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Atmospheric Chemistry

Report

Measuremenis of carbon dioxide, nitrous oxide, and methane released
fram Amazonian solls show ihal troplcal deforestation acts on a variety of
fime scales lo exacerbate the atmospheric greenhouse problem. The
glebal iImportance of tropical forest scils in the atmospheric carbon cycle
and its susceptibility fo alleration by human land-management praclices
implies that the solution to the human-induced climate change problem
lies in & combination of combustion source controls, conservation of
axigting tropical rain forests, and large-scale upgrading of productivity on

me FEffects

LA B

By Thomas J. Goreau and Willlam Z. de Mello

currently degraded tropical soils.

INTRODUCTION

The concentrations of carbon dioxide
{Eﬁ_-}, methane (CHy), and nitrous oxide
{My¥), three atmospheric gases which are
major regulators of ghobal temperature
End the ozxome layer, are sleadily increas-
ing i the atmosphere (1, 2}. Fossil-fuel
combusiion and bsomass burning are im-
poriant and increasing sources of these
gises, and predictions of future global
climate change have been largely based
an exirapolation of fossil-loel combustion
raies. However, these games ongimane
mainly Trom matural beodogical processes,
which are especially inlense in the fropics
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13, 4). The amount of carbon dioxide re
lensed by fossil-fsel combuastion 15 mow
about 5.2 - 1 toms C - }'r"', but the
amount released from soils is roughly Len
times greater, ot 33 - 10% poms © < w7 (5)
Giross terresorial Primary production is cs-
timated b be aroand 120 - 107 o C - 9!
{6). This figure = very uncertain and coulbd
be guite 1%01 higher if iropical gross pro-
ductivity and respiration have been ander-
extimated; as is likely because they are
often estimated from nes biomass prodisc-
Hvaty as«sumingﬂtrmprm:-planr Tespira-
tion raves (7T), Recent data on stable oxy-
gen isatope composition of atmosphenic

(9
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carban dioxide is also consastent with high
er rates of global gross productivity and
respiration than earlier estimiates, with the
descrepancy likely o lie in the tropics (8]

If ghobal net primary production were 1o
vary only a few percent. changes in atmo-
sphenic carbon dicxide, which are as large
as ghobal combustion sources, wouwld re-
sull. During the El Mito year 1982, almao-
sphenc carbon dioxide fauled to nise o the
almasphere despite combuastion  inputs,
bt it subsequently rose at Iwice the previ-
ous normal rate im 19H3 balore sertling
down (1. Changes in oceanic sources and
simks Oof OO are an unbikely cause since
surface ocean warmmg in the Enst Pacific
during El Migo would release the gas 10
the atmosphere and reduce aunent up-
welling, decreasing  photosynibesis  and
calcfication of phytoplankion and coastal
recls, The observed atmosphenc changes
are more lkely due te increased cropscal
forest growab (%), linked to the El Mino
episide by the unusually high rains which
accomipanied it inmuch of South America,
and to elevated respiration duning the
succeeding drier vear, 1983, This patiern i
stromgly sugpesied by the satellite vegeta-
bon index maps for those wvears (10)
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&l orders of magnitade grester than the
precision of the measurement (14). Full
details of methods and sile descrpions are
g:tﬂ i reference 14, and readers are re-
red 1o Iha: paper for a more detailed
ecodogy of the area and
rundm:rimu of gaseous carbon and nitno-
gen cycling in Central Amazonian sals.

RESULTS AND DISCUSSION

Table 1 shows the means and variances of
gas fluzes from 18 Central Amazonian
habitats, Cher measarements apply largely
o fluxes From souls inoa limated regaca dier-
mg the dry season, and do not, therefore,
represent amnual averapes, Large spatial
varations were found along soil and eleva-
tion pradients & well as within habitat var-
iation on femporal scales from daye o
more than monmths (14

Habitats are classified with respect 10
land-use  has in Table 2. Table 3
classifies the 18 habdats according 1o rela-
tive rates of relesss of each of the thres

Undisturbed Central Amazonian ram-
forest soils  emit amuﬂd A
molecubes CO; - cm 1,13 - 10"
molecubes of M0, an-j -2.5 - 10"
molecules of CH, (143, Virmally identical
fluxes were found in g Sowtheastern Brazxi-
lian coastal rain forest at Mangaratiba,
E.1. (21). Measurements in cosstal ram
forest (latitsde 23°8) were mode during
ihe warmest and wenest wme of vear,
whilhe the Amazonian forest measarements
{latitude 2.5%) were made during the dry
senson. If these messurements ame repe
resemtative of g,l.ul:lul tropical raim forests
f{area = 2.5 - 10" m"), these dala sugpest
that sails in this habitan provide some 1.6
10" €Oy, 5.2 - 10* NO, and =55 - 1P
CH, mons v the sitmosphere per year (211

Ench showed o different pattern of
change vwing chearcutting, depending
o the type of land uwsage. Frimary habitats
released mare carbon dioside and con-
smed more methane  han mmndnr}'
habitans. Nirows owide had 0 more van-
able paiiern: primary habitats oo clay soils
were large producers, buf forests on samdy
soils were not, and while pasture soils were
minor sowroes of mitrous oxsbe Some G-
riculiural and secondary forest sifes were
swhstannal producers,

Changes i gae release from soil to at-
masphere were followed for one moath in
[reshly cut wirgin rain forest. The [onest
wis cleared for commercial cantle pasture.
the major land use in the &rea, by sandard
methods: saplings wene first chopped using
macheres, folbowed one week later by fell
ing of irees by chaim saw. Vegetation lay
drying ot where it fell, in a dense tangle
of trunks and boughs. This site was not
bumed. Mean flux values amd their var-
lanees are shown in Figure 1. Valses mea-
sared in undisturbed rain fores] are shown
at the befi, and &t the right values from a
clearcut allowed 10 regenerate for one year
withoat hurning (open circle}, a cleancut
which was bumed and plamed to pasture-
grass | Brachiore decurnbens) (triangle).
and & clearcut in which logs were removed
and soil kepd free of vegetanon by weeding
{square ),
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CARBON DIOXIDE AND
DEFORESTATION

A marked two thirds declane in the rate of
carbon dickide relesse from soil 1o the ar-
masphere was seen within one month of
clearcuttimg; apparenily the result of de-
clining root respiration after death of the
tiving binta, Soil plots kept bare for one
year released caly about one fifth to one
fourth as much €O, as rain forest, Year-
ald regemerating clearcuts rebeased abouat
Balf that of primary forest. Only soils of
recently cleared pasture (1-2 vears since
bumingh released carbon dioxide at rates
comparable to primary forest. As neither
blomass nor litter production in these
sland sites is comporable to primary
st (22}, elevated rates of root respira-
tion per umit biomass imdscate very high
respitatory losses of fied carbon, BveT
though the grasses have C-4 bimsymthetic
pathways, and should have very low mies
of photorespiration compared w -]
forest trees. This could partly be a conse-
emie of elevated soil temperatares in
ofg Cleared sites [L4). After a few years
Bields in this area are typically abandoned
due 1o declimimg  productivity  (23-27).
Sach severely degraded sites were Bt ex-
amined m thos study, yei secondary foress
soils subjected 10 only mikl dasturbance
(selective tree removal for charcoal pro-
duction over X vears previously) released
about half & msch carbon dsomde 1o the
atmosphere as primary forest. Our resules
prabably underestimate the net changss
following deforestation, as most of the
sites examined were more proshactive tham
they would be as |stike as one or two years
later, due to exhawstion of the transient
input of nutrients from berming (225,

NITROUS OXIDE AND
DEFORESTATION

Mitrous oxide releases showed a marked
drop to very low valees within days of
clearcuiting, bat mean releases doubled
over ihe following month to levels less
than hall these of undigtarbed [orest, 1.8,
levels similar to those from bare soil and
regemerating clearcuts. In conlbrasd, pas-
tures released very linbe mitrous oxide.
Mitrous owide fluxes from undistarbed
rain-forest soils wene very variable, with
svme sabes comssstently high and oibers
kow. Mitrous oxide release was very low
from grassland and pasture on clay soils,
and from umdisturbed forests on sandy
soils. Agriculiural and older secondary
foress had high M0 release rates, congpar-
ahle to primary forest on clay sotls. These
patterns appear to reflect plant-roem dis-
tributions and competition for ammonm
between mitrifying bacteria andd sosl my-
corhizae (14), Little N0 was released
from catile manure, perhaps because of
insufficient dietary nitrogen,

METHAME AND DEFORESTATION

Only consumgtion of methane was seen m
recent clearcuts and bare soil, bui some
sates in primary forest and in regenerating
secongdary forest relessed methane. Me-
thane was intersely released from flooded
ferest and from fermite nests. Low bud
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positive producison of methane was noled
from catibe manure in pastures, and where
cowpen crop residues had been plowed
gider in an experimental agriculiurzl
field. Termite nests were wery abundant in
cleared fields bhecause wery little of the
trank beomass 15 burned, and with the ex-
ception of those species, whose wood =
nod tasty bo bermifes, trunks are consumed
by termides withan a few years. Floodimg of
forest i common whereves foad construce
T imtersects sireams, forming perma-
nerl lakes on the upstream side, dramied
by culvers which are often blocked. These
lakes are permanenl. and releass wery
large amounts af methane. Amazonkan de-
forestation therefore acts to exncerhate
the global methane problem, ipnoring the
fact that the major use of deforested aneas
i pasture for rumdnant, methamne-prodoc-
ing cattle.

Amazonean forest solls sre major re-
geomal sources of climatically active gases
compared 1o aqueous habitats in the same
region. Flocdplain waters, which seasonal-
Iy oocupy around tao percent of Central
Amazonia, emit some 2=8 tons of carbon
pet beclare per year (L4, 28], a much
smaller amount of CO)s per unat area than
forest soils, and they consome  small
amounts af NpD from the atmosphere [ 14,
). Floodplazn waters are intense sources
of methane bubbles, releasing ap 10 L6
tons of carbon per heclare per year (14,
29). This &5 a raped rate. bat it is only 0052
ions - ha”! - yr! averaged over the
whole of Central Amazoma. This amoun
can he compared o thar relessed by ter-
mite mests in unflooded “Terra firme"
forest, about T.H - 107" molecules of
methape per molecule of carbon dioide
{14}, This ratia is similar to that previously
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reporied from Admcan termites, support-
ing the view that termites are a globally
sigmificamt source of methane (3, 31}
Termiles consume 40 pescent of leaf lirer
fall (32} amd most of the wood [(33) n
Amazonia (met primary productivity abowt
HNTC ha™" -y~ I termies consume 5

to 75 percent of all litter they could pro-
dace aboat DO0B w012 TC - Ba~' v ' of
methame, far more (han bocal swampy
soarces. Wood-eating termite abundances
decline in pastures as woody biomass s
consuened [33), so that part of this con-
imibaticin coubd first be stimulnted and then
declime within vears,

TROPICAL FORESTS AND
ATMOSPHERIC CARBON NOXIDE

Soll sources of carbon dioxide can be
classified nte 1. resparation of living
homass {primanly from plant roots); and
2, hrv:-llr.clljgn-lwn of dead organic matter
{primarily by scdl bacteria, fungi, and in-
sects). Afier dearcutimg the first will be
largely eliminated, bat the second will be
sti - ted by the add:liun_mn; Er:iglé :;mi'-_m-
csable organic matter, rapid decline
?I'll::ﬂhﬂﬂ dloxide release from soils after
deforestation suggests that respiration of
live roats, and of those insects, fungi and
bacteria that depend direcily on living veg-
etation for their food, make ap roughly
some three foarths of carbon diomide pro-
ducton, Areas kepd clear of vegetation for
a year released only a small amount of
carbon dioxmle compared b vegetabed
habitats. This finding = in accord with the
findings of Waksman in 1927 (34) that roal
respiration supplies the balk of carbon
emitted Erom soils. Carbon i

spired by plant roots 1 much more rapidly

recycled to the armomphere than carbon
diozide derved from breakdown of litter,
wood, amd soll humus, by insects, fungi,
and bactenia

Most primary prosloction of OO is re-
spared by plants, largely above proand

o bboenass {and presumably ool respl-
ration} s generally estimated at a third 1o a
fourth of the todal (35). The decrense we
observed i below ground resparation i,
therefare, anly & fraction of ithe decrease
of abovepround respiration. & large de-
ding in abovegroumd prodectivity  was
measured in Exstern Amazonia by Lkl et
al. (28, 27).

Accurate estimates of carbon furnover
require good measures of onderground
greas and net production, MNet prodaction
can be direct|y measured by biomass incre-
menix, but physiological respiration-rate
measurements are required for the former
Tropical plants respire around RO percent
ol carbon fixed, or about twice as large a
fraction as temperate plants (Th, so that
they play a disproportionate rale 0 the
rate of global carbon cycling, the major
conired of stmosphernc carbon  dioxide
resslence lime.

The importance of the terrestrial hiota
in the atmaspheric carbon cycle has been
historically obscured becamse terrestrial
ecobogsts  have emphasized the readily
mgasarable quantily mel primary produg-
tioen (less than hall gross productson], bur
marine chemisis have focuscd on gross ex-
change of carban dioxide across (he air-sea
surface (a nomber some fifty times preater
than met exchange). Mamy carbon-cycls
midils lave estimated soil souress of COy
b :-til the met loss of soll Bwmus (3], &
number many times smealler than soil respi-
ration. When terrestrial and marine eco-
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systems are compared on the same basis
E;'ﬁ. a7, JﬂrLth-: flax of carbon -:Iinlxid; I
re per unit area on land is
mMp lar I:i;--rhaa.-n thar bn the oeean
Soils now felesse 10 the amosphere
aboul an order of magnitude mare carbom
dioxide than fossil-fuel combuastion, o0 a
decline from  swoils  after  delforesisbion
might be erroneeasiy thought beneficial,
because it counteracts the buildup Traen
combiustion. A decrense in respiration will
cause an immediate short-term decline in
the rate of rise of carbon dioxide, Cver the
fang term it cawses a buildup of the gas in
the atmosphere becawse it B part of o
barper decrease i photosyntheric removal
of carbon deoxide. This reduces aimo-
sphere-bicsphere recycling riates, increas.
ing the atmospheric lfetsme for earben
dioxide and decreasing the ability of the
tropical biosphere o baffer incressed
combustion mputs. I carbon cycling in
sevondary habalats is generally reduwced
compared (0 primary ooes {as would be
capecied except where there s adequate
fertilization} then redoced biose carbon
cycling will camse fossil-fuel derived atmo-
spheric carbon deoaide to reach higher
levels, Tar longer periods, than woald be

the cose in the absence of deforestation

That sish a reduction in productivaly
has oecurred is made chear by contrasting
current vegelation 1o descriptions af ifs
primeval state almosi anywhere on carth
Amazonia 5 snll simdlar in many regands
to it’s first descripticn by Carvajal in
1541-42 (39). But, most areas of the
trogpics {4 are. like the coastal rainforesis
of Branl. surviving in only a percent or
twi of the onginal anhroken forest ares
(41}, ver the remainder, erosion and il
degradation have made a mockery of de
Magathaes' | 576 (42} descripiion: “the sail
is very rich and femile, entirely covered
with exceedingly high leafy 1rees, whose
verdure persists winter and suimer; thas is
the reason for §is raining often.”

PRESERVING TH‘IE:.HI:AD L
FRODUCTIVITY

ECOPHYSIOLOGICAL FUNCTION

The oceans &re 4 mikch less tractable sink
For fossil-fuel carbom than the 1errestral
bansphere. Even thowgh they now hald a
lasge amount (o sobution it s el seadily in
oar power o alter oceanic-teep arcula-

tion rates, and climate warming wall re-
duce the effectivensss of this sink by de-
creasing solubility of carbon dicwids and
inceeasing stable lemperating stratificn-
tkan, The indense rates of carbon recycling
in tropical rinforests make their conserva-
tiom and the upgrading of productivity in
already degraded tropecal habitats the
meirst effective demand-side  contrbulion
18 “managing” the global carbon-dioxide

blem (14, &3, 44). Alhough carrent
aml-management practices are exacerhad-
ing the greenhouse problem, scentifically
soundd management practices, which could
reverse the process, are already  well
kmpamn (45-51),

Conservation of the ability of tropacal
foresss 1o cycle atmospheric carbon dios-
ide s 2 reason 1o preserve not merely the
mdividanl species (325, but the net phys-
mlagical I"I.Inﬂilllﬂlﬂgc af the entire BOOEYS-
tem. Sadly, the major pool of termestrial
Epecies complexity s now being replaced
by a handfal of cies (in Central
Amazonia one valuseless genus of weed
frecs completely dominates  abamdomed
sites), and tropical metabolism s being re-
duced by deforestation at o time when
temperate ecosvsiems are siressed [rem
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widening forest dieback amd declining
growth rates, probably hecause of long-
term paliution.

The adverse effects of delorestation on
soll produectivity and water balance (22,
53-56) have heen known for many years
Brandae (57). described Maranhac, Bra-
zil, im 18465, after massive defarestation
wis  followed by semi-deseriification
“This destruction of the forest has ex-
hausted the soil, which in many places now
prodisces nothing but grasses suatabde for
prazng catlke. The temperaiure bas inlen-
salped, and the seasons have become rme-
pualar . _ . the streams have dried wp or have
bBecome almest unmavigable.” The prob-
lems of species loss, sofl loss, natrient loss,
and h el alteration are med limited
i land: wopical deforestation is pow a
major factor dn destrscteon of coastal coral
refs through ncreased erosion amd runff
ti’h&j Reef rcmhc:.-ﬂcms mnlinn ll;a:‘ hhull; of

im the sen a5 well as the highest
prnmm-lly highest resplrateon rales, amd
the highest imestone production rales per
uml area of any marne ecosysiem [58,
39h. While they occupy a much smaller
ghohnl sarface area than rain forests, their
gross  prodluctivity  is exceedingly  high,

ranging from 15 to 55 tons of carbon per
kectare per vear (1), so their degradation
further aggravates the global carbon dio-
ide and gens-poed conservation problems.

BALAMCING THE CARBON CYCLE

A wable halance of atmosphenc carbon
divide can be achieved by combining con-
trof of combastion seurces and by revers-

ing terrestrinl productivity decline by slom-
ing deforestation and enhancing biological
mﬂduﬂlww of carrently degraded troplcal

batats mmu%krmumm and replant-
ing (44, a1} Tropical Forest Action
Plan recently proposed by the World Re-
sources Enstitule, the World Bank, and the
United Matiors Dvvelopment  Program
(62}, while falling far shor of what would
be required to stabilize COY; levels in the
atmsphiere, i nn essential first step in (his
direction

A tree planting program focused on the
tropics must nelede growih mononng
andd incersive selection of fast grawing coo-
maomically weful plants o be eFective,
Sach programs should be based in the
r.|'|'.1|:r|.|:.|l research mnstriations. While ex-
pensive compared o the present level of

research funding in the area, thes approach
would be in sveryone's long-fesm imerese,
being far cheaper than the alternatives
such &8 unrestraimed greenhouse-gos in-
crease vr drastic reductions in cambustion
SOurces.

Atmaospheric carbon dioxide levels are
already well above the macimem value
they reached during the interglacial
125000 years apo, when ifemperatures
were warmeT than reday (65). Human-in-
duced chamges now exceed the capacity of
historical natwral controls, and only Hmit-
ed time femains 1o halt and stabiliee the
Oy bmldup. Fortunately, it is in our pow-
er 10 do s, if we choose o make the
resources  available. Carrent  praclices
mazimize short-term pradil by discounling
long-term cost of ecosvsbom prodscivicy.
A mechanism 5 requed to fewand in-
cresses in prodwctivity o levels suflicienl
ta r:mmh:r tm-ss&g);l:m dioxide from the

¢ As prosducison is & part
of the real cost of fossal-fuel wse that is nat
included in the price, the simplest mecha-
nisim would be o lax fossil-foel use o 2
lewel that pays for removal of the COy
released (44}, Omiy a plobal solation will
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