
nak (11). This agreement is good consid- 
ering the differences between the tech- 

Reports 

niques used in the two investigations. 
A Student's t-test (16) comparing the 

mean methane emission rates of our Re- 
ticulitermes and Gnathamitermes colo- 
nies showed that the difference was not 
significant a t  the 5 percent confidence 
level ( t  = 1.14). We therefore did not 
attempt to differentiate between higher 
and lower termite populations in our 
global estimate of potential trace gas 
production. The emission rate data were Termites: A Potentially Large Source of Atmospheric Methane, 
not directly used since termite consump- 

Carbon Dioxide, and Molecular Hydrogen tion rates vary greatly with species and 
location (17, 18). However, since diges- 

Abstract. Termites may emit large quantities of methane, carbon dioxide, and tion processes are similar among termite 
molecular hydrogen into the atmosphere. Global annual emissions calculated from species (12), we used emission yields 
laboratory measurements could reach 1.5 x 1 0 ' ~  grams of methane and 5 x loi6 (emission massicarbon ingested) to cal- 
grams of carbon dioxide. As much as 2 x loi4 grams of molecular hydrogen may culate potential global trace gas produc- 
also be produced. Field measurements of methane emissions from two termite nests tion. For  our five colonies of termites, 
in Guatemala corroborated the laboratory results. The largest emissions should 0.77 percent of the carbon ingested was 
occur in tropical areas disturbed by human activities. reemitted as CH4, 84.8 percent as C 0 2 ,  

and 0.03 percent as  CO. The yield in 
Methane is an important atmospheric cultural land, tend to increase the densi- grams of dimethyl disulfide (DMDS) 

trace gas which affects the chemistry of ty of termites. emitted per gram of carbon ingested was 
the troposphere (1) and of the strato- We have made laboratory measure- 0.005 percent. The standard deviations 
sphere (2). It is also a "greenhouse gas" ments of the emission of CH4, C 0 2 ,  HZ,  of the average emission yields of the five 
with the potential to affect the earth's CO, C2 to C l o  hydrocarbons, and re- nests were 0.49, 40.4, and 0.01 percent 
radiation balance (3). Major sources of duced sulfur species from Reticulitermes for CH4, C 0 2 ,  and CO, respectively 
methane emissions into the atmosphere tibialis Banks (family Rhinotermitidae), (19). 
are rice paddy fields, natural wetlands, a representative of the lower termites, These emission yields represent the 
enteric fermentation processes in rumi- and Gnathamitermes perplexus Banks average conversion efficiencies over the 
nants, biomass burning, and leakage (family Termitidae), a representative of entire experiment. When the termites 
from geologic gas reservoirs (4-8). All the higher termites (13). In addition, were first collected and placed in the 
biological methane production occurs in emissions from arboreal nests of an un- cultures, their CH4 yield per carbon in- 
anaerobic environments (9). The esti- identified species of Nasutitermitinae gested was about twice as  high. We d o  
mated tropospheric reservoir of methane (family Termitidae) were sampled in the not know which efficiency is most repre- 
is 4.8 x 1015 g (6). The estimated annual field in Guatemala and analyzed for CH4 sentative of field conditions. The CH4 
global production of methane is 3.5 and Cz to C l o  hydrocarbons (14). yield of the Nasutitermitinae nests mea- 
x 1014 g (6) to 12.1 x 1014 g (7). It was Table l shows the mean emission rates sured in the field could not be quantified, 
suggested recently that the methane con- (A?) and standard errors (st*) for CH4, since the amount of food required to 
tent of the atmosphere has been increas- C 0 2 ,  and CO from three Reticulitermes produce the CH4 in the gas samples 
ing by roughly 2 percent annually (9). and two Gnathamitermes colonies (15); collected was not measured. However, 

Methane has been found in the guts of n is the number of days on which sam- based on estimates of the number of 
various xylophagous insects, including ples were analyzed during the 55-day individuals per nest (20), the CH4 emis- 
scarab beetles (Oryctes), wood-eating study period. Repetitive samples collect- sion rate was in the same range as  that of 
cockroaches (Cryptocercus), and vari- ed during each sampling day showed the species used in the laboratory stud- 
ous lower termites (Reticulitermes, little variability (+ 10 percent). The vari- ies. 
Cryptotermes, Coptotermes) (10, 11). ability between days was sometimes Our estimate of the global ecological 
Termites have the potential to release much higher. These emission rates are significance of termites is shown in Table 
large quantities of methane into the at- about in the middle of the range of meth- 2. The ecological impact of termites, as  
mosphere. They occur on about two- ane production rates reported by Brez- indicated by the ratio of material con- 
thirds of the earth's land surface; they 
process large amounts of biomass; their 
digestion is primarily dependent on an- 
aerobic decomposition by symbiotic bac- 
teria in the higher termites (family Ter- 
mitidae) and by protozoans in the lower 
termites (all other families); and their 
digestion efficiency [(carbon ingested 
- carbon in feces)/(carbon ingested)] is 
high, usually greater than 60 percent 
(12). In addition, human activities, in- 
cluding clearing of tropical forests and 
conversion of forests to grazing and agri- 

Table 1. Normalized emission rates per termite; R1, R2, and R3 represent three different 
colonies of R. tibialis Banks and G1 and G2 represent two different colonies of G, perplexus 
Banks. 

- -- 

Col- CH4 (~g lday)  C02 (mglday) -- CO (~g lday)  
any x st-\/; n x s l f i  n X s I G  n 
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sumed by the termites to net primary 
productivity (NPP), is greatest for wet 
savanna, temperate grasslands, cultivat- 
ed land in underdeveloped countries, 
and  areas that have been cleared and 
burned. Most of these areas are increas- 
ing in size due to human activities. For  
example, wet savanna is often created as  
the result of clearing of tropical forest for 
grazing. 

Table 2 also shows that the areas occu- 
pied by termites account for 68 percent 
of the earth's land area and 77 percent of 
the terrestrial NPP. The world's termite 
population (2.4 x 10") processes mate- 
rial equivalent to 28 percent of the 
earth's annual NPP and an average of 37 
percent of the NPP in areas where they 
occur. The biomass consumption figures 
in Table 2 should be considered as rough 
estimates since the figures used to com- 
pute termite consumption were based 
primarily on data for nonbreeding labo- 
ratory cultures. However, the ratios of 
termite consumption to NPP calculated 
for this study agree fairly well with val- 
ues reported in the literature (numbers in 
parentheses in Table 2). 

The last column of Table 2 shows that 
the potential global production of CH4 

by termites is 1.5 x l0I4 g (1.1 x 1014 g 
of carbon). Values in this column were 
calculated by multiplying the trace gas 
emission yield by the total termite con- 
sumption (converted to grams of car- 
bon). 

Termites are a potentially important 
source of atmospheric methane; they 
could account for a large fraction of 
global emissions (6, 7). The ecological 
areas that should have the largest meth- 
ane emissions from termites are tropical 
wet savanna, areas that have been 
cleared or  burned, and cultivated land in 
developing countries. All these areas 
have increased due to human activities 
(see footnotes in Table 2). Using the 
same calculation procedure for other 
trace gases yields 4.6 x 1016 g of C 0 2  
(1.3 x 1016 g of carbon), 1013 g of CO 
(0.4 x l0I3 g of carbon), and 7 x 10" g 
of DMDS. 

The estimated gross amount of C 0 2  
produced is more than twice the net 
global input from fossil fuel combustion 
(5.4 x 1015 g of carbon per year) (21). As 
we noted above, termites process the 
equivalent of about 28 percent of the 
earth's NPP. Although C 0 2  would prob- 
ably be  released as the result of any 

Table 2. Termite global biomass consumption. Termite densities are discussed in (33). Total 
termite consumption was calculated from table 4.1 of Wood (17); one consumption value that 
was - ten times lower than any of the other values was omitted from the calculation. 

Total Total Percent 
bio- ter- of An- 

NPP mass Ter- mite biomass nual 
Area (glm2- pro- mites con- Ecological con- CH4 
(1012 year, duced per sump- sumed pro- region m2) dry (1015 square tion by duc- 

weight) giyear, meter (loL5 g, termites tion 
dry dry (cal- ( loL2 g) 

weight) weight) culated) 

Tropical wet forest* 
Tropical moist for- 

est* 
Tropical dry forest* 
Temperate$ 
Woodishrub land* 
Wet savannas 
Dry savannas 
Temperate grass- 

land* 
Cultivated land 1 1  
Desert scrub* 
Clearing burning** 

Total 
Percent of total 

terrestrial* 

*See (29). tLiterature estimate of the percent of biomass consumed by termites in each ecological region 
(33). $See (30). $Area of wet and dry savannah was calculated by multiply~ng the ratio of wet to dry 
savanna (31) by the area for savanna in (30). Since the area of tropical forest reported in (30) has been 
reduced, part of the reduction has resulted in an increase in cultivated land and part has resulted in an 
increase in wet savanna (grazing) (29). We assumed that half of the tropical forest decrease was converted 
into each ecological type. Therefore, the area of wet savanna was increased accordingly. I/ This area was 
calculated from data in (32). It includes the area of cultivated land in undeveloped countries plus half the area 
removed from Whittaker and Likens' estimate (30) of tropical forest. llThis value for cropland after 
repeated cultivation was 4966 m-2 (33). Use of this termite density results in a consumption higher than the 
NPP of cropland estimated in (30). The value used here was calculated from estimates of agricultural residues 
remaining after harvest and burning (32) and termite consumption (17). **Only areas in developing 
countries affected by clearing and burning [derived from (32)] were includtd in this total. The area required 
for production of industrial and fuel wood in developing countries was estimated by dividing the total 
production figures in (32) by a phytomass estimate of 35 kg/m2 (30). 
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decomposition process, termites serve to 
accelerate carbon cycling. 

The emissions of the other trace gases 
that we measured are small. The emis- 
sion of loi3 g of CO by termites, al- 
though comparable to the estimated di- 
rect CO emission by plants (22), is small 
compared to the overall production in 
the environment, 2 x 10' g to 5 x lo5 g 
of CO annually (6). Emissions of DMDS 
are also relatively small and amount to 
less than 1 percent of the total biogenic 
sulfur budget (23). 

The emission of nonmethane C2 to C12 
hydrocarbons by the termites studied in 
the laboratory was insignificant with re- 
spect to global hydrocarbon emission 
from vegetation (24). The Nasutitermit- 
inae nests sampled in the field emitted 
large quantities of hydrocarbons. The 
primary components were not positively 
identified; however, they were probably 
oxygenated monoterpene hydrocarbons. 
Large hydrocarbon emissions are ex- 
pected since Nasutitermitinae soldiers 
are modified for chemical warfare (25). 
The enclosure procedure used during 
sampling probably stimulated their at- 
tack. 

Stoichiometrically, the evolution of 
hydrogen gas from termites is equivalent 
to approximately 10 percent of their C 0 2  
production (26). Termites could there- 
fore potentially produce about 2 x loi4 g 
of H2 per year globally. The gross annual 
production of HZ has been estimated as  
5 x lOI3 g to 11 x 1013 g (27). Although 
an unknown fraction of the H2 produced 
by termites may be consumed within the 
soil, termites could be an important 
source of atmospheric Hz.  Periodic mea- 
surements of H2 emissions from our lab- 
oratory termite colonies were made with 
a radio-frequency analyzer (28) and con- 
firm that H Z  gas is emitted from our 
cultures. We have not yet made enough 
measurements to allow us to update ear- 
lier H2 emission estimates. 

These trace gas emission estimates are 
not advanced as definitive. The labora- 
tory measurements on which these po- 
tential emission estimates are based have 
an uncertainty of t 50 percent. There is 
additional uncertainty in our estimates of 
the significance of termites in various 
ecosystems and in the assumption that 
the termites we used in our experiments 
are representative of all species. Also, 
soil microorganisms may consume or 
modify some of the termite emissions 
under field conditions. We estimate that 
all of these uncertainties may cause the 
actual gas productions to  vary from 
those reported here by a factor of 2. 
Thus for methane the emissions could 
range from 0.75 x 1014 to 3.1 X 1014 g. 
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Although additional fieldwork is needed 
to narrow the uncertainty, this work 
indicates that termites have the potential 
to  significantly influence the atmospher- 
ic budgets of some important trace gas- 
es .  
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Tin and Methyltin Species in Seawater: 
Concentrations and Fluxes 

Abstract. The (concentrations of tin and methyltin species in rivers, an estuary, and 
the surface and deep ocean genercdly are less than 50 picomoles of tit1 per liter. 
Estuurinr proji1e.s and river concentrations suggrst that the dissolved riverine input 
of'tin is only a minor .source ofthis element to the oceclns. Oceanic concentrations of 
inorganic tin decreuse both with distance from land and with increasing depth from 
the .surface, an indication of atmospheric transport to the surface ocean. Most of the 
contrmporaneous eolian influx of tin to the oceans is anthropogenic. The vertical 
structure oftin concentrations it1 the northwestern Atlantic can be e.lcplained in terms 
of' a model hasrd on eolian input, advective processes, and rrmovul of tin by 
particulate scavenging. 

Although a considerable body of 
knowledge cxists on the geochemistry of 
tin in rocks and ores (I), the cycle of this 
element through weathering, transport 
from the continents to  thc sea by rivers 
and the atmosphere, oceanic circulation, 
and removal from seawater to marine 
sediments remains unknown, largely be- 
cause of analytical problems. Meaningful 
determinations of tin concentrations in 
natural waters have been obtained only 
recently (2-4) after development of suffi- 
ciently sensitive analytical techniques 
and successful prevention of sample con- 

tamination. Three geochemical charac- 
terist~cs make tin a n  element of unique 
interest. (i) Its mobilization by man, as  
evidenced by an annual production of 
about 240 x lo9 g,  exceeds tenfold the 
natural rate of mobilization of tin by 
erosion. (ii) Tin is one of the three most 
h~ghly enr~ched  metals (after lead and 
tellurium) in atmospheric part~culate 
matter as  compared to the earth's crust 
(5). (iii) Tin can be biomethylated in thc 
environment to  arganometallic qpecies 
comparable in their toxic~ty to  methyl- 
mercury (1-4, 6). 
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