 

A r i e l  E. Lugo. and Sandra Brown 

I n s t i t u t e  of Tropical  Fores t ry  
and Center f o r  Wetlands, Universi ty of F lo r ida  

Estimates of whole ecosystem metabolism from atmospheric CO da ta  were 2 
made by Woodwell and Dykeman (1966) who cap i t a l i zed  on atmospheric invers ions  
t o  c a l c u l a t e  t o t a l  f o r e s t  r e s p i r a t i o n  r a t e s .  Ha l l  e t  a l .  (1975) used t h e  
extensive Mauna Loa d a t a  t o  es t imate  "net hemispheric metabolism". I n  these  
ca lcu la t ions  they corrected t h e  Mauna Loa d a t a  f a r  t h e  presumed C02 uptake by 
oceans and used t h e  seasonal  change i n  atmospheric C02 concentrat ion a s  a 
measure of net  C02 r e l e a s e  o r  uptake by t h e  vegetat ion.  Their  technique i s  
s i m i l a r  t o  es tabl ished procedures i n  limnology o r  t e r r e i t r i a l  ecology f o r  
analyzing dissolved oxygen o r  C02 exchange d i u r n a l  measurements. However, 
because o t  the  oceanic correc t ion applied t o  t h e  d a t a ,  t h e i r  ana lys i s  only 
r e f l e c t s  rhe u e t a b a l i m  of t e r r e s t r i a l  ecosystems. Furthermore, t h e i r  ana lys i s  
was l imi ted  i n  scope because it only looked a t  t h e  amitla1 cllal~ges i n  C 8 2  
uptake or  r e lease  and f a i l e d  t o  d i scuss  a number of ecological  i s s u e s  t h a t  
r equ i re  reso lu t ion  i f  we a r e  t o  make progress i n  t h e  i n t e r p r e t a t i o n  of g lobal  
ecosystem processes. I n  t h i s  paper we r a i s e  these  i s sues .  Atmospheric C02 
concentrat ion d a t a  a r e  not corrected f o r  oceanic exchange and t h e  da ta  a r e  
analyzed on a monthly bas i s .  By doing so ,  hemispheric metabolism is estimated 
with more resolut ion.  I n  t h e  ana lys i s  of r e s u l t s  we address quest ions about 
t h e  seasonal p a t t e r n s  of hemispheric metabolism, c o r r e l a t e  t h e  time of peak 
metabolic a c t i v i t y  with what we know from ecosystem measurements, examine t h e  
r a t i o  of C02 uptake t o  C02 re lease  by t h e  hemisphere a s  a whole, and examine 
t h e  d a t a  a s  one would examine C02 d iu rna l s  t o  see i f  the  magnitudes of C02 
uptake and re lease  check with those derived by o the rs  using d i f f e r e n t  method- 
o logies .  

Methods 
r 

Updated. atmospheric C02 concentrat ion d a t a  f o r  Mauna Loa and Point  
Barrow (obtained from Keeling a t  Scripps I n s t i t u t e  of Oceanography and from 
Komhyr a t  NOAA, Boulder, Colorado) and f o s s i l  f u e l  and cement production d a t a  
(Rotty 1979) were used. The period of record was 1959-1978.' Two graphs 
were constructed wi th  t h i s  , information: monthly r a t e  of change of C02 
concentrat ion i n  t h e  atmosphere and t h e  annual r a t e  of C02 ' re lease  and uptake 
a t  Manna Loa. T o  obta in  t h e  monthly r a t e  of 'C02 uptake o r  r e l e a s e  we  sub- 
t r a c t e d  'the mean monthly concentrat ion of Cop  a t  month m from t h e  mean monthly 
C02 concentrat ion a t  month mfl. Assuming t h a t  t h e  mean monthly C02 con- 
cen t ra t ion  occurred i n  t h e  middle of the, month, we then p l o t t e d  the  point  a t  



t h e  middle of month el. P o s i t i v e  r a t e s  of.cha,nge were p lo t t ed  below t h e  zero 
l i n e  representing net  r e l e a s e  of C02 (R) and negative r a t e s  of change w e r e  
p lo t t ed  above t h e  zero l i n e  representing ne t  uptake of C02 (U). Monthly 
changes i n  C02 concentrat ion were then,assumed t o  represent  t h e  course of 
uptake (U) o r  r e lease  (R) of C02 by p lan t s ,  animi ls ,  and microbes i n  t h e  
t e r r e s t r i a l  and marine ecosystems of t h e  Northern Hemisphere. The r a t e  of 
change.curve was then in tegra ted  t o  obta in  absolute  amounts,of C02 taken up o r  
re leased i n  t h e  hemisphere. The r a t i o  of C02 uptake (U) t o  C02 r e l e a s e  (R) 
was then ca lcula ted  by dividing t h e  i n t e g r a l  of t h e  corresponding por t ion of 
t h e  r a t e  of change curve. 

. . 

To produce t h e  graphs of t h e  annual C02 uptake and of the 'annual  C02 re- 
l e a s e  t rends  we used t h e  a reas  above (uptake) and below ( re lease )  t h e  zero 
l i n e  respec t ive ly  of. themonthly  r a t e  of change curves. The annual anthro- 
pogenic C02 input  from burning of f o s s i l  f u e l  and cement manufacturing was then 
subtrac ted  from each of the'  two annual curves t o  produce correc ted  annual 
CO uptake and r e l e a s e  curves. The cor rec t ion  assumed t h a t  anthropogenic C02 .2 
inputs  were evenly produced through the  year. However, s ince  t h e  C02 uptake 
t ' i m e  i n t e r v a l  was shor te r  (5 mo) than the  time i n t e r v a l  of C02 r e l e a s e  (7 yu) 
t h e  cor rec t ion  was g rea te r  f o r  t h e  r a t e  o f . r e l e a s e  curve. The corrected C02 
uptake and r e l e a s e  curves were taken a s  r epresen ta t ive  of t h e  biospheric 
metabolic a c t i v i t y . .  The annual secular  increase  i n  C02 was ca lcula ted  by sub- 
t r a c t i n g  t h e  C02 concentrat ion measured i n  January of y e a r . n  from the  CO 
concentrat ion measured i n  January of year n-tl. 2 

We did  not sub t rac t  t h c  C02 input  due t o  burning of n a t u r a l  vegeta t ion 
resu l t ing .  from such a c t i v i t i e s  a s  s h i f t i n g  c u l t i v a t i o n  and wild f o r e s t  f i r e s  
because controversy a s  t o  the. magnitude of t h i s  f l u x  s t i l l  e x i s t s .  Calcula- 
t i o n s  of the  ne t  input  from such burnings range f rom 1.5 x 1015 gC/yr (Wong 
1978) t o  2 2 x 1015 gC/yr (Se i l e r  and ~ r u t z e n  1980). However, i n  response t o  
c r i t i c i s m  by Fahnestock (1979), Wong (1979) recalcula ted  h i s  estimate of n e t  
C02 input  t o  t h e  atmosphere due t d  urning of vegeta t ion and produced a s ig-  
n i f i c a n t l y  lower value of 0.6 x 10'' gC/yr. 

The concentrat ion of C02, measured i n  u n i t s  of ppm, were converted t o  g 
carbon using t h e  method of Verniani (1966) which is .based on t h e  following 
equation : 

VM Mass of t h e  const i tuent  gas = (mass of atmosphere - mass of water vapor) - 
Ma 

where: V = volume % of gas i n  dry a i r  

M = molecular weight of gas = 12 gC/mole C O 2 ;  

Ma = molecular weight of dry a i r  = 29 g/mole 

Using t h e  above equation 1 ppm of COq is  equivalent  t o  2.118 x 



Results  and Discussion 

The northern hemisphere exh ib i t s  a heterot rophic  behavior (U/~=0.86) i f  
anthropogenic inputs  of CO a r e  not  subtrac ted  from t h e  annual r a t e  of uptake 
and r e l e a s e  curves (Fig. 15. Only during 1960 and 1962 d id  U=R. The reverse  
i s  t h e  case i f  t h e  anthropogenic C02.contribution is  deducted from t h e  C02 

. u p t a k e  and r e l e a s e  curves. For t h e  period of record,  U.was higher than R with 
t h e  exception of 1959 when R was s l i g h t l y  higher than U and 1969 when they 
were almost equal.  The U/R var ied  between 1.0 and 1.4 and averaged 1.2 (SE = 
0.02, n = 20; F ig .  1 )  . These r e s u l t s  a r e  d i f f e r e n t  from those  repor ted  by 
Ha l l  e t  al .  (1975) using d a t a  f o r  t h e  same s t a t i o n  f o r  t h e  period of 1959- 
1972. They found an U/R of 'about  1 but less than 1 i n  a t  l e a s t  t h r e e  occa- 
s ions .  The d i f fe rence  i n  values  is due t o  t h e i r  co r rec t ion  for oceanic up- 
take;and i n  t h e  method of ca lcu la t ing  U and R.on a seasonal r a t h e r ' t h a n  on a 
monthly bas is .  

The peak rate of C02 uptake ocr.i~red cons i s t en t ly  during August r i s i n g  
sharply  a f t e r  May and decreasing equally f a s t  by September o r  October. Thus, 
t h e  length  of t h e  growing season was 4 t o  5 months (Fig. 2) .  Release of C02 
exhibi ted  two maxima, during November and Apri l  ' (Fig. 2) . 

The monthly r a t e  of C02 uptake and r e l e a s e  i n  Mauna Loa a r e  compared with 
those  a t  Point  Barrow i n  Fig. 3 and Table 1 f o r  t h e  period of record f o r  which 
t h e r e  a r e  comparable data.  The timing o f . p e a k  U and R, t h e  length  of t i m e  f o r  
which e i t h e r  process p r e v a i l s ,  and t h e  amplitude of change are d i f f e r e n t  from 
each other .  The Mauna Loa s t a t i o n  e x h i b i t s  lower peak rates of U and R, t h e  
peak r a t e s  of U and R occur l a t e r ,  and t h e  period of U is longer while t h e  
period of R i s  shor ter .  A t  Point  Barrow, t h e  peak r a t e ' o f  C02 uptake genera l ly  
occurs i n  July ,  a month. e a r l i e r .  than a t  Mauna Loa, and t h e  peak rate of C02 
r e l e a s e  occurs i n  October o r  November. 

Assuming t h a t  these  d a t a  do r e f l e c t  hemispheric metabolism, t h e  following 
observations follow: 

I 

" hemispheric metabolism appears t o  be very steady over time and t h e r e  
i s  l i t t l e  v a r i a t i o n  i n  t h e  r a t e s  t h a t  have been measured; 

O i n  a l l  years  t h e  magnitude of U exceeds R but t h e  dura t ion of U is  
shor te r  than of R;, 

" the  da ta  do not  r e f l e c t  any se r ious  impact by de fores ta t ion  o r  o the r  
a l t e r a t i o n  of t h e  h a b i t a t  by h q n s  during t h e  l a s t  20 years ,  nor do 
t h e y . r e f l e c t  v a r i a t i o n s  t h a t ' c o u l d  be a t t r i b u t e d  t o  changes i n  any 
environmental f a c t o r ;  

O the  magnitude of ne t  ecosystem uptake (U) appears t o  increase  and 
. durat ion of ne t  ecosystem uptake (U) decrease with increas ing 

l a t i t u d e .  

Most authors have assumed t h a t  t h e  seasonal  v a r i a t i o n s  i n  atmospheric C02 
concentrat ion a r e  due t o  ecosystem a c t i v i t y  (Bolin and Bischof 1970, Hal l  e t  
a l .  1975, Junge and Czeplak 1968, Keeling et a l .  1976a and b,  Lowe et  a l .  
1979, Machta et  a l .  1977, Pales '  and   eel in^ 1965, and Woodwell e t  a l .  1973). 
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Fig. 1. Annual f l u x e s  of atmospheric carbon diox ide  a t  Mauna ~ o a .  See t e x t  f o r  d e t a i l s .  



Fig .  2. Hemispheric metabolism zs est imated from monthly rate of change of atmospheric C02 concen- 
t r a t i o n  a t  Mauna Loa f o r  t h e - p e r i o d  1959-1978. Net C02 uptake (U) i s  shown above t h e  ze ro  
l i n e  and n e t  C02 release (R) .is shown below t h e  ze ro  l i n e .  



Fig. 3 .  Monthly rate of change of atmospheric C02  concentration at  Point 
'Barrow and Mauna Loa monitoring stations for the period 1974-79. 
These curves are similar t o  those described in  Fig. 2 .  



Table 1. Mean annual  carbon d iox ide  uptake and uncorrected r e l e a s e  
r a t e s  f o r  Mauna Loa and P t .  Barrow. 1 S.E. i s  given i n  
p a r e n t h e s i s .  

Mauna Loa ' P t .  Barrow 
(1959-1977) (1974-1978) 

C02 r e l e a s e  (ppmlyr) 

C02 uptake (ppmlyr) 



However, the reasoning involved in this assumption is not always clear. For 
example, Machta et al. (1977) used net above ground biomass production data to 
show that seasonal changes in atmospheric C02 did indeed correspond with the 
changes expected to occur by the productivity of terrestrial ecosystems. 
However, this calculation is not ecologically sound because atmospheric data 
reflects net ecosystem metabolism (Hall et al. 1975, Woodwell et al. 1973). 
By ignoring ecosystem respiration and using net above ground biomass produc- 
tion data, calculations considerably inflate the role of terrestrial uptake of 
C02. Lowe et al. (1979) and Woodwell et al. (1973) confused C02 concentration 
with the rate of C02 uptake and release. Thus they incorrectly match peak 
atmospheric C02 concentrations with peak ecosystem activity. The confusion 
can be clarified with data from the Brookhaven Oak-Pine Forest for which we have 
the best available ecosystem gas exchange records. 

Hall et al. (1975) developed a model of terrestrial biospheric metabolism 
extrapolated from the behavior of the Brookhaven Oak-Pine Forest. Their 
analysis shows peak rates of C02 uptake during June and peak rates of C02 
release in December. The atmospheric C02 concentration data presented by 
Woodwell et al. (1973), however, show that the lowest C02 concentrations 
occured in September and the highest in December-January. Woodwell et al. 
(1973) commented that the largest decrease in C02 concentration occured "in 
the fall as photosynthesis in the northern hemisphere stores carbon". By 
calculating the rate of change from their Fig. 4, however, one finds that the 
peak rate of CO uptake occured earlier in the year (June-July as suggested by 1 Hall et al. 197 ) rather than in the fall as interpreted by Woodwell et al. 
(1973). Similarly, peak rate of C02 release occured between September and 
October. In this paper we are basing arguments on rate of change curves not 
on concentration curves. 

Data from the same forest summarized in Botkin et al. (1970) and in Woodwell 
and Botkin (1970) show that the.net primary production of plants remained high 
between June and September and peaked in July; stem respiration remained high 
between June and September. Both are out of phase with the atmospheric C02 
measurements of Woodwell et al. (1973). If we accept that atmospheric changes 
in C02 concentrations as measured at Mauna Loa are indicative of net ecosystem 
metabolism (Fig. 2 ) ,  it follows fromavailable data (Table 2) that individual 
ecosystem compartments are out of phase with the. metabolism of the whole eco- 
system. If this is true, the suggestion by Lowe et al. (1979) that oceans 
could be the hemispheric sinks of CO because the timing of plant growth did 
not match the timing of the late-falf trough of atmospheric C02 concentrations, 
is faulty because he is confusing rates of metabolism with concentration of C02 
and he is assuming that plant growth is in phase with net ecosystem uptake which 
is shown not to be the case for the Brookhaven forest. Thus his argument can- 
not be used to support oceanic waters as hemispheric sinks of carbon. 

There is not enough information on net ecosystem metabolism to resolve 
the question of the timing of peak metabolic activity of the biosphere as 
reflected by atmospheric C02 measurements. It is not clear from the few 
data for ecosystem compartments whether the metabolism of the whole ecosystem 
is or is not in phase with the behavior of its components (eg. plants or 
soil). Table 2 identifies periods of peak metabolic activity in compartments 
of northern hemisphere ecosystems as reflected in C02 exchange measurements. 
There is no clear relationship.with the peak metabolic rates of the hemisphere , 

(Fig. 3). This discrepancy appears to be more significant during the winter 



Table 2. Peak tietabolic activity of ecosystem compartments acd whole ecosystems in the northern hemisphere. 

Ecosystem Peak Net .COz Peak Net C01 F-eference 
Uptake (Month) Relsase (Lonch) 

Brookhaven 
Oak-Pine 
Forest 

Deciduous 
Forest 

Stems . - 
Producers July 
hiole ecosystem June-July 

Soil 

Various Temperate 
Forests Soil 

Fl.orida Fresh- Whole 
water Marshes ecosystem 

Florida Cypress 
Swamps 

Florida 
Mangroves 

Subtropical Dry 
Purest in Puerto 
Rico 

Subtropical Wet 
Forest 

Whole 
ecosystem 

Leaf 
production 

producers 

Canopy leaves 

August 

August 

June-Se?tsmber Wood~ell and - Eotkin 1970 
~e~tembor-0ctober Woodwell et al. 

1973. 

August . 

June-Jcly leiners 1968 

May Lugo et al. 1980 

September-November - 

March-June - 

Cowles 1976; 
Fiohrschutz et al. 
1980 

Pool et al. 1975 

Lugo et al. 1518 * 

Odum 1970 



peak of biospheric respiration. It may be that what limits our understanding 
of this issue is knowledge of the coupling between ecosystems and the atmosphere. , 

Holdridge (this volume) suggested an alternative hypothesis to explain 
the Mauna Loa data which, if true, invalidates the previous analysis. He 
suggested that the seasonal variations in .atmospheric C 0 2  concentrations 
reflected the annual variations in the temperature of the atmosphere and the 
corresponding expansion or contraction of the atmosphere. Yet, measurements 
at Mauna Loa and Point Barrow are corrected for local temperature and pressure 
induced changes in C02 concentration by continuously comparing air samples 
with standard gases exposed to the same local atmospheric pressure as the 
sample gas. 

If one accepts the analysis as we have done it in Figs. 1-3, the airshed 
of Point Barrow appears to be much more productive than that of Mauna Loa in 
spite of the fact that the Mauna Loa.station is reflecting ecosystems at lower 
latitudes that are known to be more productive than' the .northern ecosystem 
(Fig. 3, Table 1). This discrepancy was explained by Keeling et al. (1976b) 
by the large land areas of forests and grasslands in the higher latitudes 
relative to the lower latitudes of the Northern ~emisphere. However, there is 
still much to be learned about atmospheric mixing and where the air at Point 
Barrow originates and about the role of sea ice in the northern latitudes and 
their effects on patterns of atmospheric C02 concentrations (Ekdahl, personal 
communication). Atmospheric C02 concentration data from the South Pole, where 
temperature amplitude is also large, do not reflect auch an amplitude sf 
metabolism.as is observed in point Barrow. The lower amplitude at the South 
Pole is explainecl. on the basis of three possibilities: attenuated oscilla- 
tion from the northern hemisphere, lower terrestrial production, and/or oceanic 
influences (Lowe et al. 1979). The explanation as to why northern ecosystems 
would appear to be more productive than southern ecosys tems when data from 
Point Barrow are compared to data from Mauna Loa is not clear and this could 
in itself invalidate the use of atmospheric data to estimate hemispheric 
metabolism. 

Yet, the most troublesome ecological question raised by the analysis of 
the Mauna Loa data 'is the fact that the "apparent" hemispheric metabolism 
remains so constant over the period of record. In reality, the data reflect 
an increase in hemispheric CO uptake as can be deduced from the following 2 
analogy., In gas.exchange measurements of plants,the soil must be isolated 
because 'its C 0 2  production masks plant C02 uptake. If the C02  uptake of two 
identical plants is measured but the soil is isolated in one' and.not in the 
other, it would appear that the plant with the soil exposedwas taking up C02 
at a lower rate than the one with the isolated soil. In reality both'plants 
took the same amount of C02. At the global scale, anthropogenic production of 
C 0 2  is analogous to the.production of C02 by the soil and biospheric C 0 2  
uptake is analogous to plant C 0 2  uptake. Figure 1 shows that the rate of, 
anthropogenic C02 release has increased from slightly over 1 ppm/year to about 
2.5 ppm/year or over 150% in 2 0  years. In spite of this increase, the "ap- 
parent" rate of C02 uptake by the hemisphere has remained relatively constant 
even.though the current rate of anthropogenic C 0 2  addition is of the order of 
50% of the rate of hemispheric C02 uptake. If the seasonal change in C 0 2  
concentration measured at Mauna Loa was regulated by the biota 'rather. than 
physical forces as suggested by Holdridge (this volume), one would expect that 



i n  accordance with t h e  p lant -soi l  analogy, "apparent" hemispheric C02 uptake 
should have decreased in proport ion t o  t h e  r a t e  of anthropogenic input  of C02. 
The f a c t  t h a t  i t  did n o t ,  implies one o r  more of t h e  following: 

1. The biosphere is responding t o  C02 enrichment by increasing its 
ne t  carbon uptake. 

2. Holdridge i s  cor rec t  i n  h i s  a s s e r t i o n  t h a t  t h e  seasonal  amplitudes 
of C02 concentrat ions a r e  a r t i f a c t s  of measurement caused by atmos- 

. pheric temperature changes. 

3 .  The Mauna Loa da ta  does not r e f l e c t  the  a t t r i b u t e d  biospher ic  
processes. 

With regard t o  t h e  f i r s t  implicat ion it  appears improbable t h a t  t h e  biosphere 
can respond so f a s t  and t o  such a degree (20% increase  i n  1979 alone) t o  C02 
enrichment. If  t h e  f i r s t  impl ica t ion is incor rec t  and t h i r d  implicat ion is 
c o r r e c t ,  one must then disregard  a s i g n i f i c a n t  port ion of t h e  ecological  
a n a l y s i s  of t h i s  paper. However, even i f  Holdridge i s  c o r r e c t ,  it is  s t i l l  
poss ib le  t h a t  p a r t  of t h e  seasonal  v a r i a t i o n  is  due t o  b i o t i c  f a c t o r s  and t h a t  
t h e  biosphere i s  a s ink  of C02. These p o s s i b i l i t i e s  a r e  not incompatible with 
t h e  Holdridge e f f e c t .  For example, i f  t h e  seasonal  pulses a t  Mauna Loa were 
under t h e  con t ro l  of physica l  fo rces  only,  why do we get  a u/R r a t i o  g r e a t e r  
than one? 

The present  ana lys i s  of Mauna Loa d a t a  can be used t o  c a l c u l a t e  a balance 
of t h e  movement of C02 through t h e  biosphere using a d i f f e r e n t  approach than 
used before by physical  s c i e n t i s t s .  The balance is based on t h e  in tegra t ion  
of r a t e s  of change curves (Fig. 2) and i s  summarized i n  Table 3. The amount 
of anthropogenic GO2 taken up by t h e  biosphere is 50% which is wi th in  t h e  
range of 44-52% recen t ly  quoted by Broecker e t  a l .  (1979). Results  of ocean 
uptake modeling i n d i c a t e  t h a t  37% of t h e  f o s s i l  f u e l  C02 generated s ince  1958 
t o  t h e  present has been taken up by t h e  sea  (Broecker e t  a l .  1979). I f  Broecker 
et a l .  a r e  r i g h t ,  t h e  remaining anthropogenic C02 input  (about 13%) have 
probably been s tored i n  t h e  t e r r e s t r i a l  compartment of t h e  biosphere. 

The ana lys i s  of atmospheric C02 d a t a ,  i f  correc t  (sensu Holdridge), 
conveys t h e  concept of a system t h a t  funct ions  a s  a C02 s ink  a t  a s teady pace 
i n  s p i t e  of t h e  apparent s t r e s s o r s  introduced by humans. For example, i f  t h e  
e a r t h  is  being defores ted  a s  has  been suggested (Woodwell et  a l .  1978) why i s  
t h e  U/R s t i l l - g r e a t e r  than I ?  Perhaps t h e  r a t e  of de fores ta t ion  is  not occur- 
f ingas  f a s t  a s  suggested. Is it poss ib le  t h a t  humans a r e  simply c rea t ing  
successional  landscapes by s t imula t ing t h e  growth of secondary f o r e s t s  and 
eut rophic  oceans and these  systems i n  t u r n  sequester  t h e  carbon products of 
human act-ivity? O r  i s  t h e  r o l e  of t h e  biosphere a s  a s ink  masked by fo rces  
o the r  than b i o t i c ?  



Table 3. Carbon balance of atmosphere using Mauna Loa data from 
1959-1977. . . . ,. . ) . 

, I .  . . 

-- - 

Mean , 1 S. E. 

C02 release (ppmlyr) 6.25 

Anthropogenic inputa (ppmlyr) 1.84 

Corrected C02 release(ppm/yr) , 4.45 

C02 uptake (ppmlyr) 5.36 

C02 uptake - C02.release (ppm/yr) 0.92 
( d l -  (c) 

Secular rise (ppmlyr) 1.01 

Secular rise (g~x1015/yr) 2.15 

Anthropogenic input (g~x1015/yr) 3.83 

(Uptake-release) + secular rise 4.09 
(g)+(h) 

(k) % taken up by biosphere 50% 
(g) 1 (ij. 

a 
Rotty 1979 
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LIFE ZONES, LAW-USE, AND FOREST VEGETATIQN 

I N  THE TROPICAL AbTJl SUBTROPICAL REGIOPJS 

Joseph Tosi 

Tropical  Science Center 

The p robab i l i ty  t h a t  t e r r e s t r i a l  vegetat ion may c o n s t i t u t e  a s ink  or  a 
gateway t o  a s i n k  f o r  s i g n i f i c a n t  amounts of atmospheric carbon (Holdridge, 
t h i s  volume), must heighten our need f o r  a f a r  more accurate and de ta i l ed  
assessment of biomass, ne t  primary product iv i ty ,  l i t t e r f a l l ,  s o i l  organic 
mat te r ,  and t h e  l i k e  i n  t e r r e s t r i a l  ecosystems and, more e s p e c i a l l y ,  a s  ' 

these  r e l a t e  t o  the  major va r iab les  of t h e  n a t u r a l  and human-cultural en- 
vironment. 

I n  San JOS;, Costa Rica, we have been looking a t  t h i s  problem pr imar i ly  
from the  ecological  s ide .  By eco log ica l ,  I do not  r e f e r  t o  the  s p e c i f i c  on- 
s i t e  vegeta t ional  and organic mat te r  condit ions f o r ,  while these  a r e  obviously 
t h e  focus of i n t e r e s t ,  a g rea t  d e a l  more is already known about them than is 
known o r  has been recorded f o r  t h e  environmental circumstances upon which 
they depend. The l i t e r a t u r e  with biomass and product iv i ty  assessments f o r  
p l a n t  communities g ives  only a most general  geographic locat ion.  Many s t u d i e s  
and r e p o r t s  do provide a cursory statement of regional  cl imate and, perhaps, 
genera l  t e r r a i n  condit ions,  o r  t h e  biome o r  p lan t  formation may be named, but 
i t  is uncommon t o  encounter complete and quant i f ied  desc r ip t ions  of a l l  the  
s i t e  f a c t o r s  and land-use condit ions upon which the  character  and a c t u a l  
s t a t e  of the vegeta t ion,  a t  t h e  t i m e  of the  biomass and product iv i ty  measure- 
ments, were u l t imate ly  dependent. 

A s  f o r  i d e n t i f i c a t i o n  of t h e  p lan t  communities, the  s i t u a t i o n  of c las -  
s i f i c a t i o n  has been s i m i l a r l y  imprecise. P lan t  c b n i t i e s  a r e  named under 
a v a r i e t y  of genera l  terminologies, some phytosociological ,  some geographical,  
some ecological .  For none of these  a re  t h e r e  e i t h e r  quant i f ied  c r i t e r i a  o r  
has  the re  been general  agreement on dis t inguishing c h a r a c t e r i s t i c s  except i n  
t h e  most general  sense. The c l a s s i f i c a t i o n s  are mixed-factorial,  combining 
v a r i a b l e  mixes of terms f o r  usual ly  s a l i e n t  f e a t u r e s  of physica l  environment 
and vegeta t ion,  a s  f o r  ins tance ,  "evergreen seasonal  fo res t " ,  " t rop ica l  r a i n  
fo res t " ,  "dipterocarp-savanna woodland", "dry monsoon f o r e s t " ,  "middle t a i g a  
f o r e s t  on podzolic so i l s " ,  "herbaceous p r a i r i e  on meadow chernozem-like s o i l s " ,  
and o the rs  of l i k e  i l k  with which we a r e  a l l  too  f a m i l i a r .  Dif ferent  authors 
may employ d i f f e r e n t  terms f o r  t h e  same vegeta t ion o r  t h e  same term f o r  widely 
d ivergent  types of ecosystem. Lacking quant i f ied  o r  e a s i l y  quan t i f i ab le  c r i -  
t e r i a  and a gener ic  b a s i s ,  o r  even general  agreement on and employment. of a 
s i n g l e  system of nomenclature, t h e  r e s u l t a n t  p l o t  d a t a  a r e  d i f f i c u l t  t o  
evaluate  and compare as."ecosystem-types". .This problem is exacerbated by 
t h e  extreme l e v e l  of genera l i za t ion  which charac te r i zes  these  so-called clas-  
s i f i c a t i o n s .  When we consider how complex and var ied  t h e  n a t u r a l  environment 
may be i n  even a r e s t r i c t e d  l o c a l  a rea  and t h a t  t h i s  complexity may have been 



enhanced by t h e  e f f e c t s  of p a s t  and p re sen t  human i n t e r f e r e n c e ,  i t  becomes 
apparent  t h a t  t h e  independent v a r i a b l e s  i n  t h e s e  s t u d i e s  have been badly 
neglec ted  and t h a t  t h i s  de f i c i ency  must be co r r ec t ed  before  f u r t h e r  f i e l d  
work can y i e l d  t r u l y  worth-while r e s u l t s .  

Two methods f o r  sys temat ic  q u a n t i f i e d  c l a s s i f i c a t i o n  of ecosystems 
( a t  t h e  c l i m a t i c  l e v e l )  have e x i s t e d  s i n c e  t h e  middle of t h i s  cen tu ry .  
Holdridge 's  (1967) world L i f e  Zone system of e c o l o g i c a l  c l a s s i f i c a t i o n  w a s  
a c t u a l l y  publ ished i n  1948, t h e  same yea r  a s  Thornthwaite 's  e x c e l l e n t  modern 
c l a s s i f i c a t i o n  of world c l imates .  Nei ther  system has  been app l i ed ,  u n t i l  t h e  
p r e s e n t ,  t o  t h e  requirements  f o r  s i t e  and v e g e t a t i o n a l  c l a s s i f i c a t i o n  i n  eco- 
system p r o d u c t i v i t y  and biomass s t u d i e s ,  d e s p i t e  t h e  r a t h e r  obvious advantages 
f o r  c o r r e l a t i o n  that both possess  i n  t h i s  regard .  

1 L i f e  Zone C l a s s i f i c a t i o n  System 

I 
The Holdridge c l a s s i f i c a t i o n  and methodology i s  t h e  more e c o l o g i c a l l y  

comprehensive of t h e  two; hence i t  was chosen a s  a  framework f o r  our  exer-  
c i s e s .  Twenty-five yea r s  of f i e l d  t r i a l ,  p r o j e c t i o n ,  and ref inement  of t h e  

I o r i g i n a l  model have now given  u s  a  v e r y  workable t h ree - l eve l ,  h i e r a r c h i a l  
s y s t e n  capable of c l a s s i f y i n g  a l l  t e r r e s t r i a l  ecosystems of t h e  e a r t h  on a  
comparative, fu l ly -quan t i f i ed  b a s i s .  Moreover, t h e  diagram which models t h e  
f i r s t - l e v e l  L i f e  Zone o r  bioclimatic-vegetational r e l a t i o n s h i p  w i t h i n  t h e  
system permi ts  c o r r e l a t i o n ,  over  t h e  whole b i o c l i m a t i c  continuum of t h e  e a r t h  
wi th  both environmental and v e g e t a t i o n a l  f a c t o r s  f o r  a l l  a s s o c i a t i o n s  and 
t h e i r  succes s iona l  s t a g e s  of t h e  n a t u r a l  and c u l t u r a l  v e g e t a t i o n .  What t h i s  
imp l i e s ,  of course ,  i s  t h a t  t h e  system i s  p r e d i c t i v e .  Presuming t h a t  va lues  
f o r  some p o i n t s  on t h e  c h a r t  can  be obta ined ,  and t h a t  a  c o r r e l a t i o n  of some 
degree does e x i s t  w i th  major environmental v a r i a b l e s  a s  expressed i n  t h e  

9 diagram, then  unmeasured va lues  may be assigned by i n t e r p o l a t i o n .  S i m i l a r l y ,  
t h e  o rgan iza t ion  of t h e  model i t s e l f  f a c i l i t a t e s  deduct ions  a s  t o  t h e  probable 
types  and magnitudes of t h e  c o r r e l a t i o n s  t o  be expected.  One of our cu r r en t  
approaches i n  San JOS; i s  t o  at tempt  t o  c o r r e l a t e  e x i s t i n g  d a t a  on biomass 
and i t s  components, and on community p r o d u c t i v i t y  wi th  L i f e  Zones. I am go- 
ing  t o  d e s c r i b e  t h e  n a t u r e  and geographic a p p l i c a t i o n s  of t h e  system i t s e l f  
i n s o f a r  a s  t h e s e  r e l a t e  t o  modeling on a  r e g i o n a l  and world b a s i s .  

The f i r s t - h i e r a r c h i a l  o r  L i f e  Zone l e v e l  (Fig.  1 )  of t h e  c l a s s i f i c a t i o n  
e s t a b l i s h e s  a  q u a n t i t a t i v e  r e l a t i o n s h i p  between t h e  p r i n c i p a l  c l i m a t i c  v a r i -  
a b l e s  and t h e  major physiognomic f e a t u r e s  of t h e  a s s o c i a t e d  n a t u r a l  vege ta t ion .  
The r e l a t i o n s h i p  i s  expressed i n  terms of equally-weighted e c o l o g i c a l  d i v i -  
s i o n s  of t h e  wor ld ' s  c l i m a t i c  continuum, c a l l e d  L i f e  Zones, which appear on 
t h e  model diagramming t h e  theo ry  a s  a  s e r i e s  of hexagons s e t  o f f  by l o g a r i t h -  
m i c a l l y  s ca l ed  guide-l ines  f o r  s p e c i f i c  q u a n t i t a t i v e  ranges of long-term 
average annual b io tempera ture ,  p r e c i p i t a t i o n ,  and e f f e c t i v e  humidity w i t h i n  
what i s  termed t h e  c l i m a t i c  a s s o c i a t i o n .  Within t h e  limits f o r  t h e s e  v a r i a b l e s  
a s  i nd ica t ed  by i t s  hexagon borders ,  each L i f e  Zone d e f i n e s  a  d i s t i n c t i v e  s e t  
of p o s s i b l e  ecosystems, termed a s s o c i a t i o n s ,  which a r e  unique t o  t h e  given 
c l imate .  



DIAGRAM FOR THE CLASSIFICATION OF WORUI LIFE ZONES OR PLAM FORMATIONS 
by L.R. Holdridge 

Fig. 1. The Holdridge Life Zone diagram for  c lass i fy ing wor1d.plant.formations. 



The a s s o c i a t i o n ,  as t h e  second-hierarch ia l  l e v e l  i n  t h e  system, is  
def ined  a s  an a r e a  of land  which, under undisturbed n a t u r a l  cond i t i ons ,  
suppor ts  a  d i s t i n c t i v e  comm~~nity of l i v i n g  organisms, evolved f o r  adap ta t ion  
t o  a  s p e c i f i c  narrow range of a tmospheric ,  edaphic,  and hydro logica l  con- 
d i t i o n s .  An a s s o c i a t i o n  is  i d e n t i f i e d ,  i d e a l l y ,  from t h e  physiognomy of 
its mature,  evolved,  n a t u r a l  v e g e t a t i o n ,  bu t  i n  t h e  absence t h e r e o f ,  suc- 
c e s s i o n a l  s t a g e  vege ta t ion  o r  even edaphic and o t h e r  s i t e  f a c t o r s  may be 
used i n s t e a d .  Because t h e  sane combination of phys i ca l  condi t ions  nay 
r e c u r  worldwide, a s s o c i a t i o n s  a r e  n o t  def ined  o r  descr ibed  i n  terms of t h e  
f l o r i s t i c  dominants. Obviously, t h e  t a x a  w i l l  d i f f e r  from one biogeogra- 
p h i c a l  r eg ion  t o  another .  The a c t u a l  number, c h a r a c t e r ,  and landscape ar- 
rangement of t h e  a s s o c i a t i o n s  w i t h i n  any a r e a  of a  given L i f e  Zone w i l l  be  
determined by t h e  p a r t i c u l a r  combinations of geo log ica l  s u b s t r a t e ,  landform, 
s p e c i a l  atmospheric cond i t i ons  inc l cd ing  exposure,  d ra inage ,  and s o i l s  which 
e x i s t  t h e r e ,  bu t  a l l  of t h e s e  f e a t u r e s  except  bedrock geology w i l l  bear  t h e  
st an^ of t h e  b i o c l i m a t i c  i t s e l f .  Sy d e f i n i t i o n ,  no a s s o c i a t i o n  may occur  
i n  more than  one L i f e  Zone. 

T.3ile t h e  a s s o c i a t i o n  i s  a  r e l a t i v e l y  s t a b l e  u n i t  a s  a  s i t e ,  l o c a l  v a r i -  
a b i l i t y  i n  biomass and p r o d u c t i v i t y  may be introduced by long and short- term 
chav .~es  i n  t h e  v e g e t a t i o n a l  cover  and a s soc i a t ed  s o i l  and b i o t a  due t o  t e r r a i n  
evol.ution, n a t u r a l  d i s tu rbance ,  en-! t h e  d i s tu rbances  r e s u l t i n g  from hunt ing ,  
burning,  c u l t i v a t i o n ,  graz ing ,  t imber-cu t t ing ,  and o t h e r  human land-using 
activities. RecogaiCiou of lrlltl s u c c e ~ s i o n a l  scages of each s i n g l e  a s s o c i a t i o n ,  
which i s  accomplished at t h e  t h i r d  o r  mos t -de t a i l ed  l e v e l  of t h e  c l a s s i f i c a t i o n ,  
is  of s ? e c i a l  importance because land management a c t i v i t i e s  d e a l  p r i m a r i l y  wi th  
t h e  f ian ipula t ion  and c o n t r o l  of n a t u r a l  succes s iona l  p roces ses .  Each a s soc i -  
a t i o n  w i l l  have a  d i s t i n c t i v e  s e t  05 succes s iona l  s t a g e s ,  r a t e s ,  and components 
under n a t u r a l  cond i t i ons  and b r i l l  r e a c t  d i f f e r e n t l y  t o  manipulat ion and c o n t r o l  
of both n a t u r a l  and a r t i f i c i a l l y - imposed  vege ta t ions .  I n  t h e  eva lua t ion  of 
v e g e t a t i o n  f o r  biomass and p r o d u c t i v i t y  va lues  t h e r e f o r e ,  it is  important t o  
a s c e r t a i n  no t  on ly  t h e  L i f e  Zone and a s s o c i a t i o n  wi th  which one i s  d e a l i n g ,  bu t  
a l s o  t h e  succes s iona l  s t a g e  i n  i t s  r e l a t i o n  t o  t h e  mature,  n a t u r a l  climax s t a t e  
towards w h i c h . s u c c e s s i o n ~ . i s  proceeding.  From f a i l u r e  t o  meet t h i s  requirement ,  
t h e  d a t a  from much p a s t  r e sea rch  may have been i n c o r r e c t l y  i n t e r p r e t e d  i n  terms 
of r e g i o n a l  o r  world-wide e s t i m a t e s  of biomass and p r o d u c t i v i t y .  

i h i l e  any l and  s t a t i o n  i n  t h e  world 'can be r e a d i l y  c l a s s i f i e d  t o  L i f e  Zone 
from simple c l i m a t i c  d a t a ,  t h e  T rea t e r  va lue  of t h e  system is t h a t  it permi ts  
p r e c i s e  i d e n t i f i c a t i o n  and d e t a i l e d  f i e l d  mapping of L i f e  Zone d i s t r i b u t i o n s  
d i r e c t l y  from observa t ions  of t h e  n a t u r a l  mature and second-growth vege ta t ion ,  
and a!-so, from c u l t i v a t e d  v e g e t a t i o n  and of t h e  t e r r a i n  i n  which i t  occurs .  
Viewec! a s  a t o t a l  landscape,  t h e  physiognomy and l i f e  'forms of t h i s  vege ta t ion  
w i l l  be  d i s t i n c t i v e  f o r  each L i f e  Zone. Long-experienced observers  a r e  capable 
of d i s t i n g u i s h i n g  even t h e  s p e c i f i c  t r a n s i t i o n  zones which a r e  r ep re sen ted  by 
t h e  t r i a n g u l a r  areas between t h e  gu ide l ines  and t h e  hexagon boundaries  on t h e  
c h a r t .  This  c a p a b i l i t y  i s  made more o b j e c t i v e  by t h e  development of i n d i c e s  
re!-ating neasured a s p e c t s  of f o r e s t  and woodland physiognomy t o  ~ i f e  .Zone and 
a s s o c i a t i o n  (Holdridge 1962, 1967).  These i n d i c e s  and formulas a s  w e l l  a s  de- 
t a i l e d  d e s c r i p t i o n s  of v e g e t a t i o n  and s o i l s  a s  c o r r e l a t e d  wi th  t h e  L i f e  Zone 
pys t en  ( i n  t h e  t r o p i c s  and s u b t r o p i c s  p r i n c i p a l l y ) ,  provided i n c r e a s i n g l y  accu- 
r a t ebases  f o r  t h e  methodology. They make the,  system e s p e c i a l l y  va luab le  f o r  



both c l ima t ic  mapping and ecological  s i te  c l a s s i f i c a t i o n  i n  t h e  less-developed 
regions  where r e l i a b l e ,  long-term meteorological  s ta t ion-data  networks a r e  
usua l ly  sparse  o r  non-existent over extensive 1and.areas .  Many s t i l l - f o r e s t e d  
a r e a s  of t h e  world, t r o p i c a l  and otherwise, f a l l  i n t o  t h i s  . l a t t e r  category. 

Worldwide, more than 120 d i f f e r e n t  L i f e  Zones may be recognized. However, 
t h e  diagram sets no absolute  l i m i t ,  a s  we have encountered bioclimates which 
f a l l  wel l  outs ide  t h e  c l i m a t i c l i m i t s  of those given names both on t h e  dry and 
t h e  w e t  s i d e s  of t h e  char t  (Fig. 1 ) .  Of t h e  more common L i f e  Zones, however, 
t h e  g r e a t e r  number a r e  found i n  low l a t i t u d e s  where, near sea-level ,  f r o s t  o r  
c r i t i c a l l y  low temperatures do not  occur. These "tropical"  bioclimates a r e  
d i s t r i b u t e d  between two l a t i t u d i n a l  regions (repeated i n  each equa to r ia l  hemi- 
sphere):  t h e  Tropical  region with roughly 38 L i f e  Zones i n  seven a l t i t u d i n a l  
b e l t s  and e igh t  humidity provinces and t h e  Subtropical  region with 30 L i f e  
Zones i n  s i x  a l t i t u d i n a l  b e l t s  and seven humidity provinces. These two regions 
account f o r  almost 60 percent of a l l  L i f e  Zones and together  comprise what i s  
commonly termed t h e  "tropics" i n  other systems and nomenclatures. However, they 
a r e  s i g n i f i c a n t l y  d i f f e r e n t  as regions and t h e  Subtropical  region is ,  except f o r  
t h e  absence of cold-tolerant  p lant  species ,  i n  c lose r  a f f i n i t y  t o  t h e  Warm 
Temperate region,  with which i t  shares a b e l t  of hexagons, than with t h e  Tropical  
region. Fa i lu re  t o  have made t h i s  d i s t i n c t i o n  has been a continuing source of 
d i f f i c u l t y  i n  assigning ecological ly  meaningful geographic limits t o  t h e  t r o p i c s  
i n  vegeta t ional  and c l ima t ic  s tudies .  In  some of t h e  l i t e r a t u r e ,  including a 
recent  publ ica t ion by Rodin, Basi levich and Rosov (1975), t h e  Warm Temperate 
region of Holdridge's system i s  a c t u a l l y  termed "subtropical". This i s  equiva- 
l e n t  t o  taking t h e  subtropics  t o  t h e  l a t i t u d e  of New York Ci ty ,  but may be con- 
s i s t e n t  with Russian perception of " t ropical"  cl imates.  By way of comparison, 
f o r  t h e  "tropics1' a r e  commonlv believed t o  be c l ima t ica l ly  t h e  l e a s t  complex, 
t h e  Warm  emp per ate region inciudes 23 ,  t h e  Cool ~ e m ~ e r a t e -  region 16,  and'the 
Boreal region only 9 L i f e  Zones. L i f e  Zone maps r e v e a l  not only a g rea te r  
number and range of b iocl imat ic  types i n  t h e  t r o p i c s  and subtropics,but  a l s o  
a g rea te r  degree of both aggregate- and local ized-  c l ima t ic  d i v e r s i t y .  I n  Peru, 
a recent  updating of an e a r l y  reconnaissance-level map revea l s  t h e  presence of 
7 1  L i f e  Zones i n  two regions' alone. Such an extreme range of bioclimates i s  due 
in p a r t  t o  t h e  v a s t  north-south trending Andean mountain system, with i t s  marked 
r e l i e f ,  topographic, and orographic con t ras t s .  F ie ld  mapplng indicated t h a t  t h e  
Amazonian "rainforest" ,  which covers almost two-thirds of t h e  Peruvian t e r r i t o r y ,  
i s  c l i m a t i c a l l y  d ive rse  a s  w e l l ,  with some 12 Tropical  region and s i x  Subtropical  
region L i f e  Zones being . ident i f ied ,  i n  l o c a l l y  complicated p a t t e r n s ,  from t h e  
fores ted  eas tern  s lopes  of t h e  Andes t o  t h e  country 's  nor thern  and eas te rn  fron- 
tiers. Similar ly ,  a provis ional  map of Nigeria (Tosi 1968) based upon d a t a  from 
meteorological  s t a t i o n s  alone,  shows t h a t  within t h e  former co lon ia l  l i m i t s  of 
that country the re  a r e  a t o t a l  of 17 L i f e  Zones, two of which f a l l  i n t o  the  
Subtropical  region and t h e  remainder i n  t h e  Tropical .  

.. . .. The pronounced d i v e r s i t y  of bioclimates i n  Tropical  and Subtropical  regions 
i s  we l l - i l lus t ra ted  by t i n y  Costa Rica and Panama, each with 12 L i f e  Zones d i s -  
t r i b u t e d  i n  l o c a l l y  i n t r i c a t e  geographical pa t t e rns .  Holland, by comparison, 
has  only one L i fe  Zone and i n  t h e  e n t i r e  conterminous United S t a t e s  e a s t  of t h e  102 
meridian, only 10 have been mapped. The c h a r i c t e r i s t i c a l l y  more-unif orm c l imat ic  
p a t t e r n  of the  mid-and high- la t i tudes  is  t h e  product of predominantly f r o n t a l  
weather along broadly o s c i l l a t i n g  air-mass boundaries. A s i n g l e  major L i f e  Zone 



may, a s  a r e s u l t ,  extend unbroken over hundreds o f .  miles,  being in te r rup ted  
by o the r s  only when major r e l i e f  f e a t u r e s  lower temperature a t  higher e l e -  
va t ions .  I n  t h e  lower l a t i t u d e s ,  however, f ronta l - type  weather is uncommon 
o r  absent ,  being replaced by wet seasonal  convectional  dynamics a n d d r y  
season orography a s  t h e  p r i n c i p a l  mechanisms of p r e c i p i t a t i o n .  Recent s t u d i e s  
of t r o p i c a l  L i fe  Zone d i s t r i b u t i o n  i n d i c a t e  t h a t  even where r e l i e f  i s  subdued, 
a s  over extens ive  lowland p l a i n s  and upland p la teaus ,  modest l o c a l  inc reases  
i n  the  general  e l eva t ion  w i l l  be accompanied by markedly increased p r e c i p i t -  
a t i o n  and cloudiness.  The r e s u l t  is an o f t e n  s t r i k i n g  degree of loca l i zed  
c l ima t i c  v a r i a t i o n .  This reaches an extreme, of course, i n  mountainous a reas  
where one biocl imate r ep laces  another i n  banded series of narrow s t r i p s  some 
less than 1 km i n  width. Orographic " ra in  shadow" e f f e c t s  due t o  the  advective 
t r anspor t  of t h e  l a t e n t  heat  of condensation a r e  o f t e n  s o  pronounced t h a t  cool ,  
h ighly  humid, wet and r a i n  f o r e s t  L i f e  Zones on one exposure give way t o  h o t ,  
dry  thorn  woodlands and d e s e r t  bush L i f e  Zones a scan t  few kilometers  away. 
On t h e  extens ive  p l a i n s  and p la teaus ,  these  e f f e c t s  a r e  moderated but  no t  elim- 
inated .  Given the  b i a s  i n  loca t ing  weather s t a t i o n s  i n  the  r e l a t i v e l y  d r i e r  
v a l l e y s  and r i v e r s i d e  a reas  where human se t t lements  a r e  concentrated,  t h i s  com- 
p l e x i t y  has gone l a r g e l y  unnoticed by c l ima to log i s t s  and is not  represented on 
conventional p r e c i p i t a t i o n  maps. Average r a i n f a l l  condi t ions  over extended 
a reas  i n  the  t r o p i c s  have, a s  a consequence, been badly underestimated on such 
maps. 

Given the  d i v e r s i t y  .and wide range of b ioc l ima t i c  condi t ions  now d i s -  
cerned i n  the  lower l a t i t u d e s ,  t o  which we must add t h e  loca l i zed  complexity 
r e s u l t i n g  from d i f fe rences  i n  landform p o s i t i o n ,  s o i l s ,  drainage and t h e  l i k e ,  
i t  s tands  t o  reason t h a t  t h e r e  w i l l  be equal ly  gr,eat vege ta t iona l  d i v e r s i t y  
under undisturbed n a t u r a l  ' condit ions.  Because each L i f e  Zone and assoc ia t ion  
wi th in  a L i fe  Zone a r e a  is  d i s t i n c t i v e  a s  an environment, human development of 
landscape w i l l  be equal ly  d ive r se  and w i l l  have followed a d i f f e r e n t  h i s t o r i c a l  
pa t t e rn .  So it  is  l o g i c a l ' t o  conclude t h a t  few,.general izat ions can be made a s  
t o  biomass and p roduc t iv i ty  i n  these  two g r e a t  l a t i t u d i n a l  regions.  Y e t ,  a 
considerable number have been made. However, very l i t t l e  of ' the.  t r o p i c a l  en- 
vironment has  been subjected a s  ye t  t o  sound., .comparative study of i t s  corn- 
ponent vege ta t iona l  communities.. That is a t a s k  which, awaits  us.  

Land U s e  i n  Tropica l  and Subtropica l  Regions 
. . 

. . .  

The L i f e  Zone System has been applied t o  t h e  b ioc l ima t i c  mapping of much 
of t r o p i c a l  and sub t rop ica l  Centra l  and South America, except B r a z i l ,  t o  most 
of t h e  Caribbean I s l ands  except t h e  Lesser A n t i l l e s  and Cuba, t o  Mozambique 
and Timor, t o  p a r t s  of Thailand, and, on a provdsional  b a s i s  from c l i m a t i c  
da ta  alone,  t o  Aus t ra l i a ,  Nigeria, t h e  Mediterranean r e g i o n , . t h e  S t a t e  of 
Colorado, and the  e a s t e r n  hal f  of t h e  United S t a t e s .  The "tropics",  while 
rece iv ing the  g r e a t e r  p a r t  of the  more d e t a i l e d  mapping, a r e  s t i l l  f a r  from 
completed . 

An approach being t e s t e d  i s  d e t a i l e d  eva lua t ion  of vegeta t ion  cover con- 
d i t i o n s  and t r ends  i n  a few se lec ted  t r o p i c a l  and subtropical-region coun t r i e s  
f o r  which up-to-date and d e t a i l e d  L i f e  Zone maps a r e  a l ready ava i l ab le .  Data 



f o r  t h i s  e x e r c i s e  has  proven t o  be both d i f f i c u l t  t o  o b t a i n  and, f o r  many 
c o u n t r i e s ,  t h e  d a t a  has  proven t o  be u n r e l i a b l e  i n  many vary ing  degrees.  

A s  an  example, I have summarized t h e  f i n d i n g s  f o r  Costa  Rica,  f o r  which 
we w e r e  ab l e  t o  o b t a i n  r e l i a b l e  information.  

Table 1 shows t h e  gene ra l  r e l a t i o n s h i p  of L i f e  Zones t o  t o t a l  n a t i o n a l  
t e r r i t o r y  and t o  domography i n  t h e  f i v e  C e n t r a l  American r epub l i c s .  These 
d a t a  were obta ined  from t h e  o r i g i n a l  L i f e  Zone maps and from t h e  1960-1963 
census of populat ion.  The Table i l l u s t r a t e s  t h e  degree t o  which h i s t o r i c a l  
development and populat ion d e n s i t y  have been b iased  towards L i f e  Zones i n  
t h e  subhumid and humid provinces  and, among t h e s e ,  towards t h e  c o o l e r  e l e v a t i o n  
b e l t s .  Those L i f e  Zones wi th  t h e  ve ry  h ighes t  popula t ion  d e n s i t i e s  i n  each 
count ry  r e f l e c t  urban concen t r a t ions  which i n  t u r n  r e f l e c t  h i s t o r i c a l  a g r a r i a n  
se t t l emen t  tendencies .  I n  Costa  Rica and E l  Salvador t h e r e  a r e  marked urban 
concen t r a t ions  i n  t h e  Premontane (P-mf) and Sub t rop ica l  Moist Fo res t  (S-mf) 
L i f e  Zones which con ta in  t h e  n a t i o n a l  c a p i t a l  i n  each case ,  and most of t h e  
p r o v i n c i a l  c a p i t a l s .  I n  Guatemala, t h e  c a p i t a l  i s  loca t ed  i n  t h e  Sub t rop ica l  
Dry Fores t  (S-df) and t h e  p r i n c i p a l  p r o v i n c i a l  c i t i e s  a r e  a l l  l oca t ed  i n  t h e  
Lower Montane Dry Fores t  (IN-df) L i f e  Zone. The c a p i t a l  of Honduras i s  found 
i n  an upland v a l l e y  i n  t h e  Sub t rop ica l  Dry Fores t  bu t  is  surrounded by most ly 
Sub t rop ica l  Moist F o r e s t  i n  t h e  a g r i c u l t u r a l  a r e a s .  Two L i f e  Zones, t h e  
T r o p i c a l  Moist (T-mf) and Sub t rop ica l  ( o r  T rop ica l  Premontane) Wet Fo res t  
(SIP-wf) occupy approximately 54% of t h e  land a r e a  i n  C e n t r a l  America y e t  
t h e y  contained only about 10% of t h e  popula t ion  i n  t h e  e a r l y  1960's .  

Not only popula t ion ,but  a l s o  t h e  i n t e n s i t y  of economic a c t i v i t y  i n  
a g r i c u l t u r e  tend t o  be s t r o n g l y  concent ra ted  i n  t h e  L i f e  Zones c l u s t e r e d  on 
e i t h e r  s i d e  of t h e  u n i t y  l i n e  of humidity on t h e  c h a r t  (Fig. I ) ,  where mean 
t o t a l  annual r a i n f a l l  i s  equa l  t o  p o t e n t i a l  evapo t r ansp i r a t ion .  In  t h e s e  
L i f e  Zones, c l i m a t i c  and s o i l  cond i t i ons  a r e  most f avo rab le  t o  sus t a ined  
and product ive  a g r i c u l t u r a l  p roduct ion;  t hose  a t  h ighe r  e l e v a t i o n s  f o r  tem- 
p e r a t e  g r a i n ,  d a i r y ,  and green vege tab le  crops f o r  fami ly  s u b s i s t e n c e ;  and 
t h o s e  a t  lower,  warmer l e v e l s  f o r  t h e  t r a d i t i o n a l  p l a n t a t i o n  crops fnr 
expor t ,  a s  banana, o i l  palm, cacao,  c o f f e e  and, more r e c e n t l y ,  c o t t o n ,  r i c e ,  
and beef c a t t l e .  

I n  Table 2 ,  I have summarized t h e  f i n d i n g s  of Langham (1965) from a 
1964 sample s tudy  of land u t i l i z a t i o n  around t h e  Costa Rican v e g e t a t i o n '  
s tudy  sites of ~ o l d r i d g e ' . e t  a l . ' s  (1971) 1964-1967 work f o r  t h e  U.  S. Defense 
Department. Langham mapped land-use i n  d e t a i l  i n  a r e a s  ranging from 4-14 km2 
around each of 11 s tudy  p l o t  a r e a s ,  r e p r e s e n t i n g  10 d i f f e r e n t  L i f e  Zones. 
Humid L i f e  Zones a r e  c l e a r l y  p r e f e r r e d  f o r  c u l t i v a t i o n  of c rops ,  w i th  low-mid 
and mid-elevation temperature b e l t s  p r e f e r r e d  over  t h e  h o t t e s t  lowland b e l t .  
Extens ive  graz ing  is t h e  predominant u se  of farmland i n  t h e  lowland subhumid 
and humid provinces and intensively-managed pas ture land  f o r  d a i r y  product ion 
occupies  most of t h e  farmland i n  t h e  mid-elevation (Premontane) and h igh  
e l e v a t i o n  (Lower Montane and Montane) perhumid and superhumid L i f e  Zones. 
The percentages  of p a s t u r e  i n  t h e  mid- and upper-elevat ion b e l t s  correspond 
almost t o t a l l y  t o  d a i r y  product ion  which r e q u i r e s  g e n e r a l l y  w e t  and cool  a r eas .  



Table 1. Estimated population dens i t y  and a r ea  of L i f e  Zones i n  f i v e  c e n t r a l  American Republics. (Tosi and 
Voertman 1364). 

Guatemala Honduras Costa .Rita E l  Salvador 
L i f e  lonea 

T-vd f 

LM-d f 

s a f  

T-df 

N-mf 

L'I-mf 

SIP-mf 

T*f 

Average Pop. 26.1 
dens i t y  

To t a l  Area 108.9 114.1 1-33.7 5i.n 21.4 

a T Tropical ,  S = Subtropical ,  H = ltimtane, LP.I = Lower Montane, P = Premontane, 
df = Dry Fores t ,  mf = Moist Forest ,  wf = Wet Fores t ,  r f  = Rain Forest .  



Table 2 .  A t ~ a  i n  m a j o r  land use categories as  a percent of a l l  land i n  
Life Zone sample areas (af ter  Langham 1Ybbj.  

\ 

Life zonea Crop Land Pasture Land Forest or Brush. Misc.  and Use 

P-mf 

T-mf 

a T = Tropical, P = Premontane, M =Montane, LM = Lower Montane,. 
df = Dry Forest, m f  = Moist Forest, w f  = Wet Forest,  rf = Rain Forest. 



A t  t h e  time of Langhamls s tudy ,  t h e r e  was apprec iab ly  more f o r e s t e d  land 
i n  a l l  L i f e  Zones of Costa Rica than  a t  p r e s e n t ,  a s  we s h a l l  see i n  t h e  follow- 
ing  Tables ,  b u t  Table 2 does i l l u s t r a t e  t h e  p o i n t  t h a t  a g r i c u l t u r a l  s e t t l emen t  
and concommitant d e f o r e s t a t i o n  do not  proceed randomly, bu t  a r e  s t r o n g l y  
biased t o  s p e c i f i c  environments w i t h i n  even a smal l  t r o p i c a l  country. There- 
f o r e ,  t h e  h igh  temperature,  b a s a l  b e l t  lowlands from subhumid t o  perhumid, and 
w e t  and r a i n  f o r e s t  L i f e  Zones of mid-and upper -e leva t iona l  b e l t s ,  i n  t h a t  
o rde r ,  a r e  t h e  l a s t  t o  be en tered  by farmers.  I n  Costa Rica ,  t h e s e  r e -  
t a ined  t h e ' h i g h e s t  percentages  of fo re s t ed  land i n  t h e  a r e a s  sampled. A s  we 
s h a l l  s e e ,  however, even t h e s e  a r e a s  a r e  today being in te rvened  f o r  economic . 

development. 

Fores t  Vegeta t ion  i n  Costa  Rica 

Table 3 breaks  down f o r e s t  cover i n t o  pr imary and secondary f o r e s t  by 
L i f e  Zone as determined by Langhamls (1965) sample. T rop ica l  Montane Rain 
F o r e s t ,  ~ r o ~ i c a l  W e t  Fo re s t ,  T rop ica l  Premontane \Jet F o r e s t ,  and T r o p i c a l  
Premontane Rain Fores t  had t h e  h ighes t  percentages  of land  s t i l l  i n  f o r e s t  
and t h e  h ighes t  percentages  of primary f o r e s t  i n  t h e  a r e a s  he s tud ied .  I n  t h e  
moist and d r y  f o r e s t  L i f e  Zones, f o r e s t e d  and brush covered l and ,  as a per- 
centage of a l l  l and ,  c o n s t i t u t e d  not  only a lo&r perccntage of a l l  l and ,  but 
a g r e a t e r  propor t ion  of it was i n  a  secondary succes s iona l  cond i t i on  a s  a  
r e s u l t  of n a t u r a l  r egene ra t ion  on land abandoned from' a g r i c u l t u r a l  o r  graz ing  
use. 

I n  Table 4 I have compared t h e  b e s t  f o r e s t  cover  d a t a  f o r  t h e  period 
1971-1977 i n  o r d e r  t o  a s s e s s  t h e  d e f o r e s t a t i o n  r a t e  i n  Costa Rica. The L i f e  
Zone a r e a s  are taken  d i r e c t l y  from t h e  updated L i f e  Zone map of t h e  country 
(Tosi  1969). The f o r e s t  cover  d a t a  a r e  from T o s i  (1972),  based on o f f i c i a l  
a g r i c u l t u r a l  census f i g u r e s ,  and from Sylvander (1978),  based on aerial photo- 
graphic  i n t e r p r e t a t i o n  of t h e  v e g e t a t i o n a l  cover  i n  t h a t  same year .  L i f e  Zones 
wi th  s m a l l  t o t a l  land a r e a s  have been grouped. The r e s u l t s  i n d i c a t e  an average 
decrease  i n  t h e  f o r e s t  a r e a  of Costa Rica,  amounting t o  3%/yr  over  6 yr. The 
Food and A g r i c u l t u r a l  Organizat ion (FAO) est imated d e f o r e s t a t i o n  i n  Costa  Rica 
as 571.27 km21yr over  t h e  15-yr per iod  1961-1976, f o r  . a n  average of 2 .7%/yr ,  
which is a p r e t t y  c l o s e  f i t  t o  my estimate. Presumably t h e  annual  l o s s  would 
have been lower i n  t h e  decade 1960-1970.. 

What is  most i n t e r e s t i n g  i n  our  r e s u l t s  however, i s  t h e  v a r i a t i o n  i n  t h e  
d e f o r e s t a t i o n  r a t e  by L i f e  Zone. Among t h e  L i f e  Zones wi th  a  l a r g e  t o t a l  area, 
t h e  Trop ica l  Moist Fo res t ,  p r e f e r r e d  f o r  c a t t l e  ranching and commercial banana 
c u l t i v a t i o n ,  bu t  p r i n c i p a l l y  t h e  former i n  terms of a r e a  u t i l i z e d ,  l e a d s  a l l  
o t h e r s  w i th  7.6%/yr.  The Premontane W e t  F o r e s t ,  which i n  Costa  Rica occupies  
a l a r g e  t r a n s i t i o n a l  a r e a  a t  f a i r l y  low e l e v a t i o n ,  followed wi th  3.7%/yr and 
had t h e  nex t  l a r g e s t  t o t a l  de fo re s t ed  a rea .  Land c l e a r i n g  f o r  c a t t l e  product ion 
under ex t ens ive  ranching systems is  t h e  s o l e  b a s i s  f o r  d e f o r e s t a t i o n  i n  t h i s  
wet L i f e  Zone, a s  is  t h e  case  wi th  Trop ica l  Wet F o r e s t ,  t h i r d  on t h e  l i s t  i n  
abso lu t e  a r e a  but  wi th  only  2%/yr d e f o r e s t a t i o n  r a t e .  These-wet f o r e s t s  are 
s t i l l  comparatively i n a c c e s s i b l e  compared t o  t hose  of t h e  humid province.  I n  



Table 3. Percent fsresr euvcc by Lifc Zone (arlnpted from Langham 1965). 

Life zonea Total 'Forest Cover Primary Forest Secondary Forest Unclassified 

(%I 

'' T = Tropical, P = Premontant!, IM = Lower Montane, M = tBontane, 
df  = Dry Forest, m f  = Moist Forest, wf = Wet Forest, rf = Rain Forest. 



Table 4 .  Forest cover and estimates of deforestation in Costa Rica. 

Forest Colrer b 

Life zonea Total Area Area 1971 Area 1977 Deforestation 
(1=l2) (X (ion') (XI  (km21yr) (%loss/yr) 

TOTALS 

a T = Tropical, P = Premntane, LM = Lower Montane, M 5 Montane, 
d f . =  Dry Forest, mf = Moist Forest, wf  = Wet Forest, rf = Rain Forest. 

Areas in 1971 are from Tosi (1972) and i n  1977 f rorn Sylvander (1978) . 



Costa F.ica, t h e  Tropical  Dry Forest  is not  very extensive and most of i ts . 
f o r e s t s  were decimated i n  the  decade 1950-1960 following t h e  construction 
of t h e  Inter-American Highway, but it is  s t i l l  a popular a r e a  f o r  land- 
c lea r ing  (4%/yr) ,  now mostly f o r  t h e  conversion of formerly wooded summer 
grazing lands i n t o  open pas tures  and croplands. With :impending l a rge  i r r i g a -  
t i o n  p r o j e c t s ,  however, probably a l l  f o r e s t s  i n  t h i s  L i f e  Zone w i l l  be termin- 
ated i n  less than 20 yr .  

Wet and Rain Fores t  L i f e  Zones r e t a i n  t h e  most o r i g i n a l  f o r e s t  cover and 
may continue t o  do s o  i n  topographical ly broken and s t eep  regions where they 
a r e  now increas ingly  protec ted  i n  National  Parks and i n  Forest  Reserves de- 
creed t o  p ro tec t  water resources.. I f  it should turn out t h a t  these  f o r e s t s  
a r e  a l s o  those from which s o i l  carbon i s  leached t o  groundwater most r e a d i l y ,  
which would be reasonable t o  suppose, then the re  may be i n t e r n a t i o n a l  j u s t i -  
f i c a t i o n  t o  regu la te  land uses i n  these  L i fe  Zones. The Prenontane Rain 
Fores t  appears i n  the  d a t a  t o  have gained some f o r e s t  land i n  t h i s  period.  
This might r e s u l t  from a l l o c a t i o n  of a r e a  t o  d i f f e r e n t  L i f e  Zones i n  t h e  two 
surveys, but environmental condit ions a r e  so  severe t h a t  l i t t l e  colonizat ion 
takes  p lace  and, i n  such a reas  a s  a r e  entered,  t h e r e  i s  much subsequent aban- 
donment of f i e l d s  and pas tures  t o  second-growth succession. 

Refores ta t ion  has only recen t ly  become a popular a c t i v i t y  of s o r t s  i n  
Costa Rica, being t h e  consequence of conservat ionis t  o u t c r i e s ,  a f r e e  p ress ,  
and economic i n t e r e s t s  pressuring t h e  government i n t o  enacting a re fo res ta -  
t i o n  law grant ing generous f i n a n c i a l  inducements t o  l a rge  landowners f o r  
each hec ta re  successful ly  re fo res ted .  A s  can be appreciated from Table 5 and 
Fig. 2 and 3 ,  t h e  r e f o r e s t a t i o n  program is s t i l l  l a r g e l y  i n  t h e  planning s t age  
with a l a r g e  area  projected f o r  p lant ing i n  t h e  fu tu re .  P r i o r  t o  1979, the  
r a t e  of f o r e s t  p lan t ing  was n e g l i g i b l e ,  being estimated a t  no more than 100 
ha ly r .  Natural r e f n t e s t a t i o n  occurs a s  t h e  r e s u l t  of land abandonment, but 
it may be reversed with changing owners. 

Timber cu t t ing  f o r  lumber and plywood is  nut the p r i n c i p a l  cause of de-  
f o r e s t a t i o n  i n  Costa Rica, nor i n  most o the r  Centra l  and South American countr ies .  
However, it almost always a c t s  a s  a s t imulus t o  colonizers  who invade, c lean up, 
and sett le along roads constructed by loggers.  The indust ry  i s  not committed t o  
owning f o r e s t  land or  insur ing t h e  f u t u r e  of i t s  raw m a t e r i a l  supply. Over t h e  
l a s t  12 yr an average of e i g h t  new sawmills have been i n s t a l l e d  each year.  Table 
6 shows t h e  d i s t r i b u t i o n ,  capacity,  and raw mate r i a l  source by L i fe  Zone of 
the  cur ren t ly  e x i s t i n g  m i l l s .  The major i ty  of these  m i l l s  a r e  located i n  the  
Tropical  and Premontane Wet Forests .  Tables 7 and 8 show, respec t ive ly ,  the  
volume of wood en te r ing  these  m i l l s  by L i f e  Zone source and t h e  es t imat ion of 
t h e  quan t i ty  of wood a c t u a l l y  u t i l i z e d  from t h e  f o r e s t s  i n  terms of t h e  f o r e s t  
a r e a  a c t u a l l y  needed t o  supply t h i s  volume per  year. lJhen we compare t h e  a r e a  
required t o  provide t h e  annual supply of wood t o  t h e  sawmills (7,256 ha) with 
the  annual defores ta t ion  r a t e  (76,120 ha; Table 4) i t  becomes apparent t h a t  
less than one-tenth of t h e  f o r e s t  removed each year i s  providing a l l  wood 
u t i l i z e d  (except some fencing, firewood, and charcoal) including a l l  the  wood 
going i n t o  export (25,000 1 n 3 / ~ r ) .  Logs a r e  not  exported. The remainder is 
l e f t  t o  r o t  o r  is  burned i n  land c lea r ing .  



Table 5. Annual re fores ta t ion ,  by Li fe  Zones, i n  Casta Rica during 1979. 

Life  Zortes a 

Type of 
Ref ores ta t ion  T-df P a £  T-mf T-wf P-wf P-rf LM-wf IX-rf .TOTAL 

(ha) (ha) (%I 

A r t  i f  i c i a l  413 125 622 238 487 - . 2  . - 1,887 23 

Natural b 756. 258 800 1,305 1,445 1,445 142 . 123 6:,150 7 7 

TOTAL a - 
,-' 

a T = Tropical,  P. = Premontane LY = Lower Montane, 
df = Dry Forest,  mf = Moist Forest ,  wf = Wet Forest; r f  = Rain   ore st. 

. . 
From abandbnnknt of Iaiid. 



L i f e  Zone 

F i g .  2. The r a t e  of de fores ta t ion  and r e f o r e s t a t i o n  i n  Costa Rica f o r  
t h e  period 1971-77. 



,Fig. 3 .  The rate of a r t i f i c i a l  reforestation i n  Costa Rica 
for  the period 1974-79. 



Table 6 .  Distr ibution of sawmills by types and L i f e  Zo2es 1979. 

M i l l  El i l l  Average Total h'umber of Sawmills by Li fe  zonea 
Type Class Capacity - M i l l s  - 

Range 02 I t i l l  T-E~ T-wf T -wf LM-vf . LM-rf 
(m3 /day) (x3./day) 

TOTAL 

a 1 T = Tropical,  P = Premontane, TLM = Lower Montane, 
mi = Moist Forest,  wf  = Wet Forest ,  r f  Rain Forest.  

Supplied with wood from three L i f e  Zones, T m f ,  T-wf, P-wf. 



Table 7. Wood volume en te r ing  sawmills. 

M i l l  No. of capaci tya 'Vcilunie of 'Wood S a m  ' b t  'Life  ~ o n e b  TotaI 
Type M i l l s  f ind iv idua l  T. -mf T -wi P-wf LM-wf ZM-r f 

(m3/yr) (m3./yr) (m3/rr) 

TOTAL 217 80,886 171,462 253,062 10,200 11,220 526,830 

a 
It was presumed t h a t  m i l l s  worked a t  two-thirds capaci ty (Forest Service f igure)  and t h a t  
t he r e  was a 6 4 a y  work week, 51  weeks a year. 

T - Tropical;  P - Premontane, LM = Lower Montanc 
mf = Moist Fores t ,  wf Wet Forest ,  r f  = Rain Forest.  



Table 8. To t a l  wood harvested f o r  sawmilling and a r e a  required f o r  its 
production by L i f e  Zone. 

LIFE  ZONE^ Harvested Wood Est .  Wood Volume Area Required t o  
Actual ly Used Supply Wood Used 

(m3/yr) (m3/ha) (ha) 

T-mf , 80,886 60 1,348 

T-wf 

TOTAL 526,830 x' = 65 7,256 

a 
T = Tropical ,  P = Prbon tane ,  Dl = Lower Montane 

m t  = Moist Fores t ,  w f  = Wet Forest ,  r f  = Rain Forest.  



Fron t h e  foregoing,  i t  i s  apparent  t h a t  Costa Rica may be wast ing a 
tremendous oppor tuni ty  t o  i n d u s t r i a l i z e  on t h e  b a s i s . o f  i t s  f o r e s t s ,  
presuming c o r r e c t  land-use and i n t e n s i v e  management l i nked  t o  permanent 
and high-order i ndus t ry .  F a i l u r e  t o  do  s o  has  stemmed from ignorance of 
t h e  oppor tuni ty ,  t h e  o r i e n t a t i o n  of i t s  businessmen t o  r a p i d  turnover  of 
c a p i t a l  f o r  h igh  r e t u r n s ,  and t o  p r e s t i g e  a c t i v i t i e s  such a s  ranching.  
The North American market f o r  cheap beef i s  a major f o r c e  f o r  d e f o r e s t a t i o n  
and t h e  consequent l a c k  of modernization i n  t h e  f o r e s t  i ndus t ry .  However, 
t h i s  s i t u a t i o n  could s h i f t  r a t h e r  r a p i d l y  and t h e r e ' a r e  some s i g n s  now t h a t  
i t  may do so ,  wi th  two new f o r e s t r y  schools ,  a moratorium on new timber con- 
c e s s i o n s ,  a r e f o r e s t a t i o n  law, and conse rva t ion i s t  p r e s s u r e s  t o  s top  des t ruc -  
tion of f o r e s t s  i n  h igh  r a i n f a l l  a r eas .  From a 3%/yr  f o r e s t  a r e a  l o s s ,  Costa  
Rica could s h i f t  w i th in  a few yea r s  t o  t h e  r e v e r s e ,  w i t h  whatever l imi t ed  
e f f e c t s  t h i s  might have on t h e  world carbon cyc le .  

F7e cannot g e n e r a l i z e  t o  t h e  t r o p i c s  as a wlidle from c o s t a  Rica. Each 
country is s u f f i c i e n t l y  d i f f e r e n t  t o  warrant  a s e p a r a t e  a n a l y s i s ,  bu t  t h e s e  
ana lyses  w i l l  a l s o  r e q u i r e  t h a t  we r e l a t e  f o r e s t  covers  t o  L i f e  Zones i f  we 
hope t o  g e t  a c o r r e c t  a p p r a i s a l  of t h e  r e a l  s i t u a t i o n .  
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Introduction 

The t r o p i c s  contain about 50% of t h e  w o r l d ' s . f o r e s t s  (Unesco 1978) and 
according t o  most reviews (e..g. Olson e t  a l .  1978, Rodin and Bazilevich 1967, 
Whittaker and Likens 1973), t r o p i c a l  f o r e s t s  s t o r e  more organic matter  per  
u n i t  a r e a  'than most temperate or boreal  f o r e s t s .  Estimates of t o t a l  organic - 
matter  s torage  i n  t r o p i c a l  f o r e s t s  suggest t h a t  they a r e  extremely important 
a s  p o t e n t i a l  sources o r  s inks  of carbon i n  t h e  biosphere. Given t h e  many 
quest ions t h a t  a r e  s t i l l  unanswered about t h e  carbon budget of t h e  biosphere 
(e.g. Olson et  a l .  1978) it i s  imperative t o  have a b e t t e r  understanding of 
t h e  r o l e  of t r o p i c a l  f o r e s t s  i n  t h e  carbon balance of t h e  world. A p i v o t a l  
p iece  of information i n  most ca lcu la t ions  of t h i s  r o l e  is  t h e  amount of 
organic carbon s to red  i n  these  f o r e s t s .  Using organic carbon s torage  f igures  
s c i e n t i s t s  c a l c u l a t e  p o t e n t i a l  r a t e s  of r e l e a s e  of C02 a f t e r  burning o r  de- 
f o r e s t a t i o n  (Wong 1978 '  Woodwell et a l .  1978), r a t e s  of organic carbon turn- 
over (Olson e t  a l .  1978) o r  r a t e s  of organic carbon accumulation (Broecker 
et a l .  1979). 

The most o f t en  quoted es t imate  of organic carbon s torage  i n  t r o p i c a l  
f o r e s t  ecosystems i s  t h e  one by Whittaker and Likens (1973). These authors 
estimated t h e  amount of organic carbon s to red  i n  these  f o r e s t s  by f i r s t  estima- 
t i n g  t h e  a rea  of f o r e s t  lands using world maps and a number of miscellaneous 
sources of information including FA0 world f o r e s t  s t a t i s t i c s .  They then multi- 
p l i ed  these  f o r e s t  a reas  by es t imates  of p lan t  biomass derived mas-tly from Lie th  
(1975), Rodin and Basilevich (1967), and a number of o ther  sources,  none of 
which was an o r i g i n a l  source. An ana lys i s  of the  four  l i t e r a t u r e  sources used 
by Whittaker and Likens t o  es t imate  organic carbon s torage  i n  t r o p i c a l  ecosystems 
revea l s  t h a t  t h e i r  summaries a r e  based on a minimum of 13 o r i g i n a l  sources some 
of which repor t  root  biomass but  most repor t  only above ground biomass. They , 

grouped t r o p i c a l  f o r e s t s  i n  two categor ies :  t r o p i c a l  r a i n  f o r e s t s  and seasonal 
f o r e s t s .  

A less quoted attempt t o  es t imate  t h e  organic carbon s torage  i n  t r o p i c a l  
f o r e s t  ecosystems i s  t h a t  of Olson et  a l .  (1978) who used s i m i l a r  sources of . 
information a s  Whittaker and Likens but divided t r o p i c a l  f o r e s t s  i n t o  s i x  cate-  
gor ies  r a t h e r  than two. Olson e t  a l .  (1978) d i f f e r e n t i a t e d  between mois't, w e t ,  



dry ,  and montane f o r e s t s .  For t h e  c a l c u l a t i o n  of organic  carbon s t o r a g e  they  
added "dead organic  mat te r"  t o  " l i ve"  organic  ma t t e r  s to rage .  Olson e t  a l .  
(1978) a r r i v e d  a t  lower e s t i m a t e s  of t r o p i c a l  f o r e s t  a r e a s  and lower e s t ima te s  
of organic  carbon s t o r a g e  than  Whit taker  and Likens (1973). 

A more r e c e n t  estimate (Ajtay e t  a l .  1979). of t h e  organic  carbon s t o r a g e  
i n  t r o p i c a l  f o r e s t s  used t h e  same two c a t e g o r i e s  a s  Whittaker and Likens 
(1973) bu t  added mangroves a s  a t h i r d  category.  Thei r  sources  of in format ion  
f o r  p l a n t  biomass were s i m i l a r  t o  those  of W'hittaker and Likens wi th  a d j u s t -  
ments i n  l i g h t  of more r e c e n t  d a t a  der ived  mainly from IBP s t u d i e s .  The 
es t imated  a r e a s  of t r o p i c a l  f o r e s t s  used by Aj tay  e t  a l .  were cons iderably  
lower than  those  used by Olson e t  a l .  (1978) and by Whittaker and Likens (1973). 
They a r r i v e d  a t  an  e s t i m a t e  of organic  carbon s to rage  i n  t r o p i c a l  f o r e s t s  t h a t  
was lower than  e i t h e r  Olson e t  a l ' s .  o r  Whit taker  and Liken ' s  e s t i m a t e s .  

In ehfs paper  we have examined about 4 1  o r i g i n a l  sources  of information 
d e a l i n g  with p l a n t ,  l i t t e r ,  a n d . s o i l  o rganic  ma t t e r  o r  organic  carbon s t o r a g e  
i n  t r o p i c a l  f o r e s t  ecosystems i n  an  at tempt  t o  improve t h e  e s t ima te s  given by 
Aj.tay ,.et ::al. (1979), Olson e t  a l .  (1978) and by Whittaker and Likens (1973). 

Approach 

used t h e  L i f e  Zone system of Holdridge (1967) a s  t h e  conceptua l  frame- 
work on which t o  base e s t i m a t e s  of organic  carbon s t o r a g e  i n  t r o p i c a l  ecosystems. 
The f a c t  under ly ing  t h i s  a p p r ~ a c h ~ i s  t h a t  t r o p i c a l  f o r e s t  environments a r e  more 
d i v e r s e  t h a n  temperate or  b o r e a l  f o r e s t  environments and t h a t  each  type  of f o r e s t  
environment has  a n  i n t r i n s i c a l l y  d i f f e r e n t  capac i ty  t o  produce organic  m a t t e r .  
For example, of t h e  approximate 120 Li fe .Zones  i n  t h e  world, 68 a r e  t r o p i c a l  
g .  1 .  'l'he complexity and organic  nlatter pruduct iun of v e g e t a t i o n  v a r i e s  with 
L i f e  Zones and g e n e r a l l y  i nc reases ' t owards  t h e  wet t r o p i c a l  L i f e  Zones (Holdridge 
1967).  Thus, t h e  r o l e  of t r o p i c a l  f o r e s t s  r e l a t i v e  t o  t h e  carbon budget of t h e  
e a r t h  must be weighted according t o  t h e  r e l a t i v e  a r e a  of and organic  Earbon 
s t o r a g e  i n  t h e  v a r i o u s  t r o p i c a l  L i f e  Zones. The L i f e  Zone concept i s  used be- 
cause i t  has  u n i v e r s a l  a p p l i c a b i l i t y ,  i t  is  based on q u a n t i t a t i v e  c l i m a t i c  r e -  
l a t i o n s h i p s  us ing  informat ion  t h a t  is  normally a v a i l a b l e  f o r  most p a r t s  of t h e  
world, i t  is  an o b j e c t i v e  method f o r  c l a s s i f y i n g  environments,  i t  has  been used 
e x t e n s i v e l y  worldwide, p a r t i c u l a r l y  i n  t r o p i c a l  c o u n t r i e s ,  and it provides  t h e  
p o t e n t i a l  f o r  developing p r e d i c t i v e  equat ions  t o  f i l l  in format ion  gaps f o r  those  
L i f e  Zones f o r  which o rgan ic  ma t t e r  product ion  informat ion  is  not  a v a i l a b l e .  
Our approach cons i s t ed  of t h e  fo l lowing  s t e p s :  

O d e f i n i t i o n  of t h e  t r o p i c s ;  

0 summary of t h e  world e s t i m a t e s  of l and  and f o r e s t  a r e a s  i n  
t r o p i c a l  c o u n t r i e s ;  

0 c l a s s i f i c a t i o n  of t r o p i c a l  land and f o r e s t  a r e a s  i n t o  L i f e  Zones; 

0 summary of o rgan ic  ma t t e r  o r  organic  carbon s t o r a g e  informat ion  f o r  
t r o p i c a l  ecosystems us ing  o r i g i n a l  source m a t e r i a l s ;  
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Fig. 1. Diagram f o r  t h e  c l a s s i f i c a t i o n  of World L i f e  Zones.   he numbers :a, 4a ,  5 a ,  4 ,  and 5 
.. r ep re sen t  a grouping of L i f e  Zones a s  d iscussed  i n  t h e  t e x t .  



" des igna t ion  of L i f e  Zone t o  each ecosytem f o r  which d a t a  . a re  
a v a i l a b l e  ; . 

0 m u l t i p l i c a t i o n  of average o rgan ic  carbon s t o r a g e  e s t i m a t e s  f o r  
each L i f e  Zone by t h e  a r e a  of t h a t  L i f e  Zone i n  t h e  t r o p i c s ; '  and 

0 a d d i t i o n  of t h e  L i f e  Zone's organic  carbon s t o r a g e  e s t ima te s  t n  
o rde r  t o  a r r i v e  a t  a weighted e s t i m a t e  of o rgan ic  carbon s t o r a g e  
i n  t r o p i c a l  £.orest ecosystems. 

The e s t i m a t e s  given i n  t h i s  paper  a r e  pre l iminary  because we have not  
exhausted a l l  t h e  sources  of in format ion  and because our e s t i m a t e s  of L i f e  
Zone a r e a s  a r e  y e t  t o  be completed. D e t a i l s  of c a l c u l a t i o n s  a r e  given i n  t h e  
t e x t  and t a b l e  foo tno te s .  

R e s u l t s  

D e f i n i t i o n  of t h e  Tropics  

The d e l i n e a t i o n  of t r o p i c a l  l ands  by t h e  geographic l i m i t s  s e t  by t h e  
t r o p i c s  of Cancer and Capricorn i s  convenient  and expedient .  However, eco- 
systems wi th  t r o p i c a l  a t t r i b u t e s  may be found beyond t h e s e  geographic l i m i t s  
due t o  t h e  environmental cond i t i ons  t h a t  p r e v a i l  where they  grow. Environ- 
mental  g r a d i e n t s  of s o l a r  energy i n p u t ,  l i g h t  p e r i o d i c i t y ,  temperature,  
mo i s tu re ,  and wind c o n t r i b u t e  t o  t h e  l a t i t u d i n a l  g r a d i e n t s  of v e g e t a t i o n  t h a t  
t y p i f y  our  p l ane t .  T r o p i c a l  ecosystems e x i s t  a t  one extreme of t h e s e  l a t i t u d i -  
n a l  environmental g r a d i e n t s .  Of a l l  t h e  environmental f a c t o r s  t h a t  are in-  
vo lved ,  f r o s t  i s  perhaps t h e  one t h s t  s e p a r a t e s  t h e  l a r g e s t  number of spec i e s .  
Lowland t r o p i c a l  s p e c i e s  are no t  f r o s t  r e s i s t a n t  and t h e  distribution of many 
lowland t r o p i c a l  t a x a  show sharp  l i m i t s  a long t h e  t r a n s i t i o n  between l o c a t i o n s  
where f r o s t  occurs  and f r o s t - f r e e  environments.  For t h i s  reason  we use  t h e  
occurence of f r ' o s t  i n  t h e  lowlands a s  a secondary i n d i c a t o r  of t h e  t r o p i c a l  
environment (Fig. 2 ) .  Use of t h i s  d e f i n i t i o n  enab le s  much of I n d i a  t o  be 
included i n  t h e  t r o p i c s .  

From t h e  map i n  F i g .  2 we  a r r i v e d  a t  a t o t a l  of 89 c o u n t r i e s  geographica l ly  
d i s t r i b u t e d  a s  fo l lows:  A f r i c a  42 c o u n t r i e s ,  C e n t r a l  America 17 coun t r i e s , '  
South America 10  c o u n t r i e s ,  A s i a  12 c o u n t r i e s ,  and Oceania 8 c o u n t r i e s .  

Es t imates  of Land and F o r e s t  Areas i n  T rop ica l  Count r ies  

Four woxld summaries of land and f o r e s t  a r e a s  were a v a i l a b l e  t o  us .  The 
e a r l i e s t  one was by Zon and Sparhawk (1923),  followed by Persson  (1974), 
Sommer (1976), and Unesco (1978). The t h r e e  recent '  world summaries g e n e r a l l y  
d i v i d e  f o r e s t s  i n t o  c losed  f o r e s t s  ( f o r e s t  canopy covers .more than  20% of t h e  
ground su r f ace )  and open f o r e s t s  ( f o r e s t  canopy covers  5-20% of t h e  ground 
s u r f a c e ) .  Persson (1974) adds sc rub  and brushland a s  a r e s i d u a l  ca tegory  s i n c e  
t h e  a r e a s  concerned o f t e n  have f o r e s t  c h a r a c t e r i s t i c s .  Summaries of in format ion  
a r e  given by country i n  Table 1 and by con t inen t  i n  Table 2. A cu r so ry  a n a l y s i s  
of t h e  informat ion  shows t h a t :  

& 
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-Fig. 2.. ,Map o f '  world showing t h e  loca t ion  of t h e  f r o s t - l i n e .  The d e f i n i t i o n  of t h e  t r o p i c s  t h a t  we used is  t h e  

a r e a  between t h e  Tropics  of Cancer and Capricorn p lus  any a rea  between the  Tropics  of Cancer and Capri- 
corn and t h e  f ros t - l ine . .  



Table 1. Summary of f o r e s t  a r e a s  f o r  i xd iv idua l  t rop ica l .  c o u n t r i e s  a s  given by t h r e e  d i f f e r e n t  f o r e s t  
i nven to r i e s .  

Area of Country . T o t a l  Area of A l l  F o r e s t s  Percent  of Land Area 
Covered By Fores t  

Zon and Persson Unesco Zon and Persson Unesco Zon and P.ersson Unesco 
Sparhawk 

3 .  2 (19 km ) 
Sparhawk 

3 -  2 (10 km ) 

AFRICA 

Angola 

Ben i n  

Botswana 

Burundi 

Cameroon 

C.A.E. 

Chad 

Equat. Suin.  2 5 .- 7 R - 3 0 

E t h i o p i a '  909 1,222 1,220 

Gabon - ' 268 270 ' 

Gambia 11 . 11 10  

Ghana 207 239 240 

- Guinea 260 246 250 



Table 1. (continued) . 

Area of Country To ta l  Area of A l l  Fores ts  Percent  of Land Area 
Covered By Forest  

Zon .and persson Unesco Zon and Persson ~ n e s c o  Son and Persson Unesco 
' . 

Sparhawk Sparhawk Sparhawk 
(103km2) (10 3 kn-~ 2 (%I 

Guinea Bissau 

Ivory Coast 

Kenya 

Liber ia  

Madagascar 

. Malawi 
' \  

.Mali 

Mauret an ia  
I 

Mauri t ius  - 2 20 - 0.3 20 

Mozambique 1,103 783 780 7 6 665 40 

Namibia - 494 - - 100 - 

Niger - 1,267 1,270 - 160 - 
Niger ia  870 924 920 566 344 310 6 5 3 7 

3 3 Reunion - 0 1 - I 40 

Rhodesia 395 389 390 237 238 220 6 0 61 

Rwanda 



Table 1. (continued).  

Area of Country To ta l  Area of A l l  F o r e s t s  Percent of Land Area 
Covered by Fores t  

Zon and Fersson Unescz Zon and Persson Unesco Ton and Persson Unesco 
Sparhawk Spar hawk . Spzrha~rk 

(lo3k& ( 1 03 .kJ  ) ( X I  

Sao Tome . - 1 - - - - - - - 

Senegal 190 196 200 4 4 5 120 2 2 8 60 

S i e r r a  Leone ' 88 7 2 7 0 1 4 5 0 1 5 100 - 
Somalia 184 633 640 2 1W2 3E.O . 1 ' 2 9' 5 6 

Sudan 3,541 2,506 2,510 2 8 4 20 130 1 17 5 

Tanzania 1,024 94 0 95 0 3 9 390 7CO 4 42 74 

Togo 8 8 5 6 60 1 3 6 5 0 2 64 83 

Uganda 240 236 240 4 19 30 2 8 13  

Upper TJolta - 274 270 - 10 50 - 4 19 

Zai re  2,358 2;345 2,350 729 1,800 1,200 31 7 7 5 1 

Zambia . 754 753 750 45 2 373 370 60 5 0 49 

TOTAL 16,688 22,659 22,150 3,145 5 ,24.5 7,340 19 3 7 3 3 

ASIA 

Bangladesh - 143 - - 23 - . - 16 - 



Table 1. (continued) . 

Area of Country To ta l  Area of A l l  Fores ts  Percent  of Land Area 
Covered by Fores t  

Zon and Persson Unesco Zon and Persson Unesco Zon and Persson Unesco 
Sparhawk Sparhawk Sparhawk 

( 1 0 % ~ )  (lo3&) (x) 

Brune i - 6 10 - 6 10 . - 9 6 1.0 0 

Burma 678 470 181 450 270 66 5 7 
) 1 

Ind ia  > 2,830 2,153 1,720 872 648 470 35 3 0 2 7 

Indonesia 2,142 1,904 1,900 940 859 1,220 4 4 4 5 6 4 

Kampuchea Dem. 168 18 1 18 0 40 132 130 2 4 7 3 7 2 

Laos 272 237 240 9 5 148 150 35 63 63 

Malaysia 13  6 13 1 340 91 8 1 240 6 7 62 7 1 
I 

Sabah 8 0 7 6 - 7 7 6 0 - 9 6 7 9 60 

Sarawak 109 125 - 8 7 9 5 - 8 0 7 6 - 

Phi i ipp  ines  311 300 300 155 127 180 50 4 2 - 
S r i  Lanka 66 6 6 7 0 5 3 24 40 80 37 5 7 

Thailand 630 5 14 5 10 14 2 290 310 . 23 56 6 1 

Vie t  Nam 311 333 . 3 30 116 7 5 14 0 3 7 2 3 . 42 

TOTAL 7,055 6,846 6,070 2,848 3,018 3,160 4 0 4 4 5 2 



Table 1. (cont inued) .  

- - - - - - - 

Area of count ry  T o t a l  Area of A l l  ForeGts Percent  of Land Area 
Covered by Fores t  

Zon and Persson Vnescc Zon and Persson Unesco Zon and Persson Unesco 
Spar hawk Sparhawk Sp arhawk 

(103 h 2 j  (1o3>km2) ( x )  

CENTRAL AMERICA 

12 11 - 2 3 - 13 28 - Bahamas 

Bel ize  - 21 23 20 16  2 0 20 7 5 87 i00  

Costa Rica 4 8 5 1 5 0 36 2 2 40 75 43 9 0 

Cuba 114 115 110 5 3 '16 20 46 14 18 

Domin. Rep. 5 0 49 50 3 9 11 .20 7 7 23 4 0 

El  Salvador 2 1 

Guadeloupe 3 2 - 0.3 . 1  - 12 3 8 - 
Guatemala 125 109 1 I 0  8 1 6 5 7 0 6 5' 60 6 4 

H a i t i  2 9 28 20 17 2 - 6 0 7 0 
- .  

Honduras 120 112 110 96 7 0 7 0 80 6 3 6 4 

. Jamaica I1 11 BO 

Mart inique - 1 - 

Mexico 993 98 6 8 50 . 225 350 160 23 3 5 19  

Nicaragua 128 13  0 150 9 1 6 4 70 71  49 4 7 

Panama 84 7 6 E- 0 50 41  50 60 54 6 3 



Table 1. (cont inued) .  

Area of Country To ta l  Area of A l l  Fo re s t s  Percent  of Land Area 
Covered by Fores t  

Zon and Persson Unesco Zon artd Persson Unesco Zon and Persson Unesco 
Sp arhawk Sp arhawk 

(103kn2) (lo3km2) (XI  

Puer to  Rico 9 9 .  10 2 2 - 20 17 - 

Trin idad  5 5 10 3 2 - 59 46 - 

TOTAL 1,773 1,745 1,610 717 689 520 4 1  39 3 2 

OCEANIA 

A u s t r a l i a  2,079' 2,539. 

F i j i  19  18 

New Caldeonia 18 19 

New Eebr ides  14 15 

Papua-New 
Guinea 468 462 

Samoa 3 3 

4 4 28 - Solomon Is. 22 2 6 - 5 0 86 - 
Hawaiian Is. 17 - - 4 .  - - 2 5 - - 

. . 

':TOTAL , 2,661 3,086 2,980 658 901 ' 480 25 29 16  



Table 1. (cont inued)  . 

Area of Country T o t a l  Area of A l l  F o r e s t s  Percent  of Land Area 

Zon and Persson  Unesco 
Sparhawk 

.(103-h2 

Covered by Fo re s t  
Zon and Persson  Unesco Zon and Persson Unesco 

Sparhawk 
(2 :a 

SOUTH AMERICA 

Bol i v a  1,332 1,099 1.100 518 500 450 '3 9 46 4 1 

B r a z i l  8,520 8,512 7,900 4,047 3,200 4,660 48 3 8 5 9 

Colombia 1,228 1,140 1 ,140  607 780 650 54 68 57 

Ecuador 307 284 280 233 181  2 20 76 6 4 7 9 

Fr .  Guiana 87 91  9 0 85 8 6 7 0 9 8 9 5 78 

Guyana 232 2 15  2 10  202 18  2 190 , .87 .85 90 

Paraguay 313 407 200 150 210 150 58 5 2 7 5 

Peru 1,770 1,285 1 , 2 9 0  907 650 700 5 1 51  54 

, Suriname 119 163 160 107 148 12 0 90 91  7 5 

Venezuela 1,019 912 9 1 0  420 480 480 41  5 3 .5 3 

TOTAL 14,823 14,106 13.280 7,275 6,418 7,690 4 9 45 5 8 



Tab19 2. S:mmsry 05 .rhe trcpiccz? farcst arpas givr?;l i n  the dfffsrent 
estimates. 

! t?Prica Ce:iiral Soufh Asia  Oca8,nis T G C ~  
hsricc:  AsorFca 

Land srea i.n t.rqi.cs: --------..-.- ----. 

Zbn an*. $xir.tlawlr. 1923 

Persson 1974 

SOWPL. i976 

Ut~escc 197E 

m r C t d  Srt?x of ~ O Y F L . G ~ S :  -.--------- 

Zou snd Sparbawk '1;020 

Perssor. 1974 

Sorc:r.er 1916 . 

t'nesco 1978  

.-A 

Area .closed fo res ts  : ----..---.--.--.-.- 

Zen and Sp,?;:lras~k 1929 ' 

Persson I974 

Area open woodlar~as and 
-scrubb: - ----. --. . . . .. 



Table 2. (cont inuei!) . 

Units Afr ica Cent ra i  So~tth Azia Occenjz Tota l  
America her-Lea 

Closed f o r e s t  t o  t o t a l  
l a r ~ d  : --- -- 
Zon a~rd  Spzrhawk 1923 2 - - - - - - 
Persson 1974 h 

I* 8 32 35 37 3.6 2 2 

Some= 1976 Z 18 2?. . 34 27 13 25 

Unesco 1978 0 
I0 '6 55 - ' 3 4  - .- 

%en fo re s t  and a c r ~ b  t o  
t o t a l :  .----- 

Zon and Spart.awk 1.92 3 Y: - - - - - - 
Persson 1974 % .  28 8 10 7 13  18 

Smmer 1976 X - - - . -  - - 
, 

Unesco 1978 Z 27 - 3 .  18 - - 

* 
Ily di f fe rence  betwzcr, t o t a l  and closed f o r e s t  a reas .  

a 11 Closed fores t" :  3 and v i t h  t r e e s  whose ,crowns cover: nore than 20% of t he  area 
(Perssoq 19741.. 

"Open fo ra s t "  and "sr;.r:lbll : land wi th  t r e e s  whosz crc,r<ns cover 5-20% of t he  
a r ea  and resir?ual cat.egor:i, respec t ive ly  (Yersson 1974). 



0 t h e  a r e a  of t h e  t r o p i c s  given by t h e  fou r  world summaries a r e  
s i m i l a r  t o  each o t h e r  w i th  t h e  except ion  of Sommer's e s t ima te  
which is  about  20% lower than  t h e  o t h e r  t h r e e ;  

0 t h e  t h r e e  r ecen t  world summaries r e p o r t  s i m i l a r  a r e a s  of t r o p i c a l  
f o r e s t s ,  bu t  t h e  e a r l y  summary of Sparhawk and Zon g ives  a 20% 
lower e s t i m a t e  of t r o p i c a l  f o r e s t s  t han  the  o the r  t h r e e .  Does 
t h i s  mean t h a t  t h e  a r e a  of t r o p i c a l  f o r e s t s  h a s  increased  s i n c e  
t h e  e a r l y  p a r t  of t h i s  century  o r  does i t  mean t h a t  t h e  r e c e n t  
i n v e n t o r i e s  a r e  more complete? 

. A f r i c a  c o n t r i b u t e s  t h e  l a r g e s t  land a r e a  t o  t h e  t r o p i c s  followed 
by Cen t r a l  and South America and Asia and Oceania (Persson 1974, 
Unesco, 1378) ; 

O A f r i c a  and Cen t r a l  and South America have t h e  l a r g e s t  f o r e s t e d  
areas which are about equa l  i n  s i z e  (Persson 1974, Unesco, 1975),  
however, Sommer's (1976) estimate shows t h a t  Af r i ca  c o n t r i b u t e s  
t h e  l e a s t  amount of f o r e s t e d  a r e a ;  

0 t h e  h ighes t  e s t i m a t e  of c losed  f o r e s t e d  a r e a s  was repor ted  by 
Unesco (1978),  and t h e  lowest  es tcmate  by Sommer (1976). Persson ' s  
(1974) e s t i m a t e  is  approximately mid-way between t h e s e  two extremes;. 

0 t r o p i c a l  f o r e s t s  cover  approximately 40% nf t h e  t r o p i c a l  iand area; '  

0 over h a l f  of t h e  f o r e s t e d  a r e a  i n  t h e  t r o p i c s  is  covered by closed 
f o r e s t s ;  

0 al though i n  gene ra l  t h e  f o r e s t  i n v e n t o r i e s  g ive  s i m i l a r  r e s u l t s  
based on t h e  t o t a l  t r o p i c s ,  t h e  f o r e s t e d  a r e a s  of some i n d i v i d u a l  
c o u n t r i e s  va ry  s i g n i f i c a n t l y ,  e. g . ,  gnesco e s t ima te s  61% of 
E th iop ia  as being f o r e s t e d  whereas Persson  e s t ima te s  27%, and 
Unesco e s t i m a t e s  100% of S i e r r a  Leone a s  being f o r e s t e d ,  wherezs 
Persson e s t i m a t e s  5%. The major d i sc repanc ie s  between t h e  f o r e s t  
i n v e n t o r i e s  l i e  ma in ly 'w i th in  t h e  Afr ican  con t inen t .  

For t h e  c a l c u l a t i o n  of organic  carbon s t o r a g e  i n  t r o p i c a l  f o r e s t s  we 
used t h e  land and f o r e s t  a r e a s  given 'by Persson (1974) because judging from 
t h e  methodology f o r  ga the r ing  information,  he used t h e  most r e l i a b l e  and 
thorough approach. These e s t ima te s  correspond t o  approximate t r o p i c a l  f o r e s t  
a r e a s  around- 1970. 

~ c c o r d i n ~  t o  Persson  (1974, Table 2) t h e  t r o p i c s  comprise a n  a r e a  of 
48,443 ,km2 and of t h i s ,  19,271 km2 o r  40% a r e  f o r e s t e d .  Of t h i s  19,271 km2, 

- 10,406 km2 a r e  c losed  f o r e s t ? ,  7,394 km2 a r e  open f o r e s t s ,  and 1 ,471  l a 2  a r e  
scrub  and brushlands (Persson 1974).  This  e s t i m a t e  is  282 and 20% lower than  
t h e  r e s p e c t i v e  e s t i m a t e s  of Olson e t  a l .  (1978) and b h i t t a k e r  and Likens (1973) 
and 162 h ighe r  t han  t h e  e s t ima te  of Aj tay  e t  a l .  (1979). 

C l a s s i f i c a t i o n  of Land and Fores t  Areas i n t o  L i f e  Zones 

This  aspec t  i s  t h e  l e a s t  r e l i a b l e  a t  t h i s  p o i n t .  We began by e s t i m a t i n g  



Table 3 .  Percentage of each ccuntry located i n  ezch of the sir. graupings lif  Life Zar?es 
( c . f .  F i g .  1 ) .  

Su'btropical T=o?ical ---..---..-,-... -.--.--.-" --.. ----.-. --- ..----.--- 
\let ~loisr: .Ply V e t  Eois!: Ety 

Forests (5a) Forests(4a) Porests(2a) Forests ( 5 )  Surest3 ('1) Forests (2) 
(XI (XI (XI . (XI (XI ( X )  

AFRICA 

Angola 

Benin 

Botswana 

Burundi 

Cameroon 

C..Q.E. 

Chad 

Congo 

Equat ,, Cuin . 
Ethiopia 

Gabon 

Gambia 

Ghana 

Guinee Bissau - - - - - LGO 

- Z~ory Coast 4 O  . 60 - - - , 
Kenya 3 1.5 82 - - - 
L i b e r i ~  30 60 i0 - - - 
Mdagascar - .- - - 50 50 

!- - 1 
Y ~ i a w i  1 - 29 1 4@ 29 

t k 1 F  . - - - - 2 98 



----- Tro?icsl . - S ~ ~ b t r o p i c a l  
* Hoist Dry W 0 . t  M O ~ O  t Dry 

Foxes t s  (5a) Forests ( 4 6 )  Forests (2a) Forests (5) Forests (4) F o ~ ~ E ~ s  (2; 
(XI ( X )  ( X I  . (XI . ( X )  (n;) 

Sie~r .? .  Leone 20 

S 5wx;ii.e .. 

5;trd2'il w 

'?an?:iin.kz. 

Togo 

Ugs.nda . 



Table 3. (continued). 

T r ~ p i c a l  Subtropical  
Wet Moist Dry . ' Wet Moist Dry 

, Fores t s  (5a) Forests  (4a) Fores t s  (2a) Fores t s  (5) Forests(4)  Forests  (2) 
(73 (3 (%> (%I , (%I (%I 

ASIA 

Bangladesh . - - - - 100 - 
Brunei - 100 - - - - 
Burma 

India  

Indonesia 30 65 . 5 - - - 
Kampuchea Dem. 10 25 15  10 2 5 I. 5 

Lnos - - - 30 70 - 
Malaysia ) 

Sabah ) ' 

Sarawak) 5 0 50 

Phi l ipp ines  

S r i  Lanka 

Thailand 

Viet  Nam 

CENTRAL UURT'CA 

Baharas 

Bel ize 

Costa Rica 

Cuba 

Domin. Rep. 

E l  Snlvador 



3. (continued). 

Tropical Sub tropical 
Wet Moist Dry Wet llois t Dry 

Forests(5a) Forests(4a) Forests(2a) Forests(5) Forests (4) Fores ti; ( 2 )  
(XI (%I (%I (2) (XI (XI 

Guatemala 

Haiti 

Honduras 

Jamaica 

Nicaragua 

Panama 5 2 48 - - - ". 
Puerto Rico 

Trinidad 

OCEANIA 

Australia 

Fiji 

New Caledonia 

New Hebrides 

Papua-New'Guinea 

Samoa 

Solomon Is. 

Hawaiin Is. 



Table 3- (continued). 

Tropical Sub tropical 
Wet Moist Dry Wet Moist Dry 

Forests(5a) 'Forests (4a) Forests (2a) Forests (5) Forests(4) Forests(2) 
(2) (XI (XI (XI (%I (XI 

Brazil 10 35 15 5 20 5 

Colombia 30 4 2 28 - - - 

Fr. Guiana 

Guyana 

Suriname 

venezuelaa 

a 
Do not include desert, desert scrub, puna, paramo and tropical tundra Life Zones which 
accounts for aboyt 5% of tropical South America. 



t he  percentage of each t r o p i c a l  country t h a t  is  located i n ' e a c h  of s i x  group- 
ings* of L i f e  Zones (Table 3 ) .  We then mul t ip l ied  t h e  a r e a  of each country 
by t h e  approximate percentage.cover .of each L i fe  Zone grouping. For 18 of the  
89 t r o p i c a l  coun t r i e s  we had mans showing t h e i r  L i f e  Zone composition (Table 
4) .  For those coun t r i e s  f o r  which L i f e  Zone maps were not  a v a i l a b l e ,  we 
approxTnated their L i f e  Zone c d ~ . p o s i t i o n  using c l ima t i c  an6. world a t l a s e s ,  
vegeta t ion  maps, and our .own knowledge of many of t h e  t r o p i c a l  countr ies .  

L 
I n  t h i s  approximation we made no e f f o r t  t o  d i f f e r e n t i a t e  L i fe  Zones along 

a l t i t u d i n a l  gradients .  When t h i s  i s  done t h e  f i n a l  organic carbon s torage  
e s t h a t e  may change due t o  d i f fe rences  i n  organic carbon s to rage  between high 
a l t i t u d e  f o r e s t s ' a n d  lowland f o r e s t s .  

The a r e a  of each L i f e  Zone grouping f o r  each t r o p i c a l  country was added 
and sumar ized  by continent  (Table 5 ) .  This prel iminary es t imate  of t r o p i c a l  
land a rea ,  c l a s s i f i e d  according t o  L i fe  Zone groupings, shows t h a t  52% is 
Tropical  o r  subtropical '  Dry Fores t ,  35% is Tropica l  o r  Subtropical  Moist Fores t ,  
and only 13% is  Tropical  o r  Subtropical  W e t  and Rain Fores t .  Subtropica l  Dry 
Forest  covers the  l a r g e s t  a rea  (37.Z) of t h e ' t r o p i c s  and Subtropica l  Wet and Rain 
Fores ts  t h e  smal les t  a r e a  (3%) .  

s In  order  t o  ass ign  a L i f e  .Zone des ignat ion  t o  fo res ted  a r e a s ,  w e  used 
Persson's  d a t a  i n  Table 2 which shows the  percent fo res ted  a r e a  by cont inent  
and Tahle 5 which shows the  percent L i f e  Zone d i s t r i b u t i o n  hy confincnt! 67e 
a r r ived  a t  Tahl P 6 by perf o~ l l i i l~g  rhe ca lcu la t ions  indica ted  the re in .  

Swmary of Organic Carbon Storage i n  Tropica l  L i f e  Zones 

The amount of organic carbon i n  t r o p i c a l  ecosystems was est imated from 
o r i g i n a l  sources of information. : Sources. deal ing  with vegeta t ion  genera l ly  
expressed r e s u l t s  i n  organic matter  u n i t s .  Isle converted organic matter  u n i t s  
i n t o  organic carbon u n i t s  using a conversion f a c t o r  of 0.5. Sources deal ing  
with s o i l  genera l ly  expressed t h e  r e s u l t s  i n  u n i t s  of organic carbon. Sunnnarizing 
information of t h i s  type is  accm-panied by the  usua l  problems of age v a r i a t i o n s  
m.ong sites, l ack  of consistency i n  t h e  r epor t ing  of d a t a ,  papers with incomplete 
information, inconsistency i n  methodology, and so on. Reports from very young 
s tands  were omitted from the  stunnary. 

Experimental sites were c l a s s i f i e d  according t o  L i f e  Zone using information 
given by authors.  When the  information was incomplete we located  t h e  s i t e s  on 
maps and obtained c l i m a t i c  -inTormation from c l ima t i c  a t l a s e s  o r  o t h e r  c l ima t i c  
inf  ornat ion  sources. 

A l l  t he  ava i l ab le  sources of organic matter  o r  organic carbon s to rage  i n  
a5ov.e and below ground vepetz t ion  a r e  summarized i n  Table 7, i n  so i l .  i n  Table 8, 

* 
The s i x  groupings of L i f e  Zones (shown i n  Fig. 1 )  a r e :  

Tropica l  Rain and Wet Fores t s ,  Tropica l  Moist Fores t s ,  
Tropical  Dry Fores t s ,  Subtropical  Rain and Wet Fores t s ,  
Subtropical  Moist Fores t s ,  and Subtropica l  Dry Fores t s .  



I 

Table 4. Detai led L i f e  Zone maps ava i l ab le  f o r  t r o p i c a l  countr ies .  

-- - 

Country Scale Soufce 

Bolivia ' - Unzueta 1975 

Colombia 1:1,000,000 Espinal  and Montenegro 1963 

Costa Rica 1:750,000 Tosi  1969 

Domi~lican Republic 1: 250,000 Tasaico 1967 

Ecuador 1: 1,000,000 l f l s c i ~ u ~ u  Ecuatoriano d~ Refoma 
Agraria y Colonizaci6n 

E l  Salvador 1:1,000,000 Holdridge 1977 

Guatemala 1:1,000,000 Holdridge et a l .  1978 

Hai t i .  1 : 500,000 OAS 1972 

Honduras 1:1,000,000 Holdridge 1962a 

Mozambique - Soares and Barreto 1972 

Nicaragua ' 1:1,000,000 Huldr idgs  1962b 

Nigeria 1:3,000,000 Tosi  1968a 

Panama 

Paraguay 

Peru 

Puerto ?.ice 

Thailand 

1:500,000 Tosi  1971 

1:1,000,000 Tosi 1968b 

- Ewe1 and Whirmore 1973 

1 : 500,000 Holdridge e t  a l .  1971 

Venezuela 1:2,000,000 Ewel- et a l .  1968 



Tab le5 .  D i s t r i b u t i o n  of L i f e  Zones i n  t h e  t r o p i c s .  
L. , 

Trop ica l  Sub t rop ica l  
U n i t s  Wet Moist  Dry Wet . Moist Dry 

Fo re s t  Fo re s t  Fo re s t  F o r e s t  Fo re s t  Fo re s t  
(5a)a  (4a)a  (2a)a  (5Ia  (4Ia (2Ia  

Af r i ca  lo3km2 980 4,440 4,649 17  688 11,885 
% 4 2 0 21 - 3 52 

Asia  

C e n t r a l  
b  America 

1 0 3 h 2  9 7 

South 
h i~e  r ic a c 103km2 2,028 4,441 2,178 

Oceania 103km2 305 15 7 - - 134 2,488 
% 10 5 - - 4 8 1 

TOTAL 103km2 4,278 10,764 7,019 .1,484 5,620 17,040 
% 9 23 1 5  3 12  37 

a  
Refer  t o  F i g . 1  f o r  exp lana t ion  of t h i s  no t a t i on .  

Does no t  i nc lude  H a i t i ,  Jamaica,  Guadeloupe o r  Mart inique.  

C 
11% of t r o p i c a l  South America f a l l s  i n  t h e  Warm Temperate L i f e  Zones 
broken down a s  fol lows:* 392 x 103km2 a s  Dry F o r e s t ,  369 x 103km2 a s  
Moist  F o r e s t ,  and 6 x 103km2 a s  !Jet F o r e s t .  42 of . t o t a l  l and  is  c l i s s i f i e d  
a s  t r o p i a a l  and s u b t r o p i c a l  d e s e r t ,  d e s e r t  sc rub ,  puna, pararno and tundra .  

L.. 



Table 6. Designation of t r op i ca l  fores t  i n t o  l i f e  Zones. 

Cnita  Afr ica Central  5011th Asia Oceulin Total  
America h .es ica  

Arte ST-Dry 

Closed f orer t sb :  

Ratio ST-Wet acd 
Maiet/T.-We t and Moist 

Area ST-Vet and >foist 

Area T-Wer and Moist 

Area ST-Haist: 

l03ka2 5,666 18 

X / W  2.4e  A?.!. ST 

%/% All moist 3.56 

l o 3 h 2  213 351 

3 .LO Ali . m i n t  

1,005 107 ;! ,830 

.Qca ST-Wet l o 3 h 2  - 99 320 324 - 743 - 
Rat io  T a o i s t  /'P-::er % /I S.CO 0 .67  2 .18 1.85 0.5 

Area T-Moist 1031an2 1 ,418 44 2,351 7 78 i31 b,lZZ 
8 G 

Area T-W2: 1 0 3 h 2  283 66 1,078 421 263 2 , l l . l  

- - -- - 

" The open for 'ests (Persson 1974) were aswuned to  be equivalent  t o  dry f o r e s t  l i fe  zones. 

The closed f o r e s t s  (Prrssdn 1974) were assumed t o  be equivalent  t o  moist and wet f o r e s t  
l i f e  zortes. 



Table 7. Organic m a t t e r  s t o r a g e  i n  t h e  p l a ~ i t  compartment. 

L i f e  Zone a 
Age Organic Mat ter  Source 

Above ~ e l o w b  T o t a l  
Ground Ground 

(y r )  (mt /ha) 

T-Lowe r Montane Mature 505 63 566 Edwards and Grubt 1977 
Pain Forest :  , 

Mature 310 40 350 Edwards and Gru1)b 1977 

T-.Wet Forest  : Mature 322 60 38 2 Hozumi e t  al .  1969 

T-Premont ane Wet Vi rg in  326 50' 376 F o l s t e r  e t  a l .  19?6 
Forest  : 

. V i r g i n  179 28' 207 F o l s t e r  e t  a i .  1976 

16  203 31' 234' F o l s t e r  e t  a l .  1976 

2 7 1 5 ~ 7 ~  30C 227 Kellman 1970 

Mature 271 ' 1 3  284 

T-Moist Fores t :  Mature, 334 32 366 

Mature 513 25 538 

Mature 380 42 422 

Vi rg in  243 48 291 

T-Pxemontane Moist 
Forest:  

Mature 

Mature 

Mature* 

Mature* 

Mature* 

Mature* 

Mature 

50 

Mature 

? 

Golley et a l .  1975 

Ogawa et a l .  965 

H u t t e l  and Bernhard-Re~ersa: 
1975, H u t t e l  1975 

Bhandu e: a l .  1973 

Muller and Xielsen 1965 

Brunig e t  a l .  1979, Jordan a!id 
Uhl 1978, S t a r k  and Spratt 1.977 

Klinge c i t e d  i n  Jordhn ar.3 1Ihl 
1978 I 

Klinge and l i e r re ra  1978 

Klinge and Herreza 1978 

Kl.inge and Herrera  19?8 

Klinge aad l ierrera  1978 

Golley et a l .  1975 

Greel~larld and Kowal 1960 

H u t t e l  and Bernhard-!?eversat 
1975, H u t t e l  1975 

Klinge c i t e d  i n  Edwards and 
Cmbb 1977, F i t t k a u  and K3.inge 

.I973 



Table 7. (continued).  

L i f e  zone" . Age Organic Mat ter  Source 
Above Belowb T o t a l  
Ground Ground 

(yr) (mtlha) 

Mature 320 41e 361 Freson e t  a l .  1974 

? 146 35 180 Bandhu e t  a l .  1973 

Mature 33U 4 3 O  313 Njie and tireenland 1960 

ST-Lower Montane 
Rain Fores t :  Mature 

ST-Vet Fores t  : Mature 

Mature 

Mature 

ST-Moist Fores t :  

Enright 1979 

Dugger 1978 

Crow 1980 

Jordan 1971 

Ogawa e t  a l .  x965 

Ogawa e t  e l ,  1965 

Dugger 1978 

STDry  Fores t  : Mature 39 6i 4 5 Lugo e t  a l .  1978 

-- 
a T = Tropical  

ST = Subtropical  



Footnotes t o  Table 7 (continued). 

The biomass of t h i s  component general ly  does not include stump roo t s ,  and 
therefore  may be an underestimate. 

C Estimated a s  follows: mean root/shoot f o r  the  T-Rain and Wet Forest=0.15 (S.E.xO.02). 
Organic matter s torage i n  roo t s  was calculated by multiplying the  above ground 
organic matter s torage by the  root/shoot r a t i o .  

Mean of two s i t e s  and dry weight was assumed t o  be ha l f  f r e sh  weight. 

e 
,Estimated a s  follows: mean rootfshoot  f o r  t h e  T a o i s t  Forest=0.'13 (S.E'.=0.02). 
Organic matter s torage i n  roo ts  was calculated a s  i n   footnote'"^". 

a -- 
f ' ~ s t i m a t e d  a s  follows: mean root/shoot f o r  t he  ST-Rain and Wet Forest=O.42. 

Organic matter  s torage i n  roo t s  was cal.culated a s  i n  footnote  "c". 

Mean of th ree  p lo t s  and i.ncludes an estimate of small roo t  (<51nm diam) biomass 
(Mum 1970). 

Estimated a s  follows:. mean root lshoot  .for the  ST-Moist ~ o r e s t = 0  .lo.  
Organic matter s torage i n  roo t s  was calculated a s  i n  footnote  "c". 

i Estimated as  follows: mean root lshoot  f o r  t he  ST-Dry Forest=0.16 (S.E.=0.01). 
Organic matter s torage i n  roo t s  was calculated a s  i n  footnote  "c". 

* 
Caatinga (Amazon), associat ion.  



Table e .  Organic carbon content i n  soil. compartment. 

Li fe  Zone a ' S o i l  Depth 
(mtclha) (cm) 

Source 

- 
T-Premontane Rain Forest: 36.4 100 Holdridge e t  a l .  1971 

57.6 1CO Holdridge e t  a l .  1971 

60.9 100 Holdridge e t  a l .  1971 

51). 3 100 Holdridge e t  31. 1971 

366.8 

T-Lower Montane Rain porest:  97.9 

120.7 

151.2 

599 

T-Montarie Rain Forest: 96.9 

T-Wet Forest: 58.3 

50.0 

13.8 

24.8 

35.0 

47.7 

38.0 

80.3 

37.1 

73.5 

Jenny . 1950 

Holdridge e t  a l .  1971 

Holdridge e t  a l .  1971 

Holdridge e t  al: 1971 

Edwards and Grubb - 1977 

Holdridge e t  al, 1971 

Holdridge e t  a l .  1971 

Holdridge e t  a l .  1971 

Holdridgc et  a l .  1971 

Holdridge e t  a l .  1971 

Holdridge e t  a l .  1971 

noldridge et a l .  1971 

Holdridge e t  a l .  1971 

Hol-dridge e t  a l .  1971 

Holdridge ct al. 1971. 

Holdridge c t  a l .  1971 



Table 8. (continued) . 

Life Zone a Soil Depth 
(mtclha) (em) 

Source 

34.5 100 Hal.dridge P$ a l .  1971 

41.9 100 Holdridge et al. 1971 

72.2 100 Holdridge et al. 1971 

54.5 5 0 Folster et al. 1976 

93.5 50 Folster et al. 1976 

87.5 50 Folster et al. 1976 

T-Premontane Wet Forest: 

78.5 50 Folster et al. 1976 

56.0 50 Folctcr ct nl. 1976 

184.0 100 Holdridke et al. 1971 

60.7 100 Holdridge et al.. 1971 

148.2 100 Holdridge et al. 1971 

144.0 100 Holdridge et al. 1971 

89.2 100 Holdridge et al. 1971 

41.0 100 Holdridge e t  al. 1971 

452.0 127 Jenny 1950 

T-Lower Montane Wet Forest: 99.3 100 Holdridge et al. 1971 

T-kist Forest: 75.4 100 Yoda and Kira 1969 

85 SO Huttel and Rernhard-Reversat 
1375 

50 50 Huttel and Bernhard-Reversat 
1975 



Life Zone a Soil Depth " 

(rnt~lha) 
. . 

(4 
Source 

. . 

4 8 ? Bandhu et al.. 1973 

88 19 , Lundgten 1.978 

100.1 
'< 

100 Holduidge. eL al. 1971 

63.2 100 Holdridge et al. 1971, 

58.1 100 Holdridge et al. 1971 

45.2 100 Holdridge et al. 1971 

104.3 100 Roldridgc .et al. 1971 

T-Premontane Moist Forest: 

T-Lower Montane Moist Forest: 

T-Dry Forest: 

Holdridge et al. 1971 

Roldridge et al. 1971 

Greenland and Kowal 1960 

Huttel and ~erni~ard-h ever sat 
1975 

Klinge et al. 1975 

Holdridge et al. 1971 

Holdridge et al. 1971 

Holdridge et al'. 1971 

Roldridge et al. 1971 

Holdridge et al. 1971 

7.8 100 Holdridge et al. 197.1 

28.2 100 Holdridge et al,. 1971 



a 
L i f e  Zone S o i l  Depth 

(mt~'/h'a) (ad 
Source 

26.1 1QO Holdridge et  a l .  1971 

56.9 100 Holdridge e t  a l .  1971 
. . 

57.9 100 Holdridge e t  a l .  1971 

ST-Wet Forest :  73.2 30 Odum 1970 

ST-Lower Montane Wet Forest:  30 

80 

30 Tanner 1977 

40 . Tanner 1977 

250 45 Tanner 1977 

90 40 Tanner 1977 

ST-Moist Forest:  

ST-Dry Forest :  24.2 , 

Yoda and Kira 196.9 

Yoda and Kira  1969 

Bandhu 1973 

Singh 1979 

Srngh 1979 

Singh 1979 

Singh 1979 

100 . . Yoda and' Kira  1969 

STuSub tr op ica l  



and i n  l i t t e r  i n  Table 9 .  We r e p o r t  t h e  d a t a  i n  t h e s e  t h r e e  t a b l e s  i n  t h e i r  
o r i g i n a l  form ( e i t h e r  organic  matter or  organic  carbon) .  

To determine i f  t h e r e  i s  a r e l a t i o n s h i p  between organic  ma t t e r  s t o r a g e  
i n  vege ta t ion  and L i f e  Zone we quan t i f i ed  a s p e c i f i c  L i f e  Zone us ing  t h e  
p o t e n t i a l  evapo t r ansp i r a t ion  t o  p r e c i p i t a t i o n  r a t i o  (PET/P) a s  fo l lows:  
we assumed t h a t  t h e  mean organic  ma t t e r  s t o r a g e  of a p a r t i c u l a r  L i f e  Zone 
occurred a t  t h e  mid-point of t h e  hexagon, i. e .  a t  t h e  mid-prec ip i ta t ion  and 
temperature va lues .  We then  determined t h e  PET/P r a t i o  from t h e  L i f e  Zone 
c h a r t .  The l o c a t i o n  of t h e  mid-point f o r  each of t h e  f o r e s t e d  L i f e  Zones and 
t h e  corresponding PET/P r a t i o  i s  shown i n  F ig .  3 .  Low PET/P ratios (0.16- 
0.39) cor respond.wi th  wet L i f e  Zones and h igh  r a t i o s  ( g r e a t e r  t han  1 )  . correspond 
wi th  d r y  L i f e  Zones.. The'mean p l a n t  biomass f o r  those  L i f e  Zones wi th  n re than  
two d a t a  p o i n t s  (Table 7) i s  l i n e a r l y  c o r r e l a t e d  wi th  t h e  PET/P r a t i o  (rq=0.7) 
as shown i n  F ig .  4 .  This  graph sugges ts  t h a t  t h e  w e t t e r  L i f e  Zones s t o r e  more 
organic  matter i n  t h e  v e g e t a t i o n  than  t h e  d r i e r  L i f e  Zones. 

Mean s o i l  o rganic  carbon s t o r a g e   a able 8 )  was a l s o  p l o t t e d  aga ins t  t h e  
PET/P r a t i o  (F ig .  5 )  r e s u l t i n g  i n  a c u r v i l i n e a r  r e l a t i o n s h i p  (r2=0.6) .  This  
sugges t s  t h a t  organic  carbon s t o r a g e  i n  t h e  s o i l  i n  ve ry  wet L i f e  Zones i s  h igh  
and decreases  r a p i d l y  towards t h e  moist  t o  d ry  L i f e  Zones. 

When summarized by t h e  s i x  g roup ings ' o f  L i f e  Zones t h e  organic  carbon 
s t o r a g e  i n  t r o p i c a l  f o r e s t s  show t h e  fo l lowing  t r e n d s  (Table 10):  

, 
O t o t a l  ecosystem organic  carbon s t o r a g e  dec reases  from t h e  

t r o p i c s  t o  t h e  s u b t r o p i c s  and wi th  decreas ing  mois ture  (Fig.  6 ) ;  

0 above ground p l a n t  organic  carbon s t o r a g e  does no t  decrease  along 
the  mois ture  g r a d i e n t ,  a l though it does decrease  from t r o p i c a l  
t o  s u b t r o p i c a l  L i f e  Zones; 

judging from t h e  c o e f f i c i e n t s  of v a r i a t i o n  (26-54%), w e t  and 
moiot L i f c  Zonc groupings do appear t o  sLuie discreet amounts 
of organic  carbon; 

0 the  organic ,  ca rbon . s to rage  i n  p l a n t s  of t h e  ST-Dry Fores t  is  
t h e  most v a r i a b l e  ( c o e f f i c i e n t  of v a r i a t i o n  = 81%); 

O with  t h e  except ion  of t h e  Sub t rop ica l  Rain and Wet Forest,  
r o o t s  account f o r  a smal l  p ropor t ion  (10-17X) of t h e  t o t a l  
p l a n t  organic  carbon s to rage ;  

0 organic carbon s t o r a g e  i n  l i t ter  v a r i e s  l i t t l e  among t h e  L i f e  
. Zone groupings and accounts  f o r  on ly  1-4% of t h e  t o t a l  o rganic  

carbon s t o r a g e  of  t h e  L i f e  Zone groupings;  

" t o t a l  p l a n t  o rgan ic  carbon s t o r a g e  ranges from 55-jb% of t h e  
t o t a l  o rganic  carbon s t o r a g e  of t h e  L i f e  Zone groupings. 



Table  9. Organic ma t t e s  s t o r a p e  i n  t h e  l i t t e r  conpartmerlt. 

L i f e  'zonea Organic Mat ter  
- 

L.e ave s I.?ood T o t a l  

(mt jha) 

Source 

T-Premontane Rain Fores t :  4.5 

T-Lower I.lont ane Rain Fores t :  7.7 13.9 18.6 

T-Premontane Wet Fores t :  15.9  

T-Moist Fores t :  1.8 

Jenny e t  a l .  1949 

Edwards and Cruhb 1977 

Edwards arld Grubb 1977 

Jenny e t  a l .  1949 

Gol ley e t  a l .  1975 

Yoda and Kira  1969 

  re en land and Kowal 1960 

Klinge 1976 

Xl inge 1975 

Klinge and Ber re ra  1978 

5.4 5 . 3  1 0 . 4 ~  Klinge and Herrera  1973 , 
7.2 15.1  22 .'3b Kl inge and Merrera 1978 

6.2 3.9 l o .  lb Klinge -and Herrera  1978 

, 2 . 7 ,  6.5 9.2 Bhandhu e t  a l .  1973 

5 .5  . Bartholomew e t  ~ 1 .  i 9 5 3  

8.0 Bartholonew e t  n l .  1953 

7.3 Eartholomew e t  a l .  1953 

3.4' 14.tic 18.0  Golley e t  a l .  1975 

T-Premontane Moist Fores t :  7 . 2  18'.2 25.4 Klinge e t  a l .  1975 

ST-Lover FIont nne Rail1 Fores i ; 

ST-Wet Fores t :  

ST-Moist Fores t :  

3 . 3  ? la la i s se  e t  a l .  1975 

2 . 3  Greenland and '~owal .  1960 

6.5 Maleisse  e t  a l .  1975 

3.5 ~ & g e r  1978 

6 .0  Odum 1970 

7 .8  Dugger 1978 

7 .7 Randhu 19!3 



Table 9. (continued). 

a L i f e  Zone Organic Matter Source 

Leaves tlood T o t a l  

2.6 Yoda and ~ i r a  1969 

3.n Y ~ d a  'and K i r a  196 9 

ST-Dry Fores t  : - - 7.2 Lugo et a l .  1978 

7.6 2.0 8.7 Lugo e t  a l .  1978 

2.6 1.2 3.8 Lugo e t  a l .  1978 

3 .4  Yoda and Kira 1969 

TI Trop ica l  

ST, S u b t r o ~ i c a l  

C = Weighted mean of dry and wet season va lues  a t t o r d i ~ g  ro lengeh of seasons. 
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DIAGRAM FOR THE CLASSIFICATION OF WORLO ' LIFE .ZONES OR PL.4NT FORMATIONS 
by L.R.. Holdridge y' I 

M L T S  

Fig .  3 .  Locat ion and va lue  of t h e  p o t e n t i a l  evapot ranspi ra t ion  t o  p r e c i p i t a t i o n  r a t i o  . (PET/P) f o r  
- t h e  mid-l i fe  Zone condi t ions .  These ' r a t i o s  a r e  used t o  quan t i fy  a L i f e  Zone. 



Fig.  4. Relat ionship between t o t a l  p lan t  organic 
matter  s to rage  by L i f e  Zone and PET/P r a t i o .  
See Fig. 3 .  f o r  loca t ion  and value  of t h e  
r a t i o s  f o r  t h e  mid-Life Zone condit ions.  



Fig. 5 .  Relationship between s o i l  organic :carbon 
storage by Life  Zone and PET/P rat io .  See 
Fig. 3.  for the location and value of the . 

ratios for the mid-life Zone conditions. 



Fig. 6 .  Relationship between tota l  organic carbon 
by Life Zone grouping and the PET/P rat io .  
See Fig. 3 for location and value of the 
ratios for the mid-life Zone conditions. 



Estimate of T o t a l  Organic Carbon Storage i n  t h e  Trop ica l  F o r e s t s  

A weighted and pre l iminary  e s t ima te  of t h e  t o t a l  amount of organic  carbon 
s to red  i n  t r o p i c a l  f o r e s t s  w a s  obtained by mul t ip ly ing  . the  land a r e a s  of f o r e s t -  
ed L i f e  Zones (Table 6) by t h e  average t o t a l  o rganic  carbon s t o r a g e  i n  each L i f e  
Zone (Table 10) .  The t o t a l  amount of organic  carbon s t o r e d  i n  t r o p i c a l  f o r e s t  
ecosystems i s  325 b i l l i o n  m e t r i c  tons  o r  about 650 b i l l i o n  m t  of organic  m a t t e r  
(Table 11 ) .  Of t h i s ,  33% i s . s t o r e d  i n  t h e  Subt ropica l  L i f e  Zones. Although 
42% of t h e  f o r e s t e d  a r e a  is  i n  t h e  D.ry F o r e s t  L i f e  Zones, on ly  24% of t h e  organic  
carbon is  s t o r e d  t h e r e .  Wet and Rain F o r e s t s  account f o r  23% of t h e  t o t a l  s t o r -  
age of organic  carbon whi le  Moist F o r e s t s  s t o r e  t h e  l a r g e s t  amount, of ckganic 
carbon (53Z). Unfortunately,  t h e  Moist F o r e s t s  a r e  t h e  L i f e  Zones t h a t  support  
t h e  h ighes t  int!.nsi..ty of human a c t i v i t y  and are tlluse t h a t  succumb quicker  t o  
d e f o r e s t a t i o n  (Tosi  and Voertman 1964).  

Any e s t i m a t e  of t h e  organic  carbon s t o r e d  i n  t h e  t r o p i c s , h a s  a  range of 
u n c e r t a i n t y  based on t h e  u n c e r t a i n t y  i n  e s t i m a t e s  of t h e  a r e a  and of t h e  organic  
carbon s to red  i n  t h e  L i f e  Zones. A s  y e t ,  we do no t  have enough informat ion  t o  
e s t ima te  t h e  u n c e r t a i n t y  i n  t h e  a r e a  e s t ima te s .  However, we  can a r r i v e  a t  an 
e s t ima te  of t h e  u n c e r t a i n t y  based on t h e  organic  carbon s t o r a g e  i n  t h e  L i f e  Zones. 
The mean organic  carbon s t o r a g e  i n  p l a n t s  and i n  s o i l ,  p l u s  and minus one s tandard  
e r r o r ,  is  given i n  Tables  12 and 13 ,  r e s p e c t i v e l y .  The range of v a l u e s  of organic  
carbon s t o r a g e  based on one s tandard  e r r o r ,  r ep re sen t  17% of t h e  mean f o r  p l a n t s  
and 22% of t h e  mean f o r  s o i l .  

Discussion . . 

Our f i n a l  e s t i m a t e  of o rgan ic . ca rbon  s t o r a g e  i n  t r o p i c a l  f o r e s t s  c o n t r a s t s  
sha rp ly  w i t h  o t h e r  estimates (Tables 14 and 15) .  Ours is t h e  lowest  of a l l  .:The 
e s t ima te  of organic  carbon s to rage  i n  p l a n t s  ob ta ined  by Whit taker  and Likens 
(1973) i s  almost double our e s t ima te ,  and those  of Aj tay  e t  a l .  (1979) and 

' 0 l son  e t  a l .  (1975) a r e  only  s l i g h t l y  l a r g e r  than  ou r s   a able 14 ) .  , Olson 6 t  
al . 's  and Sch le s inge r ' s  (1979) e s t ima te  f o r  organic  carbon s to red  i n  s o i l s  a r e  
more than  double our e s t ima te ,  whereas ~ j t a y  e t  a l . ' s  e s t i m a t e  is c l o s e r  t o  ou r s .  
The d i f f e r e n c e s  between our e s t ima te  and t h a t  of o t h e r s  a r e  due t o :  

0 . d i f f e r e n c e s  i n  d e f i n i t i o n  of t h e  t r o p i c s  - our s  i s  broader  due 
t o  t h e  i n c l u s i o n  of t h e  f r o s t - f r e e  boundary; 

d i f f e r e n c e s  i n  e s t i m a t e s  of t h e  a r e a  of t r o p i c a l  f o r e s t s  - 
Whittaker  and Likens and Olson e t  a l .  'use h ighe r  e s t i m a t e s  
and Ajtay et a l ,  u se  lower e s t i m a t e s  t han  ou r s .  The h igh  
e s t i m a t e  of Whittaker and Likens i s  r epor t ed ly  f o r  t h e  1 9 5 0 V s ,  
whereas t h e  lower e s t ima te  of Aj tay  e t  a l .  (based somewhat on 
Whittaker and Likens '  a r e a  e s t ima te )  i s  f o r  t h e  p re sen t .  The 
d i f f e r e n c e  between these  two e s t i m a t e s  has .  been suggested t o  
have r e s u l t e d  from d e f o r e s t a t i o n  of t h e  t r o p i c a l  f o r e s t s .  
This  d i f f e r e n c e  of 970 m i l l i o n  ha  r e p r e s e n t s  about 1.6% 
d e f o r e s t a t i o n l y r  f o r  t h e  whole t r o p i c s .  ' However, r e c e n t  
e s t i m a t e s  of d e f o r e s t a t i o n  pu t  t h e  va lue  at 0.4-0.6%/yr 



Table 10. Organic carbon s t o r a g e  i n  t h e  t r o p i c a l  L'ife Zones. I .  S. E .  is given 
i n  pa ren thes i s .  

a 
L i f e  Zone n Above Relow T o t a l  n S o i l  n L i t t e r  T o t a l  F u i e s t  

Ground Ground P l a n t  

( m t ~ / h a P  (mtC/ha) (mtC/ha) 

T - ~ a i n '  and Wet Fores t  8 145 2 0 164 36 106.5 5 5.0 276 
(18.6) (3.1) (21.0) (20.3) (1.5) 

T-Moist Fo res t  18 152 31 182 19 73.5 17 4.8 260 ' 
( 1  7) ( I .  6) (11.1) (7.6) t0.8, 

T-Dry Fores t  - - - 91' 7 55.3 - 5.5C 152 
(14.5) 

ST-Rain and \Jet Fo res t  4 92 4 0 132 5 104.6 2 2.4 239 
6 1 (27.5) (37.8) 

ST-Moist Forest  4 48 11 110 8 5'6.1 4 2.6  169 
(13.5) ( 2 . )  (14.8) (8 -8)  (0.7) 

ST-Dry Fores t  3 49 8 57 - 24.2 5 3.0 8 4 
(22 .4) ' (4 .0)  (26.0) (0.5) 

6 

a 
T = Trop ica l  

ST = Subtropica l  

Assumed carbon content  = 0.5 x organic  mat te r .  

C 
W e  found no biomass d a t a  f o r  T rop ica l  Dry Fores t .  We assumed t h e  r a t i o  
of t h e  organic  carbon s t o r a g e s  of t h e  T-Dry Fores t  t o  t h e  T-Moist Fores t  was 
t h e  same. as t h e  ratYo of organic  carbon s t o r a g e s  f o r  . t h e  ST-Dry t o  ST-Moist 
F o r e s t s  of 0.5.. o rgan ic -ca rbon  s t o r a g e  T-Dry F o r e s t = 0 . 5  x 182 = 91. Carbon 
s t o r a g e  i n  l i t ter  was ' ca l cu la t ed  b y ' a  s i m i l a r  method. 



Table 11. Organic carbon s t o r a g e  i n  t h e  t r o p i c s .  

L i f e  zonea Area of Fo res t  

(106ha) 

I T o t a l  S torage  

(mtC /ha) 

T o t a l  Carbon 

(109mt) (x) 

T-Wet Fores t  . 

T-Moist Fo res t  

T-Dry Fores t  244.5 15 2 37.2 11 

ST-Wet Fores t  , 

ST-Moist Fores t  

. s T - D ~ ~  Fores t  

TOTAL 

a 
T = Trop ica l  

ST = Sub t rop ica l  



Table 12. Organic carbon s t o r a g e  i n  p l an t s -  ' ' 

a 
L i f e  Zone Area Organic Carbun T o t a l  Organic Carbon i n  Plants 

i n  P l a n t s  (logmtc) 
, - .  (106ha) ( m t ~ / h a  f lSE*) - lSE* Mean + 1SE* 

T-Rain and \Jet 
F o r e s t  

T-Moist Fo res t  

T-Dry F o r e s t  , 

ST-Rain and Wet 
, .  F o r e s t  

ST-Moist Fo res t  

ST-Dry F o r e s t  

TOTAL 1,780'  176.0 211.9 248.0 

* 
Standard Er ro r .  l 

a T = T r o p i c a l ,  ST = Sub t rop ica l .  

Because no SE was a v a i l a b l e  f o r  t h i s  va lue  we used t h a t  f o r  ST-Dry Fores t .  



Table  13.  Organic  carbon s t o r a g e  i n  s o i l .  

a L i f e  Zone Area s o i l '  Organic  T o t a l  Organic Carbon 
(1061ia) Carbon i n  S o i l  

(mtC/ha +lSE*) - (109mtc) 
- ISE* Mean + lSE* 

T-Rain and \:Yet F o r e s t  211.2 106.5 + 20.3 - 18.2 22.5 27.8 

T-Moist F o r e s t  472.2 73:5 + 7.6 - 31.1 34.7 38.3 

T-9ry F o r e s t  244.5 55.3 + 14.5 9.9 ' 13 .5  - 17 .1  

ST-Rain and l e t  F o r e s t  74.3 104.6 + 37.8 - 5 .0  7.8 10.6 

ST-Moist F o r e s t  

ST-Cry F o r e s t  49r:. . 9 24.2 + 14.5  b 
- .  4.8  12.0 1912 

- - 

TOTAL 1,780 81.4 106 .4  131.4 

* 
S t a n d a r d  E r r o r .  C- 

a 
T = T r o p i c a l ,  ST = S u b t r o p i c a l .  

b 
Because  no SE was a v a i l a b l e  f o r  t h i s  v a l u e  we used t h a t  f o r  T-Dry.Fores t .  



Table 14. Es t imates  of organic  ca rbon ' s to rage  i n  p l a n t s  i n  t r o p i c a l  f o r e s t  
ecosystems. 

Source For No of Area of Range of Urganic fotal Orgauic 
Year: Fo res t  F o r e s t s  Carbon Storage Carbon Storage 

Categor ies  i n  F o r e s t s  i n  P l a n t s  
(10 %a) (mtC/ha) ( logmtc)  

This  s tudy  . 

A j  t a y  e t  a l .  
1979 

e a r l y  
1970's  6 1,780 57-182 

Olson et a l .  
1978 1970 6 2,220 70-180 

Rodin e t  a l .  
19 75 b 3 

Whittaker and 
Likens 197.3 1950 2 

a  Assumed C = 50% x .  organic  ma t t e r .  

~ ~ s u m e d  t h a t  vege ta t ion  e x i s t e d  i n  its p r e c u l t i v a t e d  o r  na tu rah  state.. '  



Table 15. Estimates of organic carbon storage i n  s o i l  i n  t rop ica l  fores t  
ecosystems. 

Source Area 

(lo6ha) 

Storage of  S o i l  
Organic Carbon 

( lo&tc )  

This study 1,780 106 I 

i A j  tay  e t  a l .  1979 1,480 123 

Olson et  a l .  1978 2,220 307 

Schlesinger 1979 2,450 288 



(Se i l e r  and Crutzen 1980), with values  a s  high a s  
1.3% i n  high populat ion densi ty  a reas  such a s  p a r t s  
of Venezuela and 3'%/yr i n  i n d u s t r i a l i z i n g  countr ies  
such a s  Costa Rica (Tosi, t h i s  volume). Because 
recent  es t imates  of de fores ta t ion  a r e  lower than the  
values implied i n  the .  area es t imate  ol A j  Lay ec a l .  
we conclude t h a t  e i t h e r  they have underestimated the  
a rea  of t h e  t r o p i c a l  f o r e s t s  and/or t h a t  Whittaker 
and Likens overestimated t h e  area .  

0 di f fe rences  i n  t h e  conversion f a c t o r  from organic 
matter  t o  carbon - A j t a y  et a l .  used a col~vtrsion 
f a c t o r  of 0.45 and we used a f a c t o r  of 0.50.' The . .  . 
conversion f a c t o r  is genera l ly  c r i t i c a l  only f o r  
conversion of organic mat ter  i n  p l a n t s  t o  organic 

. .  . 
oarbon' because most s t v d i  es nn s o i l  measure carbon 
and. not orbani r m a t t e r .  Using the qarbon content  
values i n  Table 5.4 i n  the  paper by A j  t a y  et a l .  we 

. . ' 

- ca lcu la te  an average carbon content i n  f o r e s t  l i v i n g  
components and f o r e s t  ecosystems t o  be 0.51, c lose r  
t o  our value.  I 

, . . . ,  
" conceptual d i f fe rences  - with t h e  exception of Olson 

e t  a l .  (1978) t h e  o the r  es t imates  ignored t h e  v a r i -  
a b i l i t y  i n  t r o p i c a l  environments by dividing the  
t r o p i c a l  f o r e s t s  i n t o  2-3 ca tegor ies .  

W e  be l ieve  t h a t  our es t imate  overest imates t h e  s torage  of organic carbon 
i n  t h e  t r o p i c s  because: 

t h e  f o r c a t  a r e s  es t imate  could be high a s  it r e f l e c t s  a 
1970 survey; 

" organic carbon.:storage values  nay be 'biased eowards 
mature fores ts , ;  and 

0 organic carbon. s torage  information f o r  montane f o r e s t s  
and f o r  t r o p i c a l  dry f o r e s t s ,  when it becomes ava i l ab le ,  
could af f e c t  t h e  est imate.  

, . 
I f ,  indeed, our es t imates  a r e  cor rec t  o r  i f  t h e  r e a l  value is  s i g n i f i c a n t l y  

lower than t h e  value reported by o the rs ,  then t h e r e  a r e  se r ious . impl ica t ions  t o  
t h e  current  i n t e r p r e t a t i o n  of theory and models based on the  high organic carbon 
s torage  values. For example: 

O 
. predic t ions  of t h e  impacts on the-atmospheric C02 concentrat ion 

by t r o p i c a l  de fo res ta t ion  would have t o  be tempered because t h e  
l%'/year es t imate  of Woodwell e t  a l .  (1978) ' i f  i t s e l f  t r u e ,  would 
represent  a  s i g n i f i c a n t l y  lower contr ibut ion of carbon t o  the  
atmosphere (ac tua l ly  about 50% l e s s ) ;  



0 es t imates  of organic carbon turnover would have t o  be 
upgraded ; 

0 es t imates  of organic carbon s torage  f o r  o the r  ecosystems 
would become quest ionable;  and 

O a l l  budget o r  model ca lcu la t ions  using the  high s to rage  
es t imates  would have t o  be revised .  

I Need f o r  research  

In  another 'paper (Brown, t h i s  volume) a s i m i l a r  summary of r a t e s  of 
organic production i n  d i f f e r e n t  t r o p i c a l  L i f e  Zones is presented.  The im- 
p l i c a t i o n s  of organic production along wi th  these  lower s to rage  es t ima tes  
t o  the  r o l e  of t r o p i c a l  f o r e s t s  i n  t h e  C02 balance of the  world a r e  a l s o  d i s -  
cussed. Rowever, these  and o the r  cons idera t ions  a r e  l imi ted  by the  d a t a  base. 
Figure 7 was prepared t o  show the  d i s t r i b u t i o n  of ecosystem or iented  d a t a  by 
L i f e  Zones i n  t h e  t r o p i c s .  The l a rge  gap of information i n  t h e  dry and montane 
f o r e s t s  is alarming. 

This  Fig. 7 i s  presented a s  a summary f o r  grant ing  agencies of the  research  
needs i n  t r o p i c a l  lands.  
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Introduction 

The r o l e  of t r o p i c a l  fo res t  ecosystems i n  r e l a t i on  t o  t he  global carbon 
i s sue  depends on th ree  aspects: t h e i r  a rea ,  t he  amount of organic matter  
stored i n  them, and ehe rate a t  which Ll~ey accumulate organic matter .  The area 
of t r o p i c a l  f o r e s t s  and t h e  amount of organic matter  s tored i n  them a r e  dis- 
cussed i n  the  paper by Brown and Lugo ( t h i s  volume). This paper dea l s  with 
' the  r a t e  of organic matter  accumulation i n  t r op i ca l  f o r e s t s  and spec i f i c a l l y  
addresses the  question of organic matter  production by Life  Zone. 

As a frame of reference,  Fig. 1 shows the  above ground biomass of d i f f e r en t  
age s tands  of temperate fo r e s t s  (excluding planta t ions) .  Biomass (used synono- 
mously with organic matter)  accumulates f a i r l y  l i nea r ly  from age 1 yr  t o  about 
SO y r ,  a t  which t i m e  above ground biomass is  l e s s  than 150 mt/ha. Maximum above 
ground bicnnass' f o r  these  41 temperate f o r e s t  stands is. approximately 300 mt/ha 
a t  maturi ty.  I n  con t ras t ,  Fig. 2 shows t he  above ground biomass f o r  d i f f e r en t  
age s tands  of t r o p i c a l  f o r e s t s .  Biomass i n  these  t r op i ca l  f o r e s t s  accumulates 
rapidly  during t h e  f i r s t  10-20 y r ,  a t  t he  end of which above ground biomass i n  
many s tands  is approximately 100 mt/ha. I n  comparison, temperate f o r e s t s  had 
reached a biomass of only abauc 20 mt/ha a t  the el13 of 20 yr. By age 50 yr, 
some of t h e  t r op i ca l  stands had biomass values g rea te r  than 200 mt/ha. Many of 
the mature t r o p i c a l  f o r e s t s  had above ground biomass i n  excess of 300 mt/ha and 
e e v e r a l ' i n  excess of 400 mtlha. The da t a  presented i n  Figs. 1 and 2 support 
the  notion t ha t  t r op i ca l  f o r e s t s  reach higher biomass, f a s t e r  and e a r l i e r  than 
temperate fo res t s .  

Because of t h e  high d i v e r s i t y  of t r o p i c a l  L i fe  Zones (Tosi, t h i s  volume) 
the  r a t e  of organic matter accumulation might be expected t o  vary with L i f e  Zone. 
Some indicat ion of t h i s  var ia t ion  is seen i n  Fig. 2. Moist Forest Life  Zones 
appear t o  reach a higher biomass e a r l i e r  and have a higher biomass a t  maturity 
than the  other L i fe  Zones. I n  con t ras t ,  Dry Forest Life  Zones have some of the  
lowest biunasses i n  both young and mature stands. 

Organic Matter Accumulation by L i f e  Zone 

The trends i n  organic matter  accumulation can be analyzed by L i f e  Zone f o r  



Fig. 1.   elation ship between above ground .biomass and stand age for temperate forests 
(data,are from Art and Marks 1971). ] . . 
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for tropical forests (data are from the sources in Table 
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Fig.  3 .  Rela t ionsh ip  between above ground biomass ( f r e s h  weight)  
. and s tand  age  i n  a  ~ r o ~ i c a l   rem montane Wet Fores t  L i f e  

Zone (da t a  a r e  from Kellman 19703, 



Fig. 4. Relationship- between biomass of forest 
components and stand age in a Tropical 
Premontane Wet $orest Life Zone (data 
are from Folster et al. 1976). 



Fig. 5. Relationship between biomass of forest comp- 
onents and stand age in a Tropical Moist For- 
est Life Zone .(data are from Bartholomew et, 
al. 1953). 
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Fig. 7. Relationship between biomass of forest 
components and length of time after a 
natural disturbance in a Subtropical 
Wet Forest Life Zone (data are from 
Crow 1980). 



Fig. 8 .  , Relationship between bio'mass of forest  
components and stand age i n  a Subtropical 

' w e t  Forest L i fe  'Zone (.data are from Snedaker 
1970). 



those  sites f o r  which t ime s e r i e s  biomass d a t a  a r e  a v a i l a b l e .  Graphs of organic  
ma t t e r  accumulation i n  T rop ica l  Premontane Wet F o r e s t ,  T rop ica l  Moist F o r e s t ,  and 
Sub t rop ica l  Wet F o r e s t  L i f e  Zones a r e  shown i n  F igs .  3-8. On in spec t ion ,  t h e  
fol lowing g e n e r a l  t r e n d s  can be observed: 

0 organ ic  ma t t e r  accumulates qu ick ly  and i n  some s t a n d s  it t a k e s  
about 20 y r  f o r  t o t a l  biomass t o  be a s  h igh  o r  almost a s  h igh  a s  
t h a t  of nearby mature f o r e s t s  (Figs .  4  and 5);; 

. - .  _ _ '  

l e a f  organic  m a t t e r  develops r a p i d l y  i n  t h e  e a r l y  y e a r s  .and 
changes l i t t l e  wi th  age of t h e  s tand  (F igs .  4 ,  5 ,  6 ,  and 8 ) ;  

0 l i t t e r  accumulates q11ickl.y i n  young s t a n d s  and remains f a i r l y  
cons tan t  a s  t h e  s t a n d s  mature (Figs.  4  and 5 ) ;  

0 s o i l  o rgan ic  m a t t e r , a p p e a r s  t o  b u i l d  up s lowly wi th  t ime (Fig.  4 ) ;  

0 dur ing  t h e  f i r s t  6  y r  above ground organic  ma t t e r  accumulates quickes t  
i n  t h e  Trop ica l  Moist Fo res t  (approximately 90 m t ,  Fig.  5 ) ,  followed 
by t h e  Trop ica l  Premontane W e t  Fo re s t  (approximately 75 m t ,  Fig.  4 ,  
and approximately 50 m t ,  Fig.  3 ) ,  Trop ica l  Moist T r a n s i t i o n  t o  T r o p i c a l  
Dry Fores t  (approximately 46 m t ,  F ig .  6 ) ,  and 'Subt ropica l  W e t  Fo re s t  
(approximately 44 m t  , Fig .  8 ) .  I chose t h e  f i r s t  6  yr f o r  , t h i s  com- 
pa r i son  because a l l  graphs had d a t a  up t o  t h i s  age. The Trop ica l  
Premontane Wet Fores t  i n  Fig.  4  i s  very  c l o s e  t o  t h e  boundary of t h e  
Trop ica l  Moist Fo res t  .hexagon. And, t h e  r a p i d i t y  wi th .which  t h i s  
Fo res t  and t h e  Trop ica l  Moist F o r e s t  (Fig. 5) accumulate organic  mat- 
t e r  may suggest  t h a t  t h e  c l ima te  cond i t i ons  converging on t h e  Trop ica l  
Moist F o r e s t  L i f e  Zone a r e  opt imal  f o r  o rgan ic  ma t t e r  product ion.  . . 

\ 

No organic  matte; accumulation d a t a  were a v a i l a b l e  f o r  T rop ica l  o r  Sub t rop ica l  
Dry F o r e s t  L i f e  Zones. However, Ewel (1977) found. t h a t  % cover  and l e a f  a r e a  in-  
dex of succes s iona l  s t a n d s  increased  a t  a  slower r a t e  i n  T rop ica l  and Sub t rop ica l  
Dry Fores t  sites than  i n  T rop ica l  and Sub t rop ica l  W e t  Fo re s t  sites. 

S t r a t e g y  of Organic Mat te r  Accumulation 

An a n a l y s i s  of t h e  d a t a  of o rgan ic  ma t t e r  accumulation sugges t s  t h a t  d i f f e r -  
e n t  compartments i n  a  f o r e s t  reach  maximum accumulation of o rgan ic  ma t t e r  a t  
d i f f e r e n t  p o i n t s  i n  t ime.  

Ewel (1971) suggested t h a t  t h e  leaves,accumulate,maximum.organic matter f i r s t ,  
followed by wood and then  by r o o t s  (c . f . .F ig :  6). ,  This  t r end  i s  a l s o  shown i n  
F igs .  5  and 8,  Although wood.and r o o t s  a r e  slower t o  develop,  t h e y . a r e  even tua l ly  
t h e  compartments t h a t  s t o r e  a  l a r g e  p ropor t ion  of t h e  o rgan ic  m a t t e r  of a  f o r e s t .  
S o i l  appears  t o  accumulate o rgan ic  ma t t e r  a t  t h e  s lowest  rate ( c . f .  F ig .  4 ) .  How- 
eve r ,  t h e  s o i l  compartment o f t e n  s t o r e s  almost as much o rgan ic  m a t t e r  as t h e  sum 
of t h e  above ground compartments (Brown and Lugo , t h i s  volume) . 



L i t t e r  Production i n  Tropical  L i f e  Zones 
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There i s  not enough information t o  do a thorough summary of net  primary 
production. However, I am present ly  summarizCng information on ne t  above 
ground organic mat ter  production. For example, I have 6 values  of above 
ground wood production f o r  Tropical  Moist Fores t ,  ranging from 3.0-7.5 mt/ha.yr 
(Greenland and Kowal 1960, Hut te l  and Bernhard-Reversat 1975, Jordan and Escalante 
1980, Kira e t  a l .  1967, Muller and Nielsen 1965), 1 value fo r  Tropical  Premontane 
Moist Forest  of 4.6 mt/ha.yr (Huttel  and Bernhard-Reversat 1975), and 1 value f o r  
a  Subtropical  Wet Fores t  of 2.4 mt/ha.yr (Odurn 197'0). 

One component of above ground organic matter  production f o r  which d a t a  a r e  
abundant is  l i t t e r f a l l .  I found 51 l i t t e r f a l l  d a t a  po in t s , . cover ing  11 Li fe  
Zones (Table 1 ) .  Only l i t t e r  produced by t h e  above ground p lan t  p a r t s  i s  con- 
s idered i n  t h i s  study. Tota l  l i t t e r f a l l  inc ludes  l e a f ,  f r u i t  and f lowers,  twigs,  
and branches; it does not include dead timber. As.with the .o rgan ic  matter  s torage  
d a t a ,  Tropical  Rain and Dry Forest  L i f e  Zones a r e  poorly represented.  

To deternixie i f  a  r e la t ionsh ip  e x i s t s  between l i t t e r f a l l  and L i f e  Zone , . I  
quant i f ied  t h e  L i fe  Zone loca t ion  using t h e  p o t e n t i a l  evapotransporation t o  pre- 
c i p i t a t i o n  r a t i o  (PET/P) using the  mid-precipi tat ion and mid-temperature values  
of a  given hexagon. For f u r t h e r  d e t a i l s  of t h i s  ca lcu la t ion  and t h e  r e s u l t i n g  
PET/P r a t i o s  see Brown and Lugo ( t h i s  volume). The re la t ionsh ip  between l i t ter-  
f a l l  and PET/P is  described by an inverse  U-shaped curve (Fig. 9) .  Tota l  l i t ter- 
f a l l  is low f o r  t h e  very w e t  L i f e  Zones (PET/P= 0.15-0.25), rises rap id ly  t o  t h e  
h ighes t  l i t t e r f  a l l  value i n  t h e  Tropical  Moist Forest  L i fe  Zone (PET/P= 0.5'0) , and 
then dec l ines  gradually through t h e   rem montane and Subtropical  Moist Fores t s  (PET/ 
P= 0.85) k o  t h e  lowest l i t t e r f a l l  value i n  t h e  Subtropical  Dry Forest  (PET/P = 1.7). 
Leaf and f r u i t  l i t t e r f a l l  genera l ly  follows t h e  same trend a s  f o r  t o t a l  l i t t e r f a l l .  

The high r a t e  of l i t t e r f a l l  i n  the  Tropical  Moist Forest i s  consis tent  with 
i t s  high r a t e  of organic matter  accuniulation (Fig. '5) and i ts  high plant  biomass 
(Brown and Lugo, t h i s  volume). This L i f e  Zone covers a l a r g e r  a rea  than any o the r  
L i f e  Zone in the  t rop ics .  Also, Tosi  ( t h i s  volume) showed t h a t  human populations 
concentrate i n . t h i s  climate. It appears t h a t  t h i s  L i f e  Zone.'s high r a t e  of pro- 
duct ion and rapid successio'n r e s u l t s  i n  a l a r g e r  carrying capacity f o r  humans. 

Rates of l i t t e r f a l l  appear t o  reach steady s t a t e  values very quickly i n  
t r p p i c a l  f o r e s t s  (Figs.  10 and 11) .  I n  a Tropical  Premontane Wet Fores t  (Fig. 10) 
l i t t e r f a l l  reached a steady s t a t e  value i n  l e s s  than 10 yr, and i n  a Subtropical  
Moist Fores t  between 10 and 15 yr (Fig. 11). The rapid  establishment of t h i s  
s teady s t a t e  i s  another ind ica t ion  of t h e  rapid recovery of t r o p i c a l  f o r e s t s  
following disturbance.  

L i t t e r  Production i n  Tropical  Fores ts  

I n  steady s t a t e  ecosystems t h e  input  of l i t t e r  t o  t h e  f o r e s t  f l o o r  is bal-  
anced by losses ,  e i t h e r  through b i o t i c  processes such a s  microbial  decomposition 
or  by physica l  processes such a s  leaching.  The amount of organic carbon t h a t  
is  a v a i l a b l e  f o r  export v i a  t h e  pathways suggested by Holdridge and by Lugo 
( t h i s  volume) is mainly r e l a t e d  t o  t h e  amount of l i t t e r  produced. 



Table 1. L i t t e r f a l l  f o r  t r o p i c a l  f o r e s t s .  

L i f e  Zone a 

L i t t e r f  a l l  

beaf. and Tot a1 Source 
F r u i t  

T- rem montane P-ain Forest  : - 
T-Lower Montane Rain Fores t  : 6.49 

6.60 

6.17 

6.15 

8.94 

7.60 

6.76 

T-Wet Forest  : 

T-Premontnne Vet Forest  : 

re moist Fores t  : 

Jenny et  a l .  1949 

Edwards 1977 

Edwards 1977 

Edwards 1977 

Edwards 1977 

F o l s t e r  et al. 1976 

F o l s t e r  e t  a l .  1976 

F o l s t e r  et a l ,  3,976 

~ o l l e ~  et a l .  1975 

Jenny et a l .  1959 . 
Kellman .I970 

Bhandu e t  a l .  1973 

9.83 11.37 Golley e t  a l .  1975 

7.10 11.10 .Haines and Fos te r  1977 

8.10 9.18 h t t e l  and Bernhard-Re-rersat 1975 

9.30 11.88 Hut te l  and Berr~hard-Reversat 1975 

6.14 9.54 Jordan and Escalante  1980 

11.0 23.2 Kira  et a l .  1967 

6.50 - Leigh and Smythe 1979 

'I-Prmontane 1Ioi.r;~ Fores t  : 6.91 .- Cornforth 1970 

C.76 - Enright 1979 

6.55 11.0 F i t t k a u  and Klinge 1973 

4.63 - Hopkins 1966 

7.17 - Hopkins 1966 

8.1.8 9.62 ? i u t t e l  and Bcrnhard-Reversat 1975 
\ 

6.78 9.04 Muttel  and Bernhard-Reversat 1975 



Table  1. (cont inued) .  

-- 
L i t t e r f a l l  

L i f e  zonea Leaf and T o t a l  Source 
F r u i t  

(mr/ha. y r )  

3.06 8.33 Malaisse '  e t  a1 . 1975 

4.69 5.9 Malaisse  e t  a l .  1979 

7.04 

ST-Lower Montane Rain Forest :  2 .20 

ST-Vet F o r e s t  : 5.55 

7.81 

7.73 

5.7 

5.2 

5.3 

4.4 

6.16 

ST-Lower Montane Wet 
Fores t  : 

ST-EIoist Fores t :  

ST-Dry Fores t  : 

Nye 1961 

Bugger 1978 

Kunkel-Weetphal and Kunkel, 1979 

Kunkel-Westphal and ~ u n k e l  1979 

Odm 1970 

Tanner c i t e d  i n  Grubb 1977 

Tanner c i t e d  i n  Grubb 1977 

Tanner c i t e d  i n  Grubb 1977 

Tanner c i t e d  i n  Grubb 1477 

Bandhu 1973 

Dugger 1378 

Ewe1 1976 

Ewe1 1976 

Singh 1968 

Singh 1968 

Singh 1968 

Singh 1968 

Singh 1975 

Garg and Vyas 1975 

Lugo e t  a l .  1978 

Lugo e t  a l .  1978 

0.84 1.02 Lugo e t  a l .  1978 

* Assumed same r a t i o  of l e a f  t o  t o t a l  l i t t e r f a l l  a s  a t  o t h e r  3 s i t e s  (1.19). 

a 
T = Tropica l ,  ST = Subt rop ica l .  



? 

a Total 

O Leof ond Fruit 

Fig. 9. Rela t ionship  between l i t t e r f a l l  and , 

p o t e n t i a l  evapo t r ansp i r a t ion  t o  pre- 
c i p i t a t i o n  r a t i o  (PETIP). The p o i n t s  
r ep re sen t  t h e  mean l i t t e r f a l l  (from 
Table 1 )  f -1 standard  e r r o r  ( b a r s ) .  



Age l y r l  

Fig. 10. Re la t ionsh ip  between l i t t e r f a l l  and s t and  age  i n  a  T rop ica l  
l rem montane Wet Fores t  L i f e  Zone ( d a t a  a r e  from Kellman 1970).  



Age of Vege to tlon ( y r )  

Fig. 11. Relationship between l i t t e r f a l l  
and stand age i n  a Subtropical 
Moist Forest Life Zone ( f i e1  1976). 



Using t h e  l i t t e r f a l l  d a t a  in Table 1, grouped i n t o  t h e  s i x  L i f e  Zone 
c a t e g o r i e s  descr ibed  i n  t h e  paper  by Brown and Lugo ( t h i s  volume), and t h e  
a r e a  of t h e  s i x  L i f e  Zone c a t e g o r i e s ,  I was a b l e  t o  e s t i m a t e  t h e  annual pro- 
duc t ion  of l i t t e r  f o r  t r o p i c a l  f o r e s t s  (Table 2) .  Most of t h e  t o t a l  l i t ter  
product ion  i n  t h e  t r o p i c s  occurs  i n  t h e  Trop ica l  Moist Fo res t  L i f e  Zone ( 4 3 % ) ,  
and t h e  l e a s t  i n  t h e  Sub t rop ica l  Rain and W e t  Fo re s t  L i f e  Zone (4%).  Leaf and 
f r u i t  product ion account f o r  76% of t h e  t o t a l  l i t t e r  product ion i n  t h e  t r o p i c s .  
Brown and Lugo ( t h i s  volume) es t imated  t h e  s t and ing  crop of l i t t e r  i n  t h e  
t r o p i c s  t o  be  7 .1  b i l l i o n  m t C ,  and us ing  t h e  t o t a l  l i t t e r  product ion from Table 
2 (6.04 b i l l i o n  mtC/yr) ,  t h e  turnover  t ime of l i t t e r  i n  t h e  t r o p i c s  is  approxi- 
mately 1 . 2  y r .  

Turnover t i m e s  f o r  i n d i v i d u a l  L i f e  Zone groupings a r e  summarized i n  Table 
3.  The Trop ica l  and Sub t rop ica l  Dry Fores t  L i f e  Zones have t h e  longes t  tu rnover  
t imes ,  followed by t h e  T r o p i c a l  Rain and Wet F o r e s t ,  T rop ica l  Moist F o r e s t ,  Sub- 
t r o p i c a l  Moist F o r e s t ,  and f i n a l l y  by t h e  Sub t rop ica l  Rain and W e t  Fo re s t .  The 
Dry F o r e s t  L i f e  Zones have turnover  t imes  on the  order of 2 yr, whereas the  other 
L i f e  Zones have turnover  t i m e s  on t h e  o r d e r  of 1 y r .  

A j t ay  e t  a l .  (1979) es t imated  a  l i t t e r  product ion of 11.0 b i l l i o n  m t ~ / y r  
f o r  t h e  t r o p i c s ,  and Reiners  (1973) es t imated  a  va lue  of 11.4 b i l l i o n  m t C / y r .  
Both of t h e s e  e s t i m a t e s  a r e  about double t h a t  of mine. The main reason  f o r - t h i s  
d i screpency  i s  t h a t  Aj tay  'et a l .  and Reiners  use  average annual  l i t t e r  product ion 
r a t e s  t h a t  a r e . a b o u t  2.0 times and 1.7 t imes  h ighe r ,  r e s p e c t i v e l y ,  t han  t h e  average 
annual  l i t t e r  product ion r a t e  t h a t  .I found. I n  a d d i t i o n ,  Aj tay  e t  a l .  used a  lower 
a r e a  (1,480 mzl l ion  h a ) . f o r  t h e  t r o p i c s  and Reiners  used a h ighe r  a r e a  (2,000 
m i l l i o n  ha) than  I used. 

I n  summary, l a r g e  amounts of o rgan ic  matter t u r n  over  i n  t r o p i c a l  f o r e s t s  
every  yea r .    he ' f a s t e r  t h e  tu rnove r ; the  h igher  is  t h e  c a p a c i t y  of t h e s e  f o r e s t s  . 

t o  c a p t u r e  C02 from t h e  atmosphere. Also, t h e r e  is a b e t t e r  oppor tun i ty  f o r  t h e  
s t o r a g e  o r  t r a n s f e r  of carbon t o  o t h e r  s e c t o r s  of t h e  biosphere where r e t u r n  t o  
t h e  atmosphere is  delayed. Y e t ,  I have only  r epo r t ed  on l i t t e r f a l l  and biomass 
accumulation wi th  age. More work i s .  needed i n  t h e  o t h e r  components of n e t  primary 
p r o d u c t i v i t y  a s  w e l l  a s  r a t e s  of r e s p i r a t i o n  by ecosystem component. 

L i t e r a t u r e  Cited 

Aj t ay ,  G .  L. ,  P. Ketner ,  and P.  Duvigneaud. 1979. T e r r e s t r i a l  primary pro- 
duc t ion  and phytomass. Pages 129-182 i n  B. Bol in,  E. T. Degens, S. Kemps, 
and P. Ketner ,  eds.  SCOPE 13 - The g l x a l  carbon cyc le .  SCOPE - I n t e r -  
n a t i o n a l  Council  of S c i e n t i f i c  Unions, J. Wiley and Sons, New York. 

A r t ,  H. W. and P. L. Marks. 1971. A summary t a b l e  of biomass and n e t  annual  
primary prbduct ion i n  f o r e s t  ecosystems of t h e  world. Pages 3-32 i n  
Fo res t  biomass s t u d i e s ,  s ec .  25 : growth and y i e l d .  15 th  .~nternat.~nion 
Fores t  Res. Organ. Congr. 205 pp. 



Table 2. Zotitt~sta3 l i t t e r f a l l  ,producti~n j.2 tropicaE forest  ecosystems. , 

Are? LittekEall Total L i t t er fa l l  
Leaves '. ~ o t a r  Leavesb ~ o t i a l b  

( l ~ ~ t ~ a )  (tztI!~a:yr) (10~rr.t/~r) ( l o % t ~ / ~ r j  ( 1 0 % t / ~ r )  ( 1 0 ' ) m t ~ / ~ r )  

T--3&iri 8r.d Wet: Psreet . 2li.2 6.96 8.82 1.47 0.74 1 .66 0.53 

T-?+!rjiaE. Forecl!: 452 .2  7 . 2 1  1'0.91 3.40 1.70 5.15 2.58 

; f-J;;ry Forest 244.5. 5.0" 5 .sC i . 2 2  0 .61 . 1.34 0 . 6 7  

SF--Rair. aai: t l ~ t  ' 7 o ~ o s t  74.3 5.58 6.55 0.41 O . Z G  0.49 0 .2  4 

PT.<40iloi.et Pcrecl: 283.0 C.CG 6.92 1 .39 3.70 1.83 6.92 

. 8 .  --- --.--.---- 

TOTAL 1,780 9.15 5 - 5 8  ' 12.07  6.0& 

Carbon assvnied = 8.5 x dry weight. 

C I~icerpoletjon, ivy eye, bra!n Fig. 9 ,  ucing a PET/P = 1 for T q r y  Foreets. 



T I e  1. 'Estiniated t:;rrovrr t - h e  (yr j  of: 1.icter by Life Zo~ze. 

.a 'Life Zone.. standing 9rop Total Litter 
of ~ l t t e t "  ~ r o d u c t i ~ n "  . 

< l o ~ n , t z )  ~ l o ~ m t c )  

T-Xaisr md Wet Forest 7 .OC n. 9; 1.14 

.. .~ -Yoisr  P C I Z L = S ~  2.27 2.58 0.86 

?!-Sr'y Fore.st l..3h 0.67 . 2.00 

:Yl?-T.-Rai.r. =d Yet Forest 9.18 0.24 0 ,  '75 

ST-hioia t Poresi: 0 . 7 4  0.52  SO 

ST-Dry Forest 1-48 0.65 2 . >'+ 
----- - -- -- - - ,- - - - - . 

TOTAL 7 . 1  6.3 1.2 

0 T = Tropical, ST = Subtropical 

Producr. of stacddng crop per unit area (T,?Sle 19 i n  Bram niirl L ~ g o ~  t h i s  
valme) snd area cf L i f e  Zones. 

r, ~ r &  Table 2. 
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THE DEVELOPMENT OF MI EMPIRICALLY-DRIVEN SIMULATION 

MODEL OF, CARBON EXCHANGE BETWEEN HUMAN-IMPACTED TROPICAL 

ECOSYSTEMS AN?l THE ATMOSPHERE . 

R. Paul  Detwiler and Charles A. S. Hal l  

Section of Ecology & Systematics . 

Cornell  Universi ty 

~ n t r o d u c t  ion 

One emerging f o c a l  point  f o r  recent  research on t h e  g lobal  carbon cyc le  
has  been t h e  attempt t o  assess  whether our knowledge of t h e  g lobal  carbon 
cyc le  can be in tegra ted  i n t o  a cons i s t en t  q u a n t i t a t i v e  balance. A t  t h e  
present  time the re  is  considerable  controversy a s  t o  whether t r o p i c a l  terres- 
t r i a l  regions a r e  a source o r  a s ink  of carbon with respect  t o  t h e  atmosphere, 
and carbon research s i n c e  t h e  Brookhaven symposium has done remarkably l i t t l e  
t o  decrease t h e  conceptual gap between those who view t h e  t e r r e s t r i a l  b i o t a  
a s  a source vs.  a s ink  of carbon. The conclusion of most recent  s t u d i e s  (see 
Broecker et  a l .  1979 and Woodwell et al .  1978 f o r  a few of many examples) is 
t h a t  i t  is  not poss ib le  a t  t h i s  time t o  produce a balanced annual carbon cycle 
un less  a new s i n k  i s  found beyond t h e  atmosphere and t h e  ocean, a t  l e a s t  a s  
they a r e  p resen t ly  assessed. One such poss ib le  s ink  t h a t  o f t en  i s  evoked is  
t h e  land b i o t a  (see papers by Lugo and by Holdridge i n  t h i s  volume) e s p e c i a l l y  
i f  i t  is  f e r t i l i z e d  s u b s t a n t i a l l y  by t h e  increas ing atmospheric C02 concentra- 
t i o n s .  However, i f  Woodwell e t  a l .  a r e  cor rec t  i n  t h e i r  assessment of l a r g e  
n e t  addi t ions  from t e r r e s t r i a l  biomass, such C02 f e r t i l i z a t i o n  cannot make np 
f o r  new c u t t i n g ,  and our knowledge of t h e  carbon cycle  s t i l l  remains very much 
incomplete. I f  a balanced budget i s  t o  be obtained o the r  s inks  must be found, 
Our prel iminary q u a n t i t a t i v e  model s imulat ion ana lys i s ,  developed below, begins 
t h e  assessment of t h e  sources and s inks  of carbon t h a t  occur a s  d i f f e r e n t  lands 
a r e  used f o r  var ious  purposes ( including no management). 

This paper a l s o  develops severa l  poss ib le  pathways.by.which t h e  "missing 
carbon" might be "found" without invoking t h e  near ly-impossible-to-quantif y 
mechanism of C02 f e r t i 1 , i z a t i o n  of s tanding crop. The f o c a l  point  f o r  our 
ana lys i s  is  t h e  humid t r o p i c a l  ecosystems, and we emphasize here  how s i n k s  
might operate where source mechanisms have been i d e n t i f i e d  e a r l i e r  (e.g., 
Woodwell e t  a l .  1978). . . :. . 

Forested t r o p i c a l  lands  s t o r e  l a rge  q u a n t i t i e s  of carbon a s  organic mat ter ,  
both pe r  u n i t  a rea  and f o r  t h e  t r o p i c s  a s  a whole (Brown and Lugo, t h i s  v'olume). 
A s  people u t i l i z e  these  lands f o r  var ious  economic a c t i v i t i e s  carbon is  t rans-  
f e r red  between t h e  land and t h e  atmosphere and t h e  atmosphere and t h e  land. I n  



our opinion many analyses of t h e  r o l e  of t e r r e s t r i a l  vegeta t ion a r e  over ly  
s impl i s t i c .  Clearly many d i f f e r e n t  types of ecosystems, under d i f f e r e n t  
management regimes and d i f f e r e n t  environmental per turbat ions ,  a r e  l i k e l y  
t o  be sources of carbon t o  t h e  atmosphere while o ther  types a r e  s inks .  We 
should move away from t h e  hard pos i t ions  of t h e  b i o t a  a s  a "source" o r  a 
"sink". Rather, we .should assess  one by one d i f f e r e n t  vegetat ion types sub- 
jected t o  d i f f e r e n t  p a t t e r n s  of land-use and land-use change. Then t h e  quan- 
t i t a t i v e  importance of each type or  region can be assessed. Perhaps i n  t h e  
end it is j u s t i f i e d  t o  ask what t h e  n e t  e f f e c t  of t h e  b i o t a  a s  a whole i s  
but such an assessment f i r s t  requires  ca re fu l  assessment of individual  systems. 

Possible Role of Forest  Recovery and Sh i f t ing  'Cul t iva t ion 

Our present  DOE-funded research,focusing on t r o p i c a l  ecosystems, has l ed  
us  t o  quest ions about "s lash  and burn" a g r i c u l t u r e  ( a l s o  ca l l ed  " sh i f t ing  
cul t iva t ion"  o r  "swidden") and other  a g r i c u l t u r a l  a c t i v i t i e s .  Our view has  
been s t rongly  enhanced by t h e  manuscript by S e i l e r  and Crutzen (1980) and by 
our review of Bolin e t  a l . ' s  (1979) "The Global Carbon Cycle" (Hall and 
D e t w i l e r  1980). 

Our e a r l i e r  unpublished simulat ion suggested t h a t  some la rge  por t ions  
of t h e  t e r r e s t r i a l  vegeta t ion might serve a s  a s i n k  f o r  carbon even though 
that'vegetation was subject  t o  c u t t i n g  i f  1 )  t h e  vegeta t ion recovers sub- 
s t a n t i a l l y ,  and 2) a s u b s t a n t i a l  por t ion  of t h e  vegeta t ion cu t  is  s tored a s  
oomc kind of olowly degrading' product,  ouch a3 lumbcr. Undcr t h i o  occnario 
(which we analyzed q u a n t i t a t i v e l y  v i a  simulation) t h e  f o r e s t  system would be 
i n  long-term balance (more o r  l e s s )  while a c e r t a i n  f r a c t i o n  was removed t o  
s torage  r e s u l t i n g  i n  a ne t  movement of carbon from atmosphere t o  s torage .  Our 
subsequent research has  shown t h a t  it is un l ike ly  t h a t  lumber i s  removed from 
t r o p i c a l  f o r e s t s  a t  a r a t e  s u f f i c i e n t  t o  account f o r  t h e  "missing carbon" 
(Lugo, t h i s  volume). However, our intervening work, p lus  informal communi- 
ca t ions  with Steve Schneider of NCAR, and our d e t a i l e d  examination of t h e  
manuscript by S e i l e r  and Crutzen (1980), has convinced us t h a t  it is poss ib le  
f o r  t h e  general  scheme we developed e a r l i e r  t o  opera te  i n  t r o p i c a l  f o r e s t s  
i f  we include the .p rov i s ion  t h a t  t h e  carbon i s  s tored on s i te  ( i n  var ious  
slowly-degrading products of c u t t i n g  and/or combustion) o r  l o s t  i n  "natural" 
flows from the  s i te  (such a s  i n  groundwater o r  stream flow). 

We bel ieve  t h e  p r i n c i p a l  slowly-degrading pathways t o  be: 1 )  t h e  boles  
l e f t  o n s i t e ,  2)  charcoal  l e f t  from burning, and 3) "soot" t h a t  becomes a i r -  
borne upon burning and t h a t  f a l l s  t o  e a r t h  a t  o the r  locat ions .  Consider a 
l a rge  a r e a  i n  steady s t a t e  with respect  t o  swidden agriculture over a l a r g e  
number of years ,  e. g. ,  a 1,000 ha region i n  which 50 ha a r e  cut  each year ,  
farmed f o r  2 yr, and.allowed t o  l i e  i n  fa l low f o r  18 yr ,  with no change i n  
human population o r  per  c a p i t a  land use over a century. Under these  circum- 
s t ances ,  and i f  t h e  vegeta t ion on t h e  s i te  recovers f u l l y  i n  18 y r ,  the re  
would be no year-to-year change i n  t h e  l i v i n g  ( including l i t t e r  and, presum- 
ably ,  s o i l )  carbon on site.  However, i f  t h e r e  is any carbon t h a t  accumulates 
i n  any way, e i t h e r  on s i te  o r  o f f ,  a s  a funct ion of the  land-use (swidden), 
t h a t  carbon would have been a net  movement from t h e  atmosphere t o  t h a t  s torage.  
S e i l e r  and Crutzen (1980) suggest t h a t  only 15-30% of t h e  carbon on most swidden 
sites exposed t o  f i r e  a c t u a l l y  burns. Nearly a l l  photographs t h a t  we have seen 



of swidden sites show l a r g e  numbers o f ' s t and ing  dead boles  i n  areas  t h a t  
a r e  a c t i v e l y  c u l t i v a t e d .  Clear ly  l a r g e  q u a n t i t i e s  of charcoal  a r e  l e f t  
on site.  A l l  i n v e s t i g a t o r s  t h a t  we have ta lked t o  who have v i s i t e d  swidden 
sites (Risch i n  Mexico, Farnworth i n  Venezuela, E w e l  i n  many countr ies)  
have t o l d  us  t h a t  l a r g e  q u a n t i t i e s  of charcoal  remain on t h e  ground. E w e l  
hazarded a guess t h a t  5-10% of t h e  o r i g i n a l  biomass remained a s  charcoal  
(not counting t h a t  p a r t  of t h e  boles ,  e t c .  t h a t  was not charred).  Farnworth 
and o t h e r s  r e p o r t . l a y e r s  of charcoal  i n  s o i l  p i t s  dug i n  supposedly v i r g i n  
Amazonian f o r e s t .  It is not  necessary f o r  t h e  carbon t o  remain on t h e  sur-  
f ace ,  f o r  trampling by farmers and p a r t i a l  decomposition could produce charcoal 
f i n e s  t h a t  would e n t e r  t h e  s o i l  and even be c a r r i e d  away i n  su r face  o r  ground- 
water. Presumably t h e  charcoal  decays only very slowly. Addi t ional ly ,  l a r g e  
q u a n t i t i e s  of slowly degrading mate r i a l s  could leave an a c t i v e  swidden s i t e  
i n  soo t  from f i r e s  and i n  r e l a t i v e l y  f i n e  p a r t i c u l a t e  carbon l o s t  from the  
s o i l  surface  when it r a i n s .  

As  we continue t o  inves t iga te  how d i f f e r e n t  land-use changes, and 
d i f f e r e n t  vegeta t ion types associa ted  with s h i f t i n g  c u l t i v a t i o n ,  would r e s u l t  
i n  d i f f e r e n t  n e t  exchanges of carbon with t h e  atmosphere, it w i l l  be u s e f u l  
t o  i d e n t i f y  and contact  h i s t o r i a n s  of t r o p i c a l  countr ies  t o  i n v e s t i g a t e  what 
s o r t  of d a t a  bases might be ava i l ab le  f o r  q u a n t i t a t i v e  land-use es t imates  over 
time, and then t o  simulate these  pa t t e rns .  In  t h e  meantime we have gathered 
about two dozen references  t h a t  provide q u a n t i t a t i v e  information on s h i f t i n g  
c u l t i v a t i o n  (e. g. Cowgill 1961, Kans and Moorman 1977, Manshard 1968, Newton 
1960, Watters 1971, W i l l i a m s  and Joseph 1973). 

Soluble and P a r t i c u l a t e  'Carbon Fluxes i n  Natural  Ecosystems 

Likens and MacDowell (1980 personal  communication) reported r e s u l t s  of 
inves t iga t ions  of soluble  and p a r t i c u l a t e  carbon f l u x  i n  t h e  Hubbard Brook 
Experimental Fores t ,  New Hampshire. There w e r e  su rp r i s ing ly  l a r g e  carbon 
f l u x e s  associa ted  with t h e  i n f l u x ,  th roughfa l l ,  and pe rco la t ion  of rainwater .  
About 1.0+ ppm carbon was associa ted  with t h e  i n f a l l i n g  r a i n ,  equivalent  t o  
an input  of about 10-30 kg/ha.gr. This  concentrat ion was increased by a f a c t o r  
of about 1 0  a s  t h e  water f e l l  through the  trees, picking up organics from t h e  
vegeta t ion.  S o i l  water near t h e  surface  of t h e  s o i l  had even higher concen- 
t r a t i o n s ,  a s  much a s  50 ppm. But, concentrat ions were reduced t o  about 3 ppm 
beneath t h e  C s o i l  horizon, ind ica t ing  t h a t  t h e  maj o r i t y  of t h i s  carbon was 
somehow f i l t e r e d  out  i n  t h e  mineral  por t ions  of t h e  s o i l  or  r e sp i red  by microbes. 
Movement of carbon through o the r  fo res ted  wdtersheds was described by Lugo 
( t h i s  volume). I n  addi t ion ,  we propose t h a t  ac id  r a i n  could be leaching carbon 
from t h e  leaves a t  a r a t e  g r e a t e r  than t h e  h i s t o r i c a l  mean and sequestering 
carbon in t h e  lower s o i l  l aye rs  more rap id ly  than it is/was decomposed. World- 
wide t h i s  might c o n s t i t u t e  a s ink  of considerable magnitude although much of 
t h e  leachate  is probable l a b i l e .  While l i t t l e  d a t a  a r e  t o  our knowledge ava i l -  
ab le  on t h i s  quest ion f o r  t r o p i c a l  systems, we wondered whether new carbon might 
be brought i n t o  t r o p i c a l  systems from atmospheric sources,  perhaps p a r t i c u l a r l y  
a s  charred mate r i a l  from other  burning sites. This material could eventual ly  
be sequestered i n  the  s o i l ,  along with o ther  r e f rac to ry  mate r i a l s  such a s  small 
p a r t i c l e s  of charcoal  and, perhaps, acid-produced leachate ,  adding t o  t h i s  po- 
t e n t i a l  s ink.  Although the  question i s  most properly inves t igated  empir ica l ly  
and on s i te ,  c e r t a i n  aspects  a r e  amenable t o  ana lys i s  with our e x i s t i n g  model. 



The U s e  of Models . I 

Since t h e  processes contr ibut ing t o  land-use changes and t o  what happens 
t o  carbon once .s tored a s  l i v i n g  biomass a r e  very complex; and s ince  " t rop ica l  
fo res t s "  encompass s o  many d i f f e r e n t  types of landscapes (ecosystems, L i fe  
Zones), each subject  t o  many d i f f e r e n t  s o r t s  of land-uses, the  problem be- 
comes quickly much too complicated t o  dea l  with using conventional algebra. 
Clearly some s o r t  of computer model i s  necessary,  one t h a t  can do t h e  very 
l a rge  amount of bookkeeping.involved, make projec t ions  r e a d i l y  from t h e  pas t  
and i n t o .  t h e  f u t u r e ,  and explore through s e n s i t i v i t y  ana lys i s  t h e  importance 
of concepts and parameters t h a t  a r e  not  known w e l l .  

Many poss ib le  models ofi f o r e s t  growth and land-use change a r e  ava i l ab le  
i n  t h e  l i t e r a t u r e .  However, we did not f ind  any of these  appropr ia te  t o  our 
problem of simulating carbon-exchange i n  t h e  t r o p i c s .  The p r i n c i p a l  reason 
i s  t h a t  the re  i s  e s s e n t i a l l y  no known set of equations t h a t  can adequately 
and mechanist ical ly represent  t h e  f a c t o r s  t h a t  determine t h e  r a t e s  and 
q u a n t i t i e s  of tree growth and death and decay such t h a t  they could be ext ra-  
polated t o  t h e  l e v e l  of f o r e s t s  t h a t  do not  have very comprehensive d a t a  sets. 
Therefore our approach t o  modeling tree growth, and v i r t u a l l y  a l l  o ther  com- 
ponents of t h e  carbon inventory and exchange system, i s  t o  s t a r t  with t h e  
most s t r a i g h t f  orward, empirically-determined components and construct  our . sim- 
u l a t i o n  from the re .  Although t h i s  approach has  t h e  l i m i t a t i o n s  of any.model 
t h a t  does not include mechanistic components of cause and e f f e c t ,  i t  does 
have t h e  v i r t u e  of not  pretending t o  model beyond t h e  ( ra the r  l imi ted)  d a t a  
set t h a t  we do have. 

Our f i r s t  s t e p  was t o  determine from t h e  l i t e r a t u r e  what s o r t  of in fo r -  
mation was ava i l ab le  and how t h i s  could be applied t o  t h e  carbon question.' 
Our conclusion was t h a t  t h e r e  was almost no information t h a t  could be applied 
a t  t h e  l e v e l  of the  f o r e s t  ecosystem except f o r  measurements of carbon stored- 
on-si te  and land-use data .  For example, v i r t u a l l y  a l l  f l u x  r a t e s  i n  t h e  l i t e r -  
a t u r e  were derived ' a s  r a t e s  of change of biomass r a t h e r  than a s  an independent 
(e.g. gas exchange) es t imate  of f lux .  For another example, r a t e s  of change 
of land-use w e r e  r a r e l y  obtainable a s  r a t e s  pe r  s e  but more c h a r a c t e r i s t i c a l l y  
a s  d i f fe rences  between es t imates  a t  severa l  po in t s  i n  time. Therefore.we 
developed a model s t r u c t u r e  t h a t  was based on these  obtainable da ta . types .  -We 
bel ieve  it is s u f f i c i e n t  t o  answer many quest ions about carbon. i n  the  t rop ics .  
Due t o  t h e  c h a r a c t e r i s t i c s  of t h e  d a t a  base our o v e r a l l  s t r a t e g y  was t o  con- 
s t r u c t  a model t h a t  would read i n  appropr ia te  raw d a t a  a s  q u a n t i t i e s  a t  po in t s  
i n  tilile, generate var ious  annual r a t e s  of change from t h a t  da ta ,  and. then in-  
ventory the  carbon on a l l  land-use regions. Differences between such t o t a l  
inventor ies  from one year t o  t h e  next were assumed t o  represent  exchanges with 
t h e  atmosphere. 

For most of t h e  d a t a  ava i l ab le  on both biomass and land-use t h e r e  was 
r a r e l y  more than two o r  a t  t h e  most th ree  d a t a  po in t s  ava i l ab le  ( fo r  example, 
quant i ty  of land i n  "perbanent" a g r i c u l t u r e  i n  1950 and 197'5). Since t h e r e  
was o f t en  l i t t l e  f u r t h e r  information about t h e  interconnecting po in t s  between 
these  known two or  t h r e e  points  we developed a general ized funct ion (GENFUN I) 



t h a t  a l lows  any two d a t a  p o i n t s  t o  be connected by a s t r a i g h t  l i n e  o r  by curves  
of i nc reas ing  o r  dec reas ing  magnitude (Fig. l a ) .  A fami ly  of a l l  such curves  
d e f i n e s  e s s e n t i a l l y  a l l  "regular"  ways t h a t  one can g e t  from A o r  B. Where 
t h r e e  o r  more p o i n t s  a r e  known a s i n g l e  curve can ,  of course ,  be def ined .  For 
a l l  p o s s i b i l i t i e s  s e n s i t i v i t y  a n a l y s i s  can be  used t o  determine t h e  importance 
of t h e  curve shape f o r  whatever conclus ions  might be reached wi th  t h e  model. 
We a l s o  have developed a more s o p h i s t i c a t e d  c u r v e - f i t t i n g  procedure (GENFUN 11)  
but  have no t  used it y e t  (Fig.  l b ) .  

Data Requirements 

The p r i n c i p a l  v a r i a b l e s  t h a t  w e r e  thought t o  be most important t o  t h e  
ques t ion  of n e t  exchange between f o r e s t e d  a r e a s  and t h e  atmosphere, and t h a t  
w i l l  e x p l i c i t l y  be s imulated f o r  bes t -es t imate  and maximum p o s s i b l e  v a l u e s ,  
fo l low.  Each ques t ion  r e q u i r e s  t h e  fo l lowing  information f o r  a s p e c i f i c  L i f e  
Zone, n a t i o n  o r  r e g i o n ,  depending on t h e  s c a l e  of t h e  ques t ion  asked. Even- 
t u a l l y  w e  hope t o  run all L i f e  Zones f o r  a l l  nations i n  the tropics. The data 
r equ i r ed  a re :  

0 t h e  rate a t  which both v i r g i n  and secondary f o r e s t  i s  c u t ,  t h e  
change in t h i s  r a t e  over t ime,  and t h e  use  of t h e s e  c l e a r e d  
a r e a s  ; 

t h e  f a t e  of t h e  ha rves t ed  biomass - how much went i n t o  long-term 
s t o r a g e  (e.g. lumber o r  cha rcoa l  o r  s lowly decomposing bo le s )  
ve r sus  how much was quick ly  ( 1  year )  oxidized (e.g.  burned wood, 
smal l  p i e c e s  of ha rves t ing  r e s i d u e ,  tw igs ,  and l e a v e s ) ;  

t h e  biomass of bo th  v i r g i n  and second-growth f o r e s t s  a f t e r  t hey  
have reached t h e i r  maximum s i z e ;  

0 t h e  l e n g t h  of t ime requi red  f o r  cu t  a r e a s  t o  r ega in  o r i g i n a l , - o r  
a t  l e a s t  t h e  new maximum biomass; 

0 t h e  p a t t e r n  of f o r e s t  regrowth (e.g. l i n e a r ,  l o g i s t i c ,  e t c . ) ;  

0 t h e  age a t  which, on average,  t h e  plo't i s  c u t  aga in  i f  i t  is  c u t  
again;  

0 an assumption (yes o r  no) about t h e  p o s s i b 5 l i t y  of ca rbon ,d iox ide  
f e r t i l i z a t i o n  e f f e c t i n g  p r o d u c t i v i t y  and s t o r a g e  of carbon i n  
both regrowing and mature areas (not  o p e r a t i o n a l  y e t ) ;  

0 t h e  mean decay r a t e s  of d i f f e r e n t  r e f r a c t o r y  m a t e r i a l  t ypes ,  i . e .  
bo l e s ,  cha rcoa l ,  s o o t ,  e t c .  (no t  o p e r a t i o n a l  y e t ) .  We do n o t  
need t h e  rate, only  t h e  p o i n t s  i n  t i m e ,  t h e  program c a l c u l a t e s  
t h e  r a t e s ;  

" t h e  p o s s i b l e  p a t t e r n s  of h i s t o r i c a l  r a t e s  of  land-use change. 
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, Fig. 1 .  GENRTN I and GENFURl I1 with different second 
derivit ives . 



Other components of our p ro jec t  a r e  der iv ing t h i s  needed information f o r  
se lec ted  t r o p i c a l  regions (see  papers by Brown, Brown and Lugo, and by Tosi  
i n  t h i s  volume). 

The next  problem was t o  de f ine  t h e  types of land-use t h a t  w e r e  par t icu-  
l a r l y  important e i t h e r  i n  terms of carbon standing crop,  i n t e n s i t y  of land-use 
changes o r  p o t e n t i a l  f o r  sequestering l a r g e  q u a n t i t i e s  of carbon. In  addi t ion ,  
it was important t o  def ine  a s  few land-use areas  a s  poss ib le  consis tent  with 
t h e  above c r i t e r i a  t o  decrease t h e  types of data  required ,  and t o  make each 
c l e a r l y  d i f f e r e n t i a t e d  by, e.g.,  remote sensing. I n  o ther  words we wanted 
t o  make a model t h a t  depended a s  much a s  poss ib le  on d a t a  bases t h a t  we thought 
a r e  a v a i l a b l e ,  o r  might become avai lable .  A more soph i s t i ca ted  model might be 
u s e f u l  f o r  some quest ions but would not be use fu l  i f  i t  asked f o r  d a t a  t h a t  
were unobtainable. 

A General Pa t t e rn  of Land-Use i n  t h e  Tropics 

Almost a1.1 e x i s t i n g  assessments of t h e  r o l e  of t h e  tropical b i o t a  i n  the 
globa l  carbon cycle  ar.e e s s e n t i a l l y  "one box" models t h a t  have t h e  b i o t a  res- 
ponding t o  ex te rna l  forc ing funct ions  such a s  changes i n  t h e  concentrat ion of 
CO i n  t h e  atmosphere and/or human fo res t -cu t t ing  r a t e s .  Our d iscuss ions  with 2 
people f a m i l i a r  with p a t t e r n s  of land-use i n  t h e  t r o p i c s ,  and such references  
a s  w e  have so  f a r  been ab le  t o  l o c a t e  i n d i c a t e  t h a t  t h e  p a t t e r n  of land-use 
change is  much more complex than e x i s t i n g  models r epresen t ,  but t h a t  such land- 
use changes do tend t o  fol low c e r t a i n  pa t t e rns .  

I n  genera l ,  v i r g i n  f o r e s t s  a r e  not  managed i n  ways t h a t  r e s u l t  i n  l a r g e  
changes in biomass. For example, mahogany o r  f r u i t s  may be harvested from 
such f o r e s t s ,  but a s  long a s  t h e  region remains e s s e n t i a l l y  uncleared t h e  
remaining vegeta t ion,  s t imulated by sunl ight  enter ing through t h e  gaps created 
in t h e  canopy, quickly grows i n  t o  f i l l  any gaps with presumably l i t t l e  n e t  
exchange of carbon with t h e  atmosphere. 

The f i r s t  s t age  i n  human land-use change tends  t o  be t h e  in t roduct ion of 
s h i f t i n g  c u l t i v a t o r s ,  o t t e n  following t h e  development of logging o r  o the r  new 
roads (Watters 1971). For example, a s  much a s  50% of p o t e n t i a l l y  c u l t i v a t a b l e  
land i n  Mexico had been " los t"  t o  s h i f t i n g  c u l t i v a t o r s  by 1945 before o t h e r  
maj o r  land-uses were introduced. Virgin f o r e s t  c u t t i n g  f o r  s h i f t i n g  c u l t i v a t i o n  
becomes more in tense  i n  t h e  region a s  o the r  s e t t l e r s  fol low t h e  roads,  although 
t h e  farmers p r e f e r ,  i n  genera l ,  t o  cut  second growth regions (which a r e  e a s i e r  
t o  f e l l )  than v i r g i n  timber (Watters 1971). It is  uncommon f o r  s h i f t i n g  cul- 
t i v a t o r s  t o  re tu rn  t o  a stand more than 20 yr-old (Watters 1971). I f ,and a s  
t h e  land is  used more in tens ive ly ,  following e.g. population inc reases  due t o  
se t t lement  of add i t iona l  people o r  through reproduct ion ,  and/or through c a p i t a l  
investment, and/or dec l ine  i n  s h i f t i n g  c u l t i v a t i o n  f e r t i l i t y ,  land o f ten  i s  
c leared and not  allowed t o  grow back (Nelson 1973). Again t h e  e a s i e s t ,  and 
apparently most common procedure, is  t o  take  land already c leared f o r  s h i f t i n g  
c u l t i v a t i o n  ( e i t h e r  a  r ecen t ly  farmed p l o t  o r  a  second growth p l o t )  and convert 
t h e  land i n t o  o ther  land-uses, s p e c i f i c a l l y  permanent a g r i c u l t u r e ,  grazing o r  
11 urban" regions. Our current  information is t h a t  t h e  most important general  
pathway i s  from v i r g i n  f o r e s t  through s h i f t i n g  c u l t i v a t i o n  t o  a mosaic of grazing- 
small s c a l e  permanent agriculture-abandoned but degraded land,  each of which has  



carbon s t o r a g e s  roughly similar (Coulter  1972, Nelson 1973).  Another,  probably 
less q u a n t i t a t i v e l y  important ,  pathway i s  c a p i t a l  i n t e n s i v e  land c l e a r i n g  such 
as t h e  J a r i  p r o j e c t  i n  t h e  Amazon, o r  t h e  Braz i l i an  government-endorsed p r o j e c t  
of developing s t r i n g s  of a g r i c u l t u r a l  v i l l a g e s  throughout t h e  Amazon (Goodland 
and Irwin 1974) . I n  t h i s  ca se ,  v i r g i n  f o r e s t  is c l e a r e d  completely and con- 
ve r t ed  d i r e c t l y  - t o  farming .or  t r e e  p l a n t a t i o n s  o r  some o t h e r  land-use. F i n a l l y ,  
abandonment of uneconomic l and  is  an important land-use change. It i s  important 
t h a t  a computer model a s se s s ing  carbon i n v e n t o r i e s  re f lec ts ' .&ese  p r i n c i p a l  pa t -  
t e r n s  of land-use change. F igure  2 i s  ou r  f i n a l  concept ion,  a r r i v e d  a t  a f t e r  
many r e v i s i o n s ,  a s  t o  what land-use c l a s s e s  and changes ' i n  land-use might b e s t  
r ep re sen t  ( i n  t h e  computer) fundamental components of t h e  carbon ques t ion .  A 
s l i g h t  r e v i s i o n  inco rpora t ing  changes suggested a t  t h e  Rio P ied ras  symposium 
is being developed. The f low cha r t  r e p r e s e n t s  land a r e a s  i n  each ca tegory ,  
and t h e  arrows r ep resen t  t h e  t r a n s f e r  of l and  a r e a  from one ca tegory  t o  another .  
The land-use c a t e g o r i e s  and t h e i r  reason  f o r  i nc lus ion  are: 

Natura l  systems (AREANS i n  t h e  program) -- included because it is  
thought t h a t  when a given r eg ion ,  L i f e  Zone, n a t i o n ,  e t c .  w a s  undis- 
turbed it i s  assumed t h a t  a l l  land would be i n  t h i s  ca tegory  wi th  
a biomass of carbon s i m i l a r  t o  su rv iv ing  r e p r e s e n t a t i o n s  of t h i s  
vege ta t ion .  I f  t h e  land i s  d i s tu rbed  it w i l l  "en ter"  ( i n  t h e  
model a r e a  w i l l  be  t r a n s f e r e d  t o )  one of t h e  fo l lowing  land-uses 
and t h e  a r e a  i n  t h e  n a t u r a l  system ca tegory  w i l l  be  diminished by 
t h a t  amount. 

2)  Area c l e a r e d  f o r  s h i f t i n g  c u l t i v a t i o n  (AREASB1, AREASB2) -- probably 
t h e  s i n g l e  l a r g e s t  category of land c l ea red  i n  a given y e a r ,  a t  
l e a s t  h i s t o r i c a l l y .  Th i s  land-use r e s u l t s .  i n  p l o t s  of low l i v i n g -  
carbon i n v e n t o r i e s  t h a t  a r e  farmed f o r  about two y e a r s  and then 
allowed t o  go t o  f a i l o w  o r  are used more i n t e n s i v e l y  (e.g. p a s t u r e ) .  

3) Regrowing o r  f a l l o w  a r e a s  (AREARG) -- once a swidden p l o t  is abandoned 
t h e  l i v i n g  carbon inventory  on t h e  s i te  w i l l  accumulate i f  t h e  p l o t  
is n o t  d i s tu rbed .  The land-use i n  t h e  model moves yea r  by yea r  
through succes s ive  c a t e g o r i e s  of recovery,  each cha rac t e r i zed  by a 
s p e c i f i c  q u a n t i t y  of l i v i n g  (and dead) carbon t h a t  can be represented  
through t h e  u s e  of our "GENFUN" rou t ine .  Land i s  removed from t h e  
f a l l o w  cyc le  once vege ta t ion  has  recovered according t o  a p rede te r -  
mined "optimal regrowth period" ( say  15 y r )  except  as modif ied by 
demand f o r  new farmland. I n  o t h e r  words, i f  t h e  number of farmers  
(o r  t h e  land  they  use)  remains cons tan t  from year  t o  year  then  t h e  
q u a n t i t y  of land  l eav ing  t h e  "15 yr-old category" w i l l  be  equ iva l en t  
t o  t h e  amount of land e n t e r i n g  t h e  f a l l o w  pe r iod  and t h e  q u a n t i t y  
of l and  moved.from each regrowing ca tegory  t o  t h e  next  ( say  t h e  7 t h  yr 
of f a l l o w  t o  t h e  8 t h ) .  I f ,  however, t h e  q u a n t i t y  of land farmed i n -  
c r e a s e s  then  a l l  of t h e  1 5 t h  yr of f a l l ow w i l l  be cu t  a s  w e l l  a s  some 
of t h e  14th.  Over t ime new land w i l l  come from success ive ly  younger . 
f a l l ow p l o t s  (Watters 1971) u n l e s s  new land i s  cu t  from v i r g i n  f o r e s t  
( a  u s e r  option).  I f  less land i s  c u t  f o r  farming over  t ime,  land 
w i l l  be  allowed t o  e n t e r  longer  pe r iods  of regrowth and mature second- 
growth f o r e s t  w i l l  accumulate . 



Fig. 2. Land-use flow char t  f o r  t h e  model GLOBC4. See t e x t  f o r  meaning 
of mneumonics. Boxes i n d i c a t e  area  of land i n  var ious  land-use 
ca tegor ies .  F inely  divided box a t  upper r i g h t  ind ica tes  d i f f e r e n t  
s t ages  of f o r e s t  recovery. Arrows i n d i c a t e  pathways of land-use 
t r a n s i t i o n  i n  t h e  present  model. AREAPA, AREAAG and A R W R  were 
combined f o r  t h e  prel iminary runs a s  t h e  biomass is s imi la r .  



4) Area used f o r  in tens ive  human a c t i v i t i e s  -- land cu t  f o r  swidden 
can a l s o  be converted t o  o ther  land-uses such a s  pas tures  (AREAPA), 
urban land (AREAUR), o r  permanent a g r i c u l t u r e  (AREAAG). This is 
an option t h a t  can be entered i n t o  t h e  model by t h e  use r  a t  t h e  
s t a r t  of a run. The importance of t h i s  pathway der ives  from t h e  
observation t h a t  t h e  p r i n c i p a l  way t h a t  land is  moved i n t o  inten- 
s i v e  use (e.g. urban, pas tures ,  and/or permanent agr icu l tu re )  is  
through t h e  i n t e n s i f i c a t i o n  of a c t i v i t y  on land i n i t i a l l y  u t i l i z e d  
f o r  s h i f t i n g  cu l t iva t ion .  

Derivation of Basic Parameters f o r  Test-Case Run 

It i s  not poss ib le  a t  t h i s  time t o  run our model f o r  any r e a l  coun t r i e s ,  
L i f e  Zones o r  o ther  land un i t s .  A s  time goes on t h i s  information w i l l  be 
ava i l ab le  f o r  an increasing number of s p e c i f i c  L i f e  Zones and coun t r i e s ,  s i n c e  
o the r  members of our research group a r e  gathering much of t h i s  needed infor-  
mation and add i t iona l  d a t a  on land-use changes w i l l  be ava i l ab le  a s  remote 
sensing i s  applied t o  t h e  problem. 

However, we a r e  ab le  t o  construct  a t  t h i s  t i m e  a bas ic  d a t a  s e t  t h a t  
appears not u n r e a l i s t i c  and t h a t  can be used t o  explore what a r e  important 
components of needed information and t h e  kinds of answers we might eventual ly  
expect. W e  chose the  moist t r o p i c a l  f o r e s t s  of Lat in  America a s  our t e s t  region 
because some of t h e  needed information was ava i l ab le  f o r  t h a t  region and be- 
catlse land-use  change^ i n  t h a t  rcgion appear important t o  Llle bas ic  carbon 
quest ion. 

The land a rea  of 803 mi l l ion  ha was determined from Sommer (1976) who 
estimated t h a t  t h i s  a r e a  represents  t h e  o r i g i n a l  a rea  of t r o p i c a l  moist and 
w e t  f o r e s t s  i n  Lat in  America. The biomass of v i r g i n  regions of these  f o r e s t s  
was estimated a s  about 200 mtC/ha, consis tent  with values  i n  Whittaker and 
Likens (1973) and s l i g h t l y  higher than our own more recent  ana lys i s  (Brown and 
Lugo, t h i s  volume). Land i n  s h i f t i n g  cu l t iva t ion  was est imated a s  about 52 
mi l l ion  ha (Se i l e r  and Crutzen 1980, Watters 1970). W e  have assumed t h a t  a l l  
s h i f t i n g  cu l t iva t ion  i n  Lat in  America i s  i n  t h e  moist and wet f o r e s t  types 
which probably overest imates s l i g h t l y  t h e  t o t a l  proport ion of moist and w e t  
f o r e s t s  t h a t  is i n  s h i f t i n g  cu l t iva t ion .  W e  assumed t h a t  t h e  fa l low cycle  is  
15 yr (from values given i n  Ruthenberg 1976) and we  assume t h a t  new land is 
c leared f o r  s h i f t i n g  cu l t iva t ion  a t  t h e  r a t e  of about 3.5 mi l l ion  ha/yr ,  a 
f i g u r e  o r i g i n a l l y  determined from the  t o t a l  land a rea  i n  c u l t i v a t i o n  and t h e  
length  of t h e  fa l low cycle. 

Prel iminary Resul ts  of Model s imulat ions 

W e  have used our present-generation model (GLOBC4) t o  explore some sce- 
na r ios  of land-atmosphere carbon exchange, using what'we th ink  a r e  not-unreal- 
i s t i c  assumptions about land-use changes. Since t h e  r e s u l t s  of t h i s  model a r e  
completely s e n s i t i v e  t o  t h e  land-use and biomass.data 'used.  a s  input it is im- 
por tant  t o  der ive  these  parameters a s  e x p l i c i t l y  a s  poss ib le .  Then the  model 
can be used t o  test t h e  s ign i f i cance  of t h e  d a t a  base t o  the '  carbon quest ion 
and, a l t e r n a t e l y ,  t o  t e s t  t h e  importance of poorly known components of t h e  d a t a  



The r e s u l t s  of these  prel iminary runs a r e  summarized i n  Table 1. A t  
t h i s  t ime it is  important t o  emphasize t h a t  t h e  runs a r e  not a r e a l  assess-  
ment of what we be l i eve  a r e  a c t u a l  carbon exchange r a t e s ,  but' r a t h e r  scenarios 
a s  t o  what t h e  carbon exchange would be i f  c e r t a i n  land-use changes i n  f a c t  
took place  over t h e  50-yr pe,riod 1930-1980. 

The accuracy of the  present  model's output i n  r e f l e c t i n g  what a c t u a l l y  
is taking p lace  is  a function of t h e  accuracy of our on-si te  carbon es t imates ,  
which we t h i n k  a r e  f a i r l y  good f o r  above ground carbon. It i s  a l s o  a function 
of t h e  accuracy of our estimated r a t e s  of land-use changes and a t  present  these  
a r e  known only very  poorly. However, even t h e  present  da ta  set and model allows 
an examination of what t h e  range of carbon exchanges a r e  l i k e l y  t o  be i f  t h e  
r a t e s  of land-use change a r e  s imi la r  t o  t h e  l i t e r a t u r e  values  and assumptions 
t h a t  we present ly  a r e  using. .The Lat in  America r e s u l t s  can be,  i n  a sense,  
ext rapola ted  t o  t h e  t r o p i c s  i n  genera l  by mult iplying t h e  numbers i n  Table 1 
by 2.5, s i n c e  Lat in  American f o r e s t s  conta in  about 40% of t h e  carbon i n  a l l  
t r o p i c a l  f o r e s t s .  W e  recognize t h a t  these  kinds of ext rapola t ions  a r e  dangerous 
but they  a r e  done simply t o  compare our preliminary r e s u l t s  with those  of o thers .  

The r e s u l t s  of these  prel iminary runs suggest t h a t  it is  most l i k e l y  t h a t  
t h e  t r o p i c s  w i l l  be a source of carbon t o  t h e  atmosphere, but t h a t , i t  i s  un l ike ly  
t h a t  they w i l l  be a source a s ' l a r g e  a s  t h e  higher numbers given i n  Woodwell e t  a l .  
(1978). W e  have not  yet  added t h e  carbon export pathways suggested by Holdridge 
and by Lugo ( t h i s  volume) t o  t h e  model which may reduce t h e  magnitude of t h i s  
carbon source f u r t h e r .  Our conclusion of no l a r g e  ne t  source i s  most importantly 
s e n s i t i v e  t o  our assumption t h a t  a l a r g e  percentage ( i . e .  more than about 40%) 
of land t h a t  is  cu t  i n  t h e  t r o p i c s  i s  l e f t  t o  grow back t o  some kind of moderate- 
s t a t u r e  vegeta t ion,  i n  one form o r  another,  and t h a t  gross c u t t i n g  .rat,es do not  
g r e a t l y  exceed about 1.8%Iyr. With these  assumptions we f ind  t h a t  during t h i s  
simulated 50-yr period t h e r e  tends t o  be a n e t  l o s s  of carbon from Lat in  American 
' t r o p i c a l  f o r e s t s  on t h e  order of 0.2 t o  0.6 b i l l i o n . m e t r i c  tons  (gMT)/yr, o r ,  
ex t rapo la t ing  t o  a l l  t r o p i c s ,  0.5 t o  1.5 B M T / ~ ~ .  Under some assumptions they 
were a small  s ink  (Run 2).  And, we were unable t o  produce very l a r g e  sources. 

The present  model does show some i n t e r e s t i n g  behavior with respect  t o  f i r s t  
d e r i v a t i v e s  , but not  second d e r i v a t i v e s  , of land-use change. For example, even 
i f  v i r g i n  land i s  cut  f o r  swidden f o r  a l l  years during t h e  50-yr period t h e  con- 
t r i b u t i o n  of t h a t  landscape t o  t h e  C02 changes i n  t h e  atmosphere observed during 
1958-1980 ( the  period of atmospheric record) can be influenced only s l i g h t l y  by 
whether t h e  r a t e  of c u t t i n g  is  increas ing o r  decreasing (Runs 1 and 2). Larger 
seinnd de r iva t ives  may make t h e  change i n  r a t e  of c u t t i n g  more important. As- 
suming t h a t  the  r a t e  of increase  of c u t t i n g  v i r g i n  f o r e s t s  had a very l a r g e  
negat ive  i n f l e c t i o n  ( t h e  lower curve i n  Fig. l a )  then t h e  quant i ty  of carbon 
added during t h e  period of atmospheric record would be very  l a r g e  per  year. I f ,  
on t h e  o t h e r  hand, t h e  c u t t i n g  r a t e s ,  even i f  high,  were slowing down, t h e r e  
could be absorption of carbon by t h i s  b io ta .  This type of response occurs both 
with respect  t o  t h e  r a t e s  of land-use changes from n a t u r a l  systems t o  swidden 
(or  o ther  land-uses t h a t  al low regrowth) o r  by increasingldecreasing t h e  r a t e  of 
c u t t i n g  wi th in  t h e  swidden cycle i t s e l f .  

During a l l .  runs any accumulation of carbon on t h e  swidden sites was moder- 
ated by land-use changes t h a t  s h i f t e d  land t o  higher i n t e n s i t y  use ,  such a s  
pas tu re  (Run 4). 

. 



Table 1. TrelMaarg modal (GLOB%) resul ts  f a r  t m p i d  r a t  and moist forest in Tropical Latin America. 
!Total area - 803 -lion he). 
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The v a l u e s  i n  Table 1 a r e  l i k e l y  t o  be  diminished ( f o r  t h e s e  assumptions) 
i n  ou r  n e x t  genera t ion  of models because they  w i l l  i nco rpora t e  a  delayed de- 
composition component t h a t  w i l l  r e l e a s e  carbon l e f t  from incomplete combustion 

,or u t i l i z e d  f o r e s t r y  remnants. 

Although it i s  too  e a r l y  f o r  u s  t o  a s s e s s  whether t h e  pre l iminary  r e s u l t s  
of Table 1 w i l l  be  c l o s e  t o  ou r  f i n a l  b e s t  e s t i m a t e s ,  t hey  a r e  i n  agreement 
w i t h  our  i n t e r p r e t a t i o n  of t h e  r e s u l t s  from o t h e r  s t u d i e s ,  s p e c i f i c a l l y ,  t h e  
land-use change assessment of Harnpicke (1979, s e e  a l s o  H a l l  and Detwi le r  1980) 
and of S e i l e r  and Crutzen (1980) a s  w e l l  a s  our  i n t e r p r e t a t i o n  of t h e  d a t a  
presented  i n  S t u i v e r  (1978). None of t h e s e  va lues  a r e  i n  agreement wi th  con- 
t e n t i o n s  t h a t  t h e  l and  is  a s i n k  of more than  1 BMT, o r  t h e  l a r g e r  source  
e s t i m a t e s  (4 t o  18  BMTIyr) provided by \Joodwell et  a l .  (1978). However, we 
have found t h a t  i t  is  p o s s i b l e  f o r  u s  at t h i s  t i m e  t o  run our  model w i th  v a l u e s  
t h a t  are n o t  u n r e a l i s t i c  and t h a t  produce r e s u l t s  t h a t  cover  much of t h e  range  
given by v a r i o u s  groups i n  t h e  l i t e r a t u r e .  Fu tu re  r e sea rch  should i n c r e a s i n g l y  
narrow t h e  range of v a l u e s  t h a t  are most l i k e l y .  Unfor tuna te ly ,  ou r  a n a l y s i s  
is  v e r y  s e n s i t i v e  t o  p a s t  land-use p a t t e r n s ,  and it may be  d i f f i c u l t  t o  de- 
te rmine  what such pa t  t e r n s  w e r e .  

We bel ieve f i a t  Hampicke's a n a l y s i s  i s  t h e  most accu ra t e  publ ished v a l u e s  
p r e s e n t l y  a v a i l a b l e  because he  appeared t o  devote cons iderable  e f f o r t  t o  de t e r -  
mining f l u x e s  of carbon from both  land t o  atmosphere and t h e  converse,  s o  t h a t  n e t  
v a l u e s  could be a s se s sed .  H i s  b e s t  e s t i m a t e s  of from a s m a l l  source  ( 1  BMT/yr) 
t o  a  somewhat l a r g e r  source  (up t o  2 o r  an extreme of 4 BMT/yr) is  i n  agreement 
w i th  ou r  pre l iminary  r e s u l t s  (Table 1) and wi th  t h e  assessment of S e i l e r  and 
Crutzen t h a t  t h e  annual  n e t  exchange is most l i k e l y  t o  be from a 2 BMT source  
t o  a  2 BMT s ink .  When we  add l a t e r  ou r  decomposition func t ion  t h e  n e t  exchanges 
of Table 1 a r e  l i k e l y  t o  be somewhat lower. 

It is i n t e r e s t i n g  t o  compare t h e  r e s u l t s  of t h e s e  "bo~l~lceeping" ana lyses  
w i t h  ano the r  independent a n a l y s i s ,  t h a t  of t h e  change i n  t h e  r a t i o  of 13c t o  1% 
i n  t h e  atmosphere. S t u i v e r  (1978) has  analyzed t h e s e  r a t i o s  i n  t h e  r i n g s  of t r e e s ,  
s i n c e  presumably t h e  carbon i n  t h e  atmosphere i n  e a r l i e r  t i m e s  l e a v e s  a record  of 
carbon i s o t o p e  r a t i o s  i n  t h e  carbon s t o r e d  i n  t h e  t r e e  r i ngs .  Since l i v i n g  t r e e s  
d i s c r i m i n a t e  aga ins t  13c r e l a t i v e  t o  12c, any n e t  exchin e of carbon from t h e  
b i o t a  t o  t h e  atmosphere w i l l  change t h e  r a t i o  of 13c t o  82C i n  t h e  atmosphere. 
S t u i v e r  found a decrease  i n  t h i s  r a t i o  du r ing  t h e  per iod  of 1880-1950 o r  s o  which 
he  a t t r i b u t e d  t o  t h e  c l e a r i n g  of f o r e s t s  i n  North America and elsewhere. H e  a l s o  
concluded t h a t  t h i s  d i l u t i o n  was n o t  s t i l l  t ak ing  p l a a e ,  based on a ces sa t ion  i n  
t h e  r educ t ion  of t h e  i s o t o p e  l e v e l  a s  p l o t t e d  i n  h i s  f i g u r e  3 (reproduced h e r e  
as Fig .  3 ) .  We i n t e r p r e t  t h i s  f i g u r e  d i f f e r e n t l y ,  f o r  t h e  c e s s a t i o n  e f f e c t  can 
i n s t e a d  be seen as an a r t i f a c t  of t h e  i n t e r - t r e e  c a l i b r a t i o n  of t h a t  f i g u r e .  
Each tree, analyzed by i t s e l f ,  shows a  p a t t e r n  t h a t  appears  roughly s i m i l a r  ( t o  
our eyes)  t o  the'  d a t a  from t h e  1880-1920 per iod .  I n  a d d i t i o n ,  5  of t h e  7 t r e e s  
p l o t t e d  independent ly i n  h i s  f i g u r e  2 (Fig.  3) show a continued 13c d i l u t i o n  
e f f e c t  t h a t  we i n t e r p r e t  a s  a con t inua t ion  of t h e  a d d i t i o n  of carbon t o  t h e  at- 
mosphere; i.e. a  n e t  reduct ion  of t h e  e a r t h ' s  b i o t a .  It may be t h a t  our  i n t e r p r e -  
t a t i o n  of S t u i v e r ' s  d a t a  i s  i n  e r r o r  (some t r e e s  p l o t t e d  s t i l l  need t o  be co r r ec t ed  

- 
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Fig.  3. Record of s13c i n  t r e e s  from v a r i o u s  r eg ions  ( top)  
and change i n  atmospheric 8l3c a f t e r  c o r r e c t i o n  f o r  
f o s s i l  f u e l  a d d i t i o n  (bottom) (S tu ive r  1978). 



f o r  t h e  i n d u s t r i a l  source ef fec t ) .  I f  it i s  n o t ,  then h i s  da ta  i s  consis tent  
with o the r  s tudies '  including our own t h a t  suggest t h a t  t h e  vegeta t ion of t h e  
t rop ics .  i s  probably s t i l l  making a r e l a t i v e l y  small contr ibut ion t o  t h e  increase  
of carbon dioxide i n  t h e  atmosphere, and t h a t  h i s  contr ibut ion may be balanced 
i n  p a r t  by a ne t  regrowth i n  t h e  indus t r i a l i zed  na t ions ,  a t  l e a s t  a s  long a s  
o i l  is r e l a t i v e l y  p l e n t i f u l .  I f  t h e  b i o t a  i s  found to be a t  l e a s t  not a s ink ,  
o r  perhaps a source,  i t  w i l l  s t i l l  be necessary t o  f ind  a repos i to ry  f o r  t h e  
"missing carbon". W e  await f u r t h e r  research t o  complete t h e  l a t i t u d e  50-80's 
port ion of Broecker et a l ' s  (1979) f i g u r e  5 (reproduced a s  Fig .  4) t o  see i f  

- those  d a t a ,  o r  d a t a  from t h e  P a c i f i c  Ocean, show any behavior s i m i l a r  t o  those 
of 80°N on t h a t  graph (Fig. 4). Addit ionally,  we await f u r t h e r  comment from 
oceanographers i n  response t o  Wagener's (1979) suggestion t h a t  t h e  ocean car-  
bonate system may be more e f f e c t i v e  than Broecker et a l .  and o the rs  assume. 

I n  conclusion we emphasize t h e  very  t e n t a t i v e  na tu re  of our r e s u l t s  and 
conclusions,  and t h a t  a s  more da ta  a r e  made ava i l ab le  i n  a format compatible a 

with  our computer requirements o the r  conclusions a r e  poss ib le .  I f  t h a t  i s  t h e  
case  we  w i l l  have t o  explain why our r e s u l t s  a r e  a t  var iance  with t h e  o ther  
s t u d i e s  t h a t  w e  have presented here. 
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