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Abs t r ac t .  Sources and s i n k s .  o f  
methane w e r e  s t u d i e d  i n  t h e  Mayombe 
f o r e s t ,  a t r o p i c a l  evergreen f o r e s t  
l oca t ed  i n  a mountainous region i n  
cen t ra l  Af r i ca .  Impor!pt methane 
emi s i o n s ,  reaching  6x10 molecul es 
/ c m  /s, were measured i n  flooded lowlands 
where s o i l  c h a r a c t e r i s t i c s :  pH and 
redox  potential, f avor  t h e  growth o f  
methanogenic b a c t e r i a .  However , 
b a s i c a l l y ,  s o i l s  of t h i s  r eg ion  
c o n s t i t u t e  a s i n k  of a tmospheric  
metBane w i t Q ,  up take  r a t e s  sanging from 
1 0  t o  1 0  molecules/cm / s .  Methane 
emission from termite n è s t s  was a l s o  
s tud ied ;  it appeared t o  be a minor 
component of t h e  methane budget. CH 
concen t r a t ions  were measured i n s i d e  t h $  
f o r e s t  and i n  t h e  surrounding atmosphere, 
CO being used as  a q u a l i t a t i v e  tracer o f  
a i $  exchanges. I n  s p i t e  of i n t e n s e  b u t  
s c a t t e r e d  and s i ze - l imi t ed  sources  t h i s  
environment seems t o  be a n e t  s i n k  of  
atmospheric methane. 
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1. In t roduc t ion  

Soils of  t r o p i c a l  f o r e s t s  have long beer1 
recognized as an i n p o r t a n t  f a c t o r  i n  
t h e  g l o b a l  budget of many t r a c e  gases  
which have a d i r e c t  e f f e c t  cn t h e  

CH and CO . These s o i l s  can a c t  as 
sodices  o r  g inks  of methane depending on 
t h e i r  degree  of anoxy. Methane f l u x e s  
froln s o i l s  a r e  t h e  r e s u l t  of two 
a n t a g o n i s t i c  processes :  CHd product ion 
by methanogenic b a c t e r i a  and CH 
ox ida t ion  by methylotrophic  bac ter ia :  
Hethane-oxid izhg  b a c t e r i a  a r e  ubiqui tous  
components of s o i l  and water  microf lora  
[Haber e t  a l  19831, i n  oxic '  s o i l s  
where "che development of methanogens is 
i n h i b i t e d  , ah0Spher iC  CHd is consumed. 
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It is  t h e  case i n  most t r o p i c a l  s o i l s  
[ K e l l e r  e t  a l . ,  1983 ,  19861; [ S e i l e r  e t  
a l . ,  19841 and no tab ly  i n  d r y  f o r e s t  
s o i l s .  On t h e  o t h e r  hand it h a s  been 
demonstrated t h a t  f looded f o r e s t  and 
f l o o d p l a i n s  i n  t h e  t r o p i c s  are major 
sources  of  methane [ B a r t l e t t  e t  a l . ,  
1 9 8 8 ;  Devo1 e t  a l . ,  1 9 8 % ;  C r i 1 1  e t  a l . ,  
19881. Permanently o r  s e a s o n a l l y  f looded  
f o r e s t s  c o n s t i t u t e  a smal l  p a r t  of 
t r o p i c a l  r a i n  f o r e s t s  [Matthews and Fung, 
19871. However i n  non f looded t r o p i c a l  
f o r e s t s  annual  r a i n f a l l  is g e n e r a l l y  
h ighe r  t han  1500 mm and anoxic  zones do 
e x i s t  i n  t h e s e  ecosystems. They 
c o n s t i t u t e  s c a t t e r e d  sources  of methane. 
Addi t iona l  sou rces  are provided  by 
t e r m i t e  n e s t s  which can be  of  great 
d e n s i t y .  Can methane emiss ions  from t h e s e  
s c a t t e r e d  s o u r c e s  compensate f o r  uniform 
consumption i n  d r y  s o i l ?  Does f looded  
t r o p i c a l  f o r e s t  a c t  as a n e t  s o u r c e  o r  
s i n k  of a tmospheric  methane ? The p r e s e n t  
paper  tries t o  answer t h e s e  q u e s t i o n s  
through a s t u d y  of methane s o u r c e s  and 
s i n k s  i n  t h e  Mayombe f o r e s t ,  a t r o p i c a l  
evergreen f o r e s t  l o c a t e d  i n  a mountainous 
reg ion  i n  t h e  southern  Congo. CO i s  
used a s  a t r a c e r  of a i r  exchgnges 
between the f o r e s t  and t h e  atmosphere i n  
o r d e r  t o  g i v e  a g l o b a l  view of t h e  
behavior  of a tmospheric  methane i n  t h i s  
medium a t  r e g i o n a l  s c a l e .  

2 .  Experimental  S i t e  2nd Techniques 

The Mayombe , l o c a t e d  i n  southwes tern  
Congo , i s  a ncunta inous  r eg ion  which 
forms a band a long  t h e  A t l a n t i c  
c o a s t ,  some 60  t o  80 Icm wide and 1000 km 
long ,  from Angola t o  Gabon anä p r e s e n t s  
an  Appal.achian-type r e l i e f .  T h e  mountain 
cha in  is a success ion  of watersheds  
Separated Dy r a t h e r  deep main v a l l e y s  
i r i s ide  which smal l  peaks s e p a r a t e  

Copyright 1 9 9 2  by t h e  American ceophyoiczl Union. secondary v a l l e y s .  The a l . t i t ude  of t h e  
s u m n i t s  i n c r e a s e s  p rogres s ive ly  f r o m  wesr 
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associated with this relief, with small 
rivers inside the main valleys and a 
great number of seasonal or permanent 
tributaries running in shallows which are 
partly flooded after heavy rainfalls. The' 
vegetation is predominantly evergreen 
tropical rain forest. The top of the 
densest vegetation stratum is about 30 m 
high, while the upper part of the canopy 
attains 5 0  m, with some emergent trees 
rising to about 60 m above the forest 
floor. The vegetation i5 very dense; only 
10% of the incident solar radiation flux 
reaches the soil surface which remains 
moist during the greater part of the 
year except at the end of the dry season 
(September). Soils are classified as 
ferralitic cambisoils [Food and 
Agriculture Organization, 19761. Under a 
litter layer generally rather thin, the 
carbon content inside the organo- mineral 
horizon ( 5  - 10 cm) ranges from 6 to 20%. 
Annual litter falls are about 5 T dry 
matter per year (D. Schwartz, 1989, 
personal communication) . 

In the lower layers of the atmosphere 
(O - 2000 m) the air flow originates from 
the Atlantic ocean. The Mayombe region is 
under an equatorial-type climate, 
however, during the austral winter from 
June to October a seasonal coastal 
upwelling (Benguela current) induces 
cooling of the lower atmosphere which 
considerably limits the convective 
activity. This period corresponds to the 
dry season. Precipitations are very low, 
less than 20 per month and limited to 
stratiform rains; however orographic 
effects often lead to the formation of 
fog which maintains high humidity. The 
annual rainfall is about 1500 mm. The 
heaviest rains generalby occur in 
N0vembe.r and April [Clairac et al. , 
19891. Experiments were conducted in the 
vicinity of the Dimonika Research Station 
(4*301S, 10'30IE). The main sampling site 
was located in a valley 10 km from the 
station. A 45-m-high metallic tower, 
built through the vegetation and reaching 
the top of the canopy, allowed sampling 
at different levels. Measurements of CH 
and CO were also performed at th8 
researc2 station itself. The sampling 
point was located on the top of a hill 
which rises about 150 m above the bottom 
of the Dimonika valley. These second 
series of measurements can be considered 
representative of atmospheric layers j u s t  
above the forest canopy. 

Methane and CO were measured by 
gas chromatography. Xnalytical techniques 
are described in another paper [Tathy et 
al., this issue]. Two types of 
measurement were performed: direct flux 
measurements using closed static chambers 
and concentration measurements in the 
atmosphere.' Samples of air were taken 
inside the chambers through a septum with 
15-ml glass syringes which were wrapped 
in polyethylene bags after sampling. 
Samples of air for concentration 

I 
1 measurements in the atmosphere were taken 

ln 0.71 aluminum containers under a 
pressure of 3 bars using a Small 
compressor, energy being supplied by a 
12-V battery, At the laboratory of the 
Dimonika Research Station air samples 
were taken 3 m above ground using l-cm- 
diameter Teflon tubing. The same type of 
tubing was also used to take samples at 
different levels inside the forest. Gas 
chromatography analysis was performed in 
our laboratory at Brazzaville within a 
few days after sampling. Uncertainties on 
concentration measurements were 0.5% for 
methane and 1% for carbon dioxide while 
detecti n limitf for flux mzasurements 
weke 10' and 10 
respectively. 

Flux measurement by the static chamber 
method was accompanied by measurement of 
pH, water content, and redox potential of 
the soil. Methanogenic and homoacetogenic 
bacteria were measured on the main types 
of sampled soils. CH4 emissions from 
different termite nests were also studied 
by the static chamber method. In this 
case the chamber was constituted of a 
light wooden frame built up over the 
termite mound and covered with a Teflon 
film. The volume of air trapped inside 
the Teflon enclosure was calculated from 
its own volume and by assessment of the 
volume of the mound. Air samples were 
taken inside the enclosure in aluminium 
containers filled up every 10 mn, up to 
40 mn after covering the nest. CO and 
CH ' were analyzed in the same sam6les. 
'Methane and CO2 were measured at the 

Dimonika Research Station in order to 
follow the daily evolution of their 
concentrations in the surrounding 
atmosphere of the forest. Inside the 
forest, samples of air vere taken at 
different levels up to 40 m high 
throughout the day to follow daily 
evolutions of vertical gradients. CH4 
gradients were also measured in flooded 
shallows using a Teflon line hoist up 
to 10 or 15 m by a pulley attached to 
tree branches. 

Data presented in this paper were 
obtained during four research campaigns 
in April 1988, January 1989, and April 
1989 during the rainy season and in June 
1988 in the early dry season. During 
these campaigns all the measurements 
previously described, i.e., study of 
daily patterns of concentrations outside 
the forest and concentration gradients 
inside the forest, flux measurements by 
static chambers over soils and termite 
mounds were carried out over 6-to-8 day 
periods. Results obtained were 
characterized by a good reproducibility 
for comparable weather conditions; most 
of the variations observed were similar. 
We Will present in the sections below, 
especially in figures, only the most 
representative of the eight daily 
variations of vertical gradients measured 
inside the forest. 

molecules/cm /s. 
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3. Methane and CO Flux From Static 
Chamber Megsurements 

3.1. Soils 

Methane and carbon dioxide were 
measured on different types of soil. Mean 
values are given in Table 1. Soils are 
divided into four categories: mountain 
slopes, non flooded soils in valleys, 
seasonally flooded shallows and permanent 
swamps. Basically, dry soils on both 
mountains and valleys exhibit positive 
values of redox potential (+230, +400 mV) 
ayd negative flux showing consumption of 
atmospheric methanyowith an uptaks rate 
of the order of 10 molecules/cm / s  in 
the wettestl zones of $he valleys and 
reaching 10 molec./cm / s  on the upper 
parts of hillsides on well-aerated 
organic soils. These soils, like most 
tropical forest soils, have acidic pH, 
generally lower than 4 .  

In flooded shallows during the rainy 
season, where soils present strongly 
negative redox potential (-180 mV) and 
are made up of organic and reducing mud, 
meth emissio2 is very high, reaching 
6~lO”~molec./cm /s .. These fluxes are 10 
to 20 times higher than those measured 
in the flooded forest zone of the 
northern Congo [Tathy et al. , this 
issue ) .  These values are comparable with 
the highest fluxes recorded in the 
Amazon floodplain [Devol et al., 1988; 
Bartlett et al., iq881. As substrate 
quality is nearly the same in the 
northern Congo and Mayombe forests, with 
soil carbon contents generally higher 
than lo%, the difference in methane flux 
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could be linked to the difference in the 
pH of the two media. Basically, tropical 
forest soils are acidic; in floodplain 
permanently or seasonally flooded by the 
rising of the water table, acidity is 
still higher (pH is equal to 3.1-3.3 in 
the Northern Congo forest). During the 
rainy season in flooded shallows of the 
Mayombe forest, pH is around neutral 
value. This is probably due to the 
washout of cations by running waters 
along mountain slopes. In shallows where 
running water is collected, soil 
characteristics become favorable to the 
development of methanogenic bacteria; pH 
around 7 and Eh around -200 mV are values 
close to optimal growing conditions of 
methanogen populations. 

Methane emissions from these anoxic 
zones undergo drastic seasonal changes. 
In April 1988 methane flux was measured 
on waterlogged soils with pH of 6.6 
and Eh of -180 mV. The lgverage flux 
wa? very high: 2.58~10 molecules/ 
cm / s .  Five weeks later at the beginning 
of the dry season, new measurements were 
carried out at the same place. During 
that period, owing to the absence of 
rain, soils had dried up, pH decreased 
from 6.6 to 4.8, Eh increased up to t220 
mV and methane flux was still positive 
but 400 times lowerO than 5 wseks 
earlier, i.e., 6.3~10 molecules/cm /s. 
Measurements were not performed at the 
end o$ the dry season, but it is very 
likely that at that period methane 
cbpsumption in soils occurs everywhere, 
even in shallows. 

contrary to methane flux, that of 
carbon dioyide is quite constant for any 
type of soils. It does not seem to be 
strongly linked to the the soil moisture; 

Table 1. and CO2 Fluxes From Different Soil Types Measured by 
the StaticCH4Chamber Method in the Mayombe Forest 

S o i l  characteristics 
Type of nb.of CH4 flux Co2 flux 
soil meas. Water PH Eh 

content 
% 

14 Hillsids 6 28 3.5 +375 -8.3X10 lo i.a3xio 
(25-32) (3.4-3.6) (350-400) (-3.1,-12.3) (1.41-2.2) 

lo 1.18~10 14 Valley 8 29 3.8 4-275 -1.4X1Q 
(21-40) (3.5-4) (230 -340) (4-4.3,-5.3) (0.9-1.35) 

E. 4x10‘’ 1.19~10 14 Flooded 6 saturated 6.9 -180 
shalljow (6.6-7) (-120, -200) (25.8-0.12) (O. 5-1.42) 

Permanent 4 saturated 6.6 -162 5 . 7 9 ~ 1 0 ~ ~  - 
swamp (-150,-190) (4.02-6.20) 

Soil characteristics: Water content, pH, and oxido reduction potential 
Eh. Numbers in parentheses denote the range of measurements. 
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however, it seems t o  be h i g h e r  on 
d r i e s t  s o i l ? ,  on h i l l s i d e s  ( 1 . 8 3 ~ 1 0  
molecules/cm / s )  than  on hydromorphic 
s o i l s  i p 4  v a l l e y s  and 2f looded  sha l lows  
(1.18~10 molecules/cm / s )  The average  
va lue  obtained lgor  t h e  Mayombe2 f o r e s t  
s o i l s :  1 . 4 ~ 1 0  nolecules/cm / s  i s  
s i m i l a s 4  t o  those  ogtained i n  Amazonia: 
1 . 5 ~ 1 0  molec /Cm /s [Ke l l e5  e t  a l . ,  
19861  , 2 . 5 4 ~ 1 0 ' ~  moleculcs/cm /s [Wofsy 
e t  a l . ,  1 9 8 8 1 .  I n  t h e  Mayombe f o r e s t  
annual  l i t t e r  f a l l s  a r e  weak: 4.8 t o  5 . 2  
T dm/ha (D. Schwartz, pe r sona l  
communication, 1 9 8 9 ) .  Assuming a carb?n 
con ten t  of 4 5 %  i n  t h e  dead o r g a n i c  
m a t e r i a l ,  t h i s  corresponds t o  an  i n p u t  of 
2.25 T(C)/ha/yr  which r e p r e s e n t s  on ly  25% 
of t h e  carbon emi t ted  a s  CO from s o i l .  
Thus l i t t e r  decomposition 2ccounts  f o r  
on ly  one q u a r t e r  of t h e  CO emiss ion  from 
s o i l ;  t h e  remaining t h r e g  q u a r t e r s  are 
due t o  r e s p i r a t i o n  and decomposi t ion of 
s o i l  microfauna and mic ro f lo ra .  Th i s  
r e s u l t  agrees  wi th  many o t h e r  s t u d i e s  i n  
t r o p i c a l  f o r e s t  [Medina e t  a l . ,  1 9 8 0 ;  
Wofsy e t  a l . ,  19881 .  

3 . 2 .  T e r m i t e  Mounds 

U n t i l  r e c e n t l y ,  methane p roduc t ion  by 
t e r m i t e s  was considered a s  one of  t h e  
most important  sources  of a tmospher ic  
methane. Global emission es t imates  w e r e  
as  h igh  as 1 5 0 ~ l o ~ ~ ~ g / y r  [Zimmerman e t  
a l . ,  19821 o r  50x10 g/yr  [ K h a l i l  and 
Rasmunssen, 19831.  Such estimates w e r e  
based on l abora to ry  experiments and used 
p o t e n t i a l  CH product ion rates of s e v e r a l  
s p e c i e s  of tgrmites. More r e c e n t l y ,  f i e l d  
experiments  on termite mounds i n  South 
A f r i c a  [ S e i l e r  e t  a l . ,  19841 showed t h a t  
t h e  previous f i g u r e  of g l o b a l  CH 
product ion  by t e r m i t e s  w a s  s t rong14  
overest imated.  A recent pape r  by Khalil 
e t  a l .  [1990] agrees  wi th  t h i s  l a s t  

conclusion wi th  a g loba l  e s t i m a t e  of 
methane product ion  by t e r m i t e s  of on ly  1 2  
Tg p e r  yea r .  

I n  t h e  a r e a  of  t h e  Mayombe f o r e s t  
under s tudy ,  t h e  number of t e r m i t e  mounds 
p e r  s u r f a c e  u n i t  i s  known f o r  t h e  
dominant s p e c i e s  thanks  t o  s e v e r a l  
s t u d i e s  under taken  t o  determine t h e  r o l e  
of termites i n  t h e  dynamics of t r o p i c a l  
f o r e s t  s o i l s  [Si l lam-Garnier ,  1987; 
Rouland, 1 9 8 6 1 .  Around t h e  main 
measuring p o i n t  i n  t h e  f o r e s t ,  nea r  t h e  
m e t a l l i c  tower ,  t e r m i t e  mound d e n s i t y  
reaches 2 9 0  mounds p e r  ha.  T e r m i t e s  a r e  
d iv ided  i n t o  t h r e e  c a t e g o r i e s :  s o i l  
feed ing  te rmi tes  ( 2 4 6  mounds p e r  h a ) ,  
fungus growing t e r m i t e s  ( 1 6  mounds p e r  
ha)  and wood f eed ing  t e r m i t e s  ( 2 8  mounds 
p e r  ha)  (Table  2 ) .  The average d e n s i t y  of  
termites i n  t h e  Mayombe r eg ion  i s  
es t imated2  a t  between 1 2 0 0  and 2700 
insects /m of  s o i l ,  t h e i r  r o l e  i n  S o i l  
ecology is c o n s i d e r a b l e ,  e s p e c i a l l y  t h a t  
of fungus growing t e r m i t e s  (Macrotermes 
m u e l l e r i ) ;  t h e y  consume and r e c y c l e  a t  
l e a s t  h a l f  o f  t h e  dead organic  m a t e r i a l  
brought  down by l i t t e r  f a l l s .  Some 
termite s p e c i e s  a r e  known t o  produce h igh  
amounts of methane, e s p e c i a l l y  s o i l -  
feeding  termites, up t o  2 2  1.11 CH4/ 
t e rmi t e /h  [Brauman, 1989; Brauman e t  a l . ,  
19901 .  

Two approaches w e r e  used t o  s t u d y  t h e  
r o l e  of termites i n  methane exchanges i n  
t h e  f o r e s t  ecosystem, i . e . ,  d i r e c t  
measurements ove r  termite mounds and CH4 
v e r t i c a l  p r o f i l e s  i n s i d e  t h e  f o r e s t  i n  a 
zone where t h e  t e r m i t e  mound d e n s i t y  was 
known. A s t r o n g  s o u r c e  of methane assumed 
t o  be  l i n k e d  t o  t e r m i t e  a c t i v i t y  would 
l e a d  t o  a t y p i c a l  evo lu t ion  i n  methane 
concen t r a t ion  i n s i d e  t h e  f o r e s t  due t o  
d a i l y  v a r i a t i o n s  of  a i r  s t a b i l i t y  under  
t h e  canopy as  observed i n  t h e  f looded  
f o r e s t  of t h e  Northern Congo , owing t o  
important  emiss ion  from waterlogged s o i l s  
[Tathy e t  a l . ,  t h i s  i s s u e ] .  Among t h e  1 0  

Table 2 .  Termite Mound R e p a r t i t i o n  Close t o  t h e  Measuring S i t e  
i n  t h e  Mayombe Fores t  

Famil ies  s p e c i e s  Number of  nes t s /ha  
Above Ground 

Thoracotermes 
Noditermes 

Soi l - feeding  termites Procubitermes 
.Cubitermes 
Crenetermes 
Anoplotermes 

Fungus-growing termites Macrotermes mi i l le r i  

Wood-feeding termites 
N a s u t i t e m e s  
Cephalotermes 

72 
38 
26 
56 
48 

6 

16 

2 2  
1 
5 Macrotermes 

From Si l lam-Garnier  [1987] .  
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termite species identified in the 
sampling area, the three most abundant 

direct flux 
muelleri, measurement: Macrotermes 

Thoracotermes macrothorax and Cubitermes 
speciosus. The results obtained are 
presented in Table23. They are given 
in molecules per cm termite mounds per s 
corresponding to the enclosure area in 
order to be compared to soil emissions. 
All the mounds studied produce methane 
and carbon dioxide. CH4 emission is lower 
than that of Pydromorphic wa5erlogged 
soils , 2.3~10 1201ecules/cm /g for 
Macrotermes, 3.8~10 molecules/cm /s for 
Thoracotermes a!pj in the same20rder of 
magnitude 10 molecules/cm /s for 
Cubitermes. Cubitermes seem to be the 
main methane producers: however , 
Cubitermes mounds are generally rather 
small. CO2 emission from termite mounds 
is 3 to 30 times higher than that of 

' soils. The highest emissions registered 
were from & muelleri mounds. 

The rather low emission of methane in 
comparison with potential CH4 production 
by termites could be due to methane- 
oxidizing bacteria which have been 
recognized for many decades, and can be 
present in the termite mound itself, 
consuming most of the methane produced. 
These bacteria are strictly aerobic and 
use methane as a carbon source. All 
methane oxidizers appear to require 
carbon dioxide for growth [Whittenbury 
and Dalton, 19811, therefore the termite 
mound constitutes certainly an 
environment which favors the growth of 
these bacteria. Nevertheless, an in vivo 
comparison in closed boxes, between the 
potential production by termites 
and the CH$otential consumption by 
methanotrophs from soil or termite mound 
fragments, is technically hard to 
realize. S o  it is difficult to appreciate 
the respective role of these two 
bacterial communities in the net methane 
production by termites in natural 
environment. 

Absolute fluxes can hardly be 
compared with previous results [Fraser et 

were studied by 

al., 1983, Seiler et al 1984 ) because 
units are not the same and moreover 
emission from a given mound depends on 
its size, however flux ratios F(C- 
CH )/F(C-C02) are similar. Taking into 
ac$ount the above-mentioned distribution 
of termite mound in the region under 
study and the vean size of mounds of the 
different specles we can estimate the 
total area of 2bove ground termite mounds 
at 50 to 350 m per ha (0.5 - 3.5%). With 
an erage emissio9 from a mound of 
5~10'~ molecules/cm /s this figure would 
lead to g methane emigsion from termites 
of 5x10 molecules/cm /s or 0.11 ?g(cH ) 
/m2/d for the Mayombe forest. 2Consider& 
a termite density of 1200 /m , the mean 
CH production rate would be 0.045 - 0.32 
g fCH )/termite/d which is lower than the 
produ8tion rates given by Zimmerman et 
al. [1982]. Uncertainty linked with such 
calculation is certainly very large, and 
the role of termites which leave their 
nest during the night is not considered; 
however the order of magnitude obtained 
indicates clearly that termites do not 
constitute a major source of atmospheric 
methane. This source could be lower than 
the sink associated with methane uptake 
in dry soils as already found in 
tropical savanna [Seiler et al., 19841. 
This will be verified in the section 4 
through the results of variations of 
methane profiles within the forest. 

4 .  Methane and Carbon Dioxide Variations: 
Relative Importance of CH4 

Sources and Sinks 

Previous results show that flux 
measured by static chambers is, in most 
cases, representative of the enclosure 

observed, ranges from 10 to 5f1OtO 
moiyules /cm /s on soils, from 10 
10 on termite mounds, while methane 
uptake by dry 78ils seemalto be more 
ho9ogeneous: 10 to 10 molecules/ 
cm /s. CH sinks are widespread but weak, 
CH, sourSes are intense but scattered, 

surface only. The methaee emissi P9 

Table 3. Methane and Carbon Dioxide fluxes From Termite Mounds of 
the Three Most Abundant Species of the Mayombe Region Measured 

With a Teflon Enclosure 

CH4 Flux CO2 Flux Flux C-CH4 

Species cm /s cm2/s Flux C-CO2 
Termite Number molzcules/ 

Macrotermes 5 2.33~10 i. axlo 15 1. ~ x I O - ~  11 
(1.05-3.56) (0.62-3.53) 

Thoracotermes 4 3.76~10 11 . 2.69~10'~ 
(1.3-6.23) (1.97-3.41) 

Cubitermes 14 3 10. 2X10l2 7,lxlO 
(6.3-12.2) (4.7-9.2) 

1.4~10-~ 
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and t h e i r  g l o b a l  a r ea  i s  probably  s m a l l .  
V a r i a t i o n s  of i n t e n s i t y  of  more t h a n  3 
o r d e r s  o f  magnitude and unknown 
d i s t r i b u t i o n  o f  sources  do n o t  a l l o w  any 
conclus ion  a s  t o  t h e i r  e f f e c t i v e  r o l e  on 
t h e  methane budget  i n  t h i s  ecosystem. 
Previous  s t u d i e s  of methane emiss ions  
i n  t h e  f looded  f o r e s t  o f  t h e  n o r t h e r n  
Congo have shown t h a t  i n  t h e  p r e s e n c e  of  
a s t r o n g  widespread source  of  methane, 
concen t r a t ion  i n s i d e  t h e  f o r e s t  and i n  
t h e  sur rounding  atmosphere p r e s e n t s  a 
t y p i c a l  p a t t e r n  l i nked  t o  v e r t i c a l  
exchange and c o r r e l a t e s  w i t h  CO2 
v a r i a t i o n s  [Tathy e t  a l . ,  t h i s  i s s u e ] .  
The same t y p e  of  a n a l y s i s  is  a p p l i e d  t o  
t h e  Mayombe f o r e s t .  

4 . 1 .  Co2 Exchanqes - 

CO exchanges were s t u d i e d  d u r i n g  two 
expedmen t s  i n  June  1988 and A p r i l  1 9 8 9 .  
During t h e  f i rs t  experiment ,  a i r  samples  
were taken  throughout  t h e  day a t  1, 3 ,  6 ,  
and 2 0  m above ground l e v e l ,  and d u r i n g  
t h e  second experiment  a t  1 . 5 ,  2 1 ,  and 4 2  
m ,  t h e  d e n s e s t  v e g e t a t i o n  s t r a t u m  be ing  
a t  about  2 0  m above t h e  f o r e s t  f l o o r .  A t  
t h e  same t i m e ,  a i r  samples w e r e  t a k e n  
every  2 hour s  a t  t h e  Dimonika Research 
S t a t i o n  i n  o r d e r  t o  fo l low CO and CH 
v a r i a t i o n s  i n  t h e  surrounding 3tmospherg 
of t h e  f o r e s t .  

CO2 v e r t i c a l  p r o f i l e s  measured i n  June  
1988 (F igu re  l a )  and A p r i l  1 9 8 9  ( F i g u r e  
l b )  p r e s e n t  d i s s i m i l a r  p a t t e r n s .  I n  b o t h  
cases, CO2 emiss ion  from s o i l  l e a d s  t o  
sys t ema t i c  increase i n  c o n c e n t r a t i o n  
w i t h i n  t h e  f irst  meters above t h e  f o r e s t  
f l o o r .  On F i g u r e  l a  t h e  e v o l u t i o n  o f  CO, 

2 
m 

d 

7- 
i 
i 
i 
i 
i 

p r o f i l e s  du r ing  t h e  dayt ime from O900 to 
1430 shows an accumulat ion of t h i s  gas  
c l o s e  t o  t h e  ground w i t h  concen t r a t ions  
exceeding 4 1 0  ppm i n  t h e  a f te rnoon.  It 
h a s  been p r e v i o u s l y  shown [ C l a i r a c  e t  
a l . ,  19881 t h a t  dayt ime exchanges a r e  
r e g u l a t e d  by a tempera ture  inve r s ion  
between t h e  ground and t h e  lower p a r t  of 
t h e  canopy; t h i s  phenomenon is  comparable 
t o  t h a t  observed i n  t h e  no r the rn  Congo 
f o r e s t .  On a sunny day ,  around noon, t h i s  
i n v e r s i o n  can r e a c h  5°C between O and 30 
m l e a d i n g  t o  s t r o n g  a i r  s t a b i l i t y  c l o s e  
t o  t h e  ground. T h i s  was t h e  c a s e  on June  
1, 1988, wh i l e  i n  1 9 8 9 ,  c loudy weather  
d i d  n o t  a l low such  s t a b i l i t y  t o  develop;  
CO p r o f i l e s  a lways dec rease  from t h e  
sugface t o  t h e  canopy, b u t  w e  d i d  n o t  
observe  accumulat ion of CO2 i n  t h e  
s u r f a c e  l a y e r  ( F i g u r e  l b ) .  I n  both  c a s e s  
t h e  c o n c e n t r a t i o n  i n  t h e  denses t  p a r t  o f  
t h e  v e g e t a t i o n ,  around 2 0  m h igh ,  
d e c r e a s e s  d u r i n g  t h e  daytime a s  a 
consequence of  pho tosyn thes i s .  I n  t h e  
upper  p a r t  o f  t h e  canopy, concen t r a t ions  
p r e s e n t  on ly  s l i g h t  v a r i a t i o n s .  I n  both  
cases w e  observe  an  accumulat ion of CO 
d u r i n g  t h e  n i g h t ,  u n t i l  t h e  e a r l y  mornin6 
i n  t h e  whole f o r e s t  atmosphere. 
Concent ra t ions  a r e  n e a r l y  uniform from 
t h e  ground t o  t h e  t o p  of t h e  canopy 
showing a well-mixed atmosphere du r ing  
t h a t  pe r iod ,  t h e n  t h e  f o r e s t  a c t s  a s  a 
s o u r c e  of CO owing t o  noc tu rna l  
r e s p i r a t i o n  and gont inuous  s o i l  emission.  
During daytime, most of t h e  CO2 emi t t ed  
from t h e  s o i l  is absorbed by t h e  
v e g e t a t i o n .  S t rong  s t a b i l i t y  c o n d i t i o n s  
observed on J u n e  1, 1988 a l low 
c a l c u l a t i o n  of t h e  CO2 f l u x  from t h e  
s o i l ,  from i n t e g r a t i o n ,  between O and 1 0  
m of v e r t i c a l  p r o f i l e s  ob ta ined  a t  0930 

2 
340 360 380 400 p p m  

a b 

Fig .  1. ( a )  Ver t ica l  p r o f i l e s  of CO between O and 2 0 m  h e i g h t  
measured a t  t h e  f o r e s t  s i t e  u s i n g  t h e  m & a l l i C  tower  on June  1 3 ,  
1988. (b) Vert ical  p r o f i l e s  of CO2 on t h e  Same s i te  on A p r i l  2 4 ,  
1989. 
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and 1430. This flux is 2 . 8 4 ~ 1 0 ~ ~  
molecules/cm /s which represents less 
than a quarter of the average flux 
measured by static chambers. This 
discrepancy must be explored, in the 
Mayombe and in other tropical forest 
sites, in order to verify the generality 
of the phenomenon. June 1, 1988, was the 
only day, over the four campaigns, with 
diurnal stability conditions allowing 
this type of calculation. In the Mayombe 
region, days with clear sky are very 
scarce; on a yearly average sunshine is 
less than 2 hours a day. 

At the Dimonika Research Station, 
considered as representative of the 
atmosphere above forest canopy, CO2 
evolutions are in accordance with this 
daily pattern. Maximum CO2 concentrations 
are observed at the end of the night, 
they decrease in the morning to reach 

L 

L 

- a  - 
1 1 1 1 1 , 1 1 1 , 1 1 1 l 1  

8 12 ia O 6 12 L.T. 

O 6 12 18 o L.T. 
Ftg. 2. Daily variations of CO at 
different levels inside the fores$ and 
at the Dimonika Research Station on (a) 
June 3/4, 1988, and (b) April 23/24, 
1989. 

minimal values around noon and then 
increase in the late afternoon (Figure 2a 
and 2b). The amplitude of this daily 
wave reaches 45 parts per million by 
volume in June 1988 and 35 ppmv in April 
1989. It certainly depends on the 
intensity of vertical exchanges between 
the forest and adjacent atmospheric 
layers and on the importance of 
temperature inversion under the canopy. 
It must also be noticed that the average 
CO concentration is quite different 
duging the two experiments: 373 ppmv in 
June 1988 and 344 ppmv in April 1989. The 
highest concentrations observed in June 
1988 could be due to smaller exchanges 
between the forest environment and the 
atmospheric boundary layer. 

4.2. CH4 Variations Within the Forest 
- 

As mentioned earlier methane 
concentrations were measured at different 
levels inside the forest over dry and 
waterlogged soils. 

Flooded zones. In flooded shallows 
where a large flux was measured with 
static chambers, vertical profiles are 
generally characteristic of a methane 
source at ground surface. Profiles 
reported on Figure 3a were obtained on 
January 24, 1989, in shallows partly 
flooded with running water, a result of 
abundant rainfalls. At 1600 when 
vertical diffusion is minimal, a gradient 
of 0.1 ppmv is observed between the 
ground and 10 m high. In the other 
example (Figure 3b) obtained in June 1989 
after the rainy season in a lowland, in 
the course of drying up, methane 
concentration decreases from the ground 
to 15 m high, but,concentration profiles 
are somewhat incoherent. This is probably 
due to horizontal advection which brings 
air coming from more or less CH4 
productive zones. Similar measurements 
carried out during the other campaigns 
always showed the same result, i.e., a 
slight increase in methane concentration 
close to the flooded soil. We never found 
large increases in concentration like 
those observed in the northern Congo 
forest where concentrations of 4 ppmv 
were recorded in the afternoon. Flooded 
soils are generally situated on either 
side of small tributaries of the main 
rivers, these zones do not exceed a few 
meters wide; horizontal mixing of air 
prevent important increases in CH, 
concentration above these limited swampy 
zones. 

soils with a larqe density of 
termite nests. CH4 profiles were 
measured over dry soils with water 
content ranging from 20 to 30% in the 
vicinity of the metallic tower, samples 
were taken at different levels up to 42 m 
high along the tower, with a teflon 
tubing. Termite mound distribution has 
been determined in this area (see l'able 
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a b 

CH4( ppm 1 
Fig. 3. Examples of vertical gradients of methane measured in 
flooded shallows on (a) January 13, 1989, and (b) April 24, 1989. 

1). Several experiments were conducted on 
this site. The results of two are given 
in Figures 4 and 5. Methane profiles 
between O and 25 m high were measured in 
April 1988 during the wet season (Figure 
4). Whatever the sampling level methane 
variations are small with a maximum 
amplitude of 0.1 ppmv. CH4 and CO2 

Z 
Cml 

profiles appear to be anticorrelated in 
the surface layer below 10 m high. The 
profile shape indicates a downward flux 
of CH , close to the ground, which could 
be lidked to methane uptake by the soil. 
As a consequence this sink would be 
dominant toward the source constituted bs 
termites whose density reaches 1200 /m 

4 

ppm 
CO, 

moo 1200 1400 
Fig. 4 .  
density of termite nests. 
April 27, 1989. 

Methane and CO2 profiles over dry Soils in a zone with high 
samples being taken on the metallic tower, 
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- 
1.8- 

- 
- 

1.7 

1.5 m 
21 m 

42m 

Fig. 5. Daily variations of methane 
' concentrations at the three levels of 

1.5, 21 and 42 m inside the forest on 
April 24, 1989. 

in this zone. This is in accordance with 
the previous calculation based on the 
measurement of termite nest emission and 
of soil uptake rate. 

Daily variations of CH4 concentration 
were then studied at three levels (1.5, 
21, and 4 2  m) on April 25, 1989 (Figure 
5). No clear tendency appears in vertical 
gradients between the forest floor and 
the canopy; they are alternately positive 
or negative. A s  in the previous case CH4 
variations are of the order of 0.1 ppmv. 
Fluctuations at the same level are higher 

close to the ground (0.15 ppmv) than at 
upper levels (0.08 ppmv at 21 m, 0.05 
ppmv at 42 m). This is certainly due to 
the presence of scattered sources: the 
termite mounds, combined with non 
organized air circulation close to the 
surface. Concentration seems to increase 
in the evening when the atmosphere under 
the canopy is well mixed, as shown by CO 
prof iles , outside air being transporte6 
within the forest as demonstrated through 
previous measurements of submicron 
particules and radon [Clairac et al., 
1986; Clairac et al., 19881. During 
daytime, when vertical exchanges are 
reduced, the average concentration under 
the canopy seems to be lower than that of 
the boundary layer. This tends to 
indicate that the forest globally acts as 
a sink f o r  atmospheric methane. 

4.3. CH4 and CO Evolution Outside the Forest- -2 - 

Methane and Carbon dioxide 
concentrations were measured at the 
Dimonika Research Station on June 2/3, 
1988, and April 25/26, 1989 (Figure 6a 
and 6b). As shown in the previous 
section, CO2 .concentration outside the 
forest presents a daily wave associated 
with the photosynthetic cycle and air 
exchanges between forest and the outside 
atmosphere. CO2 increases during the 
night when both soil and vegetation act 
as a source and decreases in the morning 
when atmospheric CO2 is absorbed by the 
vegetation and CO2 emitted by soils is 

b 
1.9 

r:-0.39 .. 
I ty. '.5 - 

Fig. 6. and CO evolutions at the Dimonika Research Station on 
(a) June 3/z51419S8, aid (b) April 23/24/1989. 



617s Delmas et al.: Sources and Sinks 

trapped within the forest atmosphere by 
temperature inversion below the canopy. 
Methane concentration outside the forest. 
does not show any typical daily 
variations, they do not correlate with 
CO2, the correlation cofficient being 
t0.55 in June 1988 and -0.39 in April 
1989 (Figure Ga and Gb). An important 
CH source inside the forest would have 
le$ to a diurnal pattern similar to that 

as observed in a clearing of 
Z e  orthern Congo flooded forest 
[Tathy et al., this issue]. It can just 
be noticed that mean values of CO2 and 
methane , observed during the two 
campaigns in the surrounding atmosphere 
of the forest, present opposite 
behaviors. In june 1988 CO2 is higher 
(375 ppmv) and methane low (1.65 ppmv) in 
comparison with average atmospheric 
concentrations. In April 1989 the reverse 
phenomenon occurs : Co2 is lower (345 
ppmv) while methane 1s high (1.75 ppmv). 
If we assume that global CO exchanges 
between vegetation and ambiegt air were 
the same, the difference in CO 
concentrations can be explained by globa? 
differences ìn air exchanges between the 
forest environment and the free 
atmosphere. Low methane concentrations 
correspond to reduced vertical exchanges: 
this observation, along with the former 
one (section 4.2), tends to indicate that 
globally this type of forest acts as a 
net sink for atmospheric methane. 

5. Conclusion 

Recent studies, only based on static 
chamber measurements of methane emission, 
have shown that dry forest soils absorb 
atmospheric methane leading to the 
conclusion that the tropical forest acts 
as a sink for this constituent. We tried 
to check this assertion in an African 
equatorial forest by studying 
individually potential sources and sinks 
and the behavior of atmospheric methane 
in this environment using CO as a 
qualitative tracer of air exchan$es. We 
have identified strong sources of 
methane in flooded shallowaj The high 
flu3 recorded, up to 5x10 molecules 
/cm / s  was attributed.to soil conditions: 
neutral pH and strongly negative oxido 
reduction potential, favorable to the 
growth of methanogen populations. One of 
the most interesting results of this 
study concerns CH4 emission by termites. 
It appears as a minor source. It was 
suggested by direct flux measurement over 
termite nests and then confirmed by a 
study of methane variation in ambient air 
under the canopy in a zone where termite 
mound density was known. This could be 
due to the methane-oxidizing bacteria 
living inside the termite mound which 
would act as a biofilter absorbing the 
methane produced by termites. 

In spite of high emission rates the 

of Methane ìn Equatorial Forest 

total area of the sources is too low to 
compensate for methane consumption by dry 
soils which prfBent uplfke rates 
ra2ging from 10 to 10 molecules/ 
cm / s .  As a result this type of forest 
appears as a net sink for atmospheric 
methane. This is also confirmed by 
concentration measurement in the 
atmosphere within and above the forest 
canopy and is  in accordance with previous 
studies in similar environment [Keller et 
al. , 19861. 
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