
l2.9 cARBoN BALANCE lN THE So|L-PLANT-ATMo5PHERE sY§TEM
Whether the goal is to reduce greenhouse gas emissions or to enhance soit quality and
plant production, proper management of soil organic matter requires an understanding
of the factors and processes inf]uencing the cycling and balance of carbon in an ecosys-
tem. Although each type of ecosystem, whether a deciduous forest, a prairie, or a wheat
field, will emphasize particular compartments and pathways in the carbon cycle, con-
sideration of a specific example, such as that described in Box 12,2, can help us develop
a general model that can be applied to many different situations.

Agroecosastems
The rate at which soil organic matter either increases or decreases is determined by the
balance between gains and /osses of carbon. The gains come primarily from plant
residues gro\^/n in place and from applied organic materials. The losses are due mainlr,
to respiration (COz losses), plant removais, aňd erosion (Table 12.5).

CoNspnvRrlon or Solt_ Cennon, In order to halt or leverse the net carbon loss shown in Fig_
ute 12.1,8, management practices would have to be implemented that would eithel
increase the additions of carbon to the soil or decrease the losses of carbon from the soi1,
Since all crop residues and animal manures in the example are already being returned
to the soil, additional carbon inputs could most practically be achieved by growing
more plant material (i.e., increasing crop production or growing cover clops during the
winter).

Specific practices to reduce carbon losses would inciude better control of soil erosion
and the use of conservation tillage. Using a no-till production system would leave crop
residues as mulch on the soil surface where they would decompose much more slowlr-.
Refraining from tillage might also reduce the annual respiration losses from the original
Z,5% to perhaps 1.50lo. A combination of these changes in management would conver:
the system in our example from one in which soil organic matter is degrading (declin-
ing) to one in which it is aggrading (increasing).

Natural Ecosystems
'I'hose interested in natural ecosystems may \^/ant to compare the carbon cycle of a nat-
ural forest\ryiththatof thecornfieldinFigure 12.I8.If theforestsoilfertility\^/ereno:
too 1ow, the tota] annual biomass production would probably be similar to that of thÉ
cornfield. The standing biomass, on the other hand, would be much greater in the for-
est since the tree crop is not removed each year. While some litter would fall to the soi_
surface, much of the annual biomass production would remain stored in the trees.

The rate of humus oxidation in the undisturbed forest would be considerabty lolte:
than in the tilled field because the litter would not be incorporated into the soj_
through tillage and the absence of physical disturbance would result in slower soil res-
piration. The litter from certain tree species may also be rich in phenolics and lignin
factors that greatly slow decomposition and C losses (see Figure 12.8). In forest soil>
decomposition of leaf litter produces copious quantities of dissolved organic carbon
(DOC) compounds such as fulvic acids, and 5 to 4Oo/o of the total C losses may occur br,
leaching-a much greater proportion than from all but the most heavity manured crop_
land soils. However, losses of organic matter through soil erosion would be much
smaller on the forested site. Taken together, these factors allow annual net gains in soi_
organic matter in a young forest and maintenance of high soil organic matter levels il
mature lorests.

Gn,qssl,cNos. Similar trends occur in natural grasslands, although the total biomas>
production is likely to be considerably less, depending mainly on the annual rainfa]l.
Among the principles illustrated in Box 72.Z, and applicable to most ecosystems, is the
dominant role that plant root biomass plays in maintaining soil organic matteí levels.
In a grassland, the contribution from the plant roots is relatively more important than
in a forest. Therefore, a greater proportion of the tota1 biomass produced tends to accu-
mulate as soil organic mattel, and this soil organic C is distributed more uniformlr,
with depth.
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The principal carbon pools and annual flows in a terrestrial eco§y§tem are illustrated ín Figure l 2. l 8 using a hypothetical corníield in a warm

temperate region. During a growing season the corn plants produce (by photosynthesis) l 7,500 kg/ha oí dry matter containing 7500 kglha
.lí carbon (C). This C is equally distributed ()500 kg/ha each) among the roots, grain, and unharvested aboveground residues. ln this exam-

ple, the harvested grain is íed to cattle, which oxidize and release as CO: about 500/o oí this C (l250 kg/ha), assimilate a small portion as

rveight gain, and void the remainder ( l l 00 kg/ha) as manure. The corn stover and roots are left in the fie|d and, along with the manure from

the cattle, are incorporated into the soil by tillage or by earthworms.

The soil microbes decompose the crop residues (including the roots) and manure, releasing as CO; some 75o/o oí the manure C,670Á oí
lhe root C, and 857o of the C in the suríace residues. The remaining C in these pools is assimilated into the soil as humus, Thus, during the
course of one year, some l 475 kg/ha oí C enters the humus pool (825 kg írom roots, plus 375 fiom stover, plus )75 írommanure). These
r alues are in general agreement with Figure l 2. l 0, but they will vary widely among different soil conditions and ecosystems.

At the begínning of the year, the upper 30 cm of soil in our example contained 65,000 kglha organic C in humus. Such a soil cultivated for
low croPs would tYpically |ose about ) ,5o/o oÍ its organic C by soil respíration each year. ln our example this loss amounts to some l 62 5 kglha oí
C.SmallerlossesofsoilorganicCoccurbysoilerosion(l60kg/ha),leaching(l0kg/ha),andformatíonofcarbonatesandbicarbonates(l0kg/ha).

ComParing total losses ( l 805 kglha) with the total gains (l 475 kglha) íor the pool oí soil humus, we see that the soíl in our example suf_

fered a nef annual loss oí 330 kg/ha of C, or 0.5o/o oí the total C stored in the soi| humus. lí this rate of loss were to continue, degradation
oí soil quality and productivity would surely result.
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TABLE l2.5 Factors Affecting the Balance between Gains and Losses
of Organic Matter in §oils

Factors promoting gains Factors promoting losses

Green manures oí covel crops
Conservation tillage
Return of plant residues
Low tempelatures and shading
Controlled grazing
High soi1 moisture
surface mulches
Application of compost and manures
Appropriate n itrogen levels
High plant productivity
High plant root:shoot ratio

Erosion
Intensive tillage
Whole plant removal
High tempelatures and exposuíe to sun
Overgrazing
Low soil moisture
Fire
Application of only inorganic materiais
Excessive mineral nitro8en
Low plant productivity
Low plant Ioot:shoot ratio

l2.10 FAcToRs AND PRAcTlcEs INFLUENCING soll oRGANlc MATTER LEVELS

The amount of organic matter in soils varies y/idely; mineral surface soils contain flom
a mere trace (sandy, desert soils) to as high as 20 or 30olo (some forested oI poorl§
drained A horizons). Some soils contain even more organic matter/ but those that do are
considered to be organic-not mineral-soils and will be discussed in Section 72.12.ln
practice, soil organic mattel content is usually estimated from analysis of soil organic
carbon content/ because the latter can be determined mole precisely. Therefore, fol
quantitative discussions scientists usually refer to soil organic carbon.

Dífferences among Soíl Orders
Even though organic carbon contents vary as much as tenfold within a single soil ordel
(Table 12.1), it is possible to make a few generalizations about the organic carbon contents
of different §pes of soils. Aridisols (dry soils) are generally the lowest in organic mattel
and Histosols (organic soils) are definitely the highest (compare Plates 3 and 6). Contran
to popular myth, forested soils in humid tropical regions (e.g., Oxisols and some Ultisols
contain similar amounts of organic carbon to those in humid temperate legions (e..s-

Alfisols and Spodosols). Andisols (volcanic ash soils) generally have some of the highest
organic carbon contents of any mineral soils, probably because association of organic
matter with the allophane clay in these soils plotects the organic carbon from oxidatic,l:
(see Plate 2). Among cultivated soils in humid and subhumid regions, Mollisols (prair:.
soils) are known for their dark, organic, carbon-rich surface layers (see Plate B).

The organic carbon contents of subsurface horizons are generally much lower tha:
those of the surface soil (Figure 72.19). Since most of the organic residues in both culť-
vated and virgin soils are incorporated in, or deposited on, the surface soil, organic na:-
ter tends to accumulate in the upper layers. AIso, note that the organic carbon conten:
decreases less abruptly with depth in grassland soils than in forested ones/ becau§.
much of the residue added in grasslands consists of fibrous roots extending deep int:
the profile (see Section 2.14).

Balance between Gaíns and Losses of C
As was indicated in Section 72.9, the level to which organic matter accumulates in so j-s

is determined by the balance of gains and losses of organic carbon. The gains are prr_-
cipally governed by the amounts and types of organic residues added to the soil eac:_
year, while the losses result from oxidation of existing soil organic matter, as well as
from erosion. we will now consider the numerous factoís that influence the Iates -,_-

gain and loss (see Table 12.5 for some of the management-oriented factors).

Influence of Clímate
Tglr.lprnnrunr. Mean annual temperature influences soil organic matter levels because :,r

the different manner in which the processes of organic matteí production (pla::r
growth) and organic mattel destruction (microbial decomposition) respond to increascs
in this climatic variable. Figure 12.20 shows that at low temperatures plant growth ou:-
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FlGURE l2' l9 Vertical di.stribution of organic carbon in we]l-drained soils of four soil orders. Note the hlgher contenl
ffiS.fl',:T'*iiT?:lf:fi:::11'^'.:::'"^","': jT^;:ii: l"Ť; ";áil;;il; (Mol'isols) compared to the A]fisol andSpodosol, which formed undir forests. ar* 

"oi. it.;,iň#;;"1":;',ili\Tiii:§§:lŤli"Í.:iff.^J'lfii,xij
ffi:;*'*spodic 

horizon (see Chapter s;. ir," Árialroí n", 
".ryl]iir. áiganic carbon in the profile, as is typicai of

FIGURE l2.20 The balance between plant production and bio-iogical oxidation of organic matter d.t.r-i.r., irre effect thattemperature has.upon organic matter accumulation in soils. The5Ildue(l areas 1ndlcate orsanic matter aCcumulation under aerobic
1í7, ano anaerobic (b) conditions. Soi] organic matter wiil accumu-late to highel ]evels in cool climates, ;;p..i;lý; waterlogged,anaerobic soils. Note that anaerobic u.*-rrtu'tiá., is greatel atmost tempelatures, and continues at higher temperatures thanunder aerobic conditions. This explains ,řny ,"Utiipi.a] areas inFlorida can contain both organic solrs te.i.l tne Eřérgraae9 anasoils corrtaining very little oiganic matter"le.g., in better drainedparts of the state). [Adapted from Mohr a.ra rri., Baien (195a)]
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strips decomposition, but that the opposite is true above approximately 25'C. In r.,...:

soils, minera]ization is accelerated, so nutrient release is rapid, but residual organic :: .

ter accumulation is lower than in cooler soils. Therefole/ as one moves from a lta:,
to a cooler climate, the organic matter and associated nitrogen content of compa:.,
soils tend to increase, Sorne of the most rapid rates of organic mattel decompos,:
occur in irrigated soils of hot desert regions.

Within zones of uniform moisture conditions and comparable vegetation, the :,,

age total amounts of organic mattel and nitrogen in soils increase from two to .:- 
,

times for each 10"C decline in mean annual temperature. This tempelatuIe effect ca:
readily observed by noting the darkening coior of well-drained surface soils as one . _

els from south (Louisiana) to north (Minnesota) in the humid grasslands of the \ ,

American Great Plains region (Figure 12.21). Simi]ar changes in soil organic mattt
evident as one c]imbs fiom warm low]ands to cooler highlands in mountainous reg,

Motsrune. Soil moisture also exerts a major influence on the accumulation of or!_,
matter and nitrogen in soils. Under comparable conditions, the nitrogen and or,--

mattel content of soils increase as the effective moisture becomes gleater. At the:..
time, the C/N ratio tends to be higher in the more thoroughly leached soils t:
higher rainfall areas, These relationships are illustrated by the darker and thicker .\
zons encountered as one tlavels across the North American Great P]ains íegion (\\,,,
a belt of similar mean annual temperature), from the drier zones in the west (Colc. ,

to the higher rainfall east (Missouri and Illinois). The explanation lies mostlr- il-
sparser vegetation of the drier regions. In determining this rainfail correlation, hor",:
it must be remembered that the 1evel of organic mattel in any one soi1 is influenc. -

Organic carbon in upper 8 cm of soil (kg/m

,,,,,,.,, 0.8 ,' .''.,, 1.5 to l .6
: ] 0.9 i:::l:] 1.7 to 1.8

; , t.O i]1]]111i; 1.9 to 2-0

l l t. t to 1.1 trffi 2.1 to ].]
,..,,,._,: t .: to l .+ § ].3 to 7-0

FlGuREl2.2iTnfluenceofmeanannualtemperatureandprecipitationonorgarricmatter1eve]sinsoi]sandonthedifficu]ti
tair-ring the soil lesoulce base. The large white arlows on the nrap indicate that in thc North Amcrican Great Plains region, soil . _

matter increases with cooler temperatuícs going north, and witlr higher rainfall going east, provided that the sol1s conrpared are ,

in texture, type of vegetation, drainage, and a1l other aspects except tempelature and rainfal]. These trends can be further genera}, .
global environnents, fKern (1994); Map courtes)r of J. I(ern, U.S. F,nvironmental Plotection Agency.]
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both temperature and precipitation, as well as by tillage, vegetation, slope, aspect and
soil texture.

The lowest natural levels of soil organic mattel and the greatest difficulty in main-
taining those levels are found where annual mean iemperature is high and rainfall is
low. These relationships are extremely important to the productivity and conservation
of soils and to the relative difficulty of sustainable natural lesource management.

Inflwence of Natwral Yegetatían
Climate and vegetation usually act together to influence the soil contents of organic
carbon and nitrogen. The greater plant productivity engendered by a well-watered envi-
ronment leads to greater additions to the pool of soii organic matter. Grassiands geneí-
ally dominate the subhumid and semiarid areas, while trees are dominant in humid
regions. In climatic zones where the natural vegetation includes both forests and grass-
lands, the totai organic mattel is higher in soils developed under grasslands than under
forests (see Figure l2.I9). With grassland vegetation, a relatively high proportion of the
plant residues consist of root matter, which decomposes more slowly and contributes
more efficiently to soil humus formation than does forest leaf Iitter.

Effects af Texture and Dralnage

U5
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g4
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While climate and natural vegetation affect soil organic matter over broad geographic
areas, soil texture and drainage are often responsible for marked differences in soi1
organic matter within a local landscape. All else being equal, soils high in clay and sitt
are generally higher in organic matter than are sandy soils (Figure 72,22). The finer-
textured soils accumulate more organic matter for several reasons: (1) they produce
more plant biomass, (2) they iose less organic matter because they are less well aerated,
and (3) more of the organic material is protected from decomposition by being bound
in clay-humus complexes (see Section 72.4) or sequestered inside soil aggregates. A
given amount and type of clay can be expected to have a finite capacity to stabilize
organic matter in organomineral complexes. Once this capacity is saturated, further
additions of organic matter are likely to add little to humus accumulation, as they will
remain readily accessible to microbial decomposítion.

DnalN,qer Errrcrs. In poorly drained soils, the high moisture supply promotes plant dry-
matter production and relatively poor aeration inhibits organic matter decomposition
(see Figure l2.79b), Poorly drained soils therefore generally accumulate much higher
levels of organic matter and nitrogen than similar but better-aerated soils (Figure 12.23).
Histosols repíesent an extreme example of this principie.

F|6URE l].22 Soils high in silt and clay tend to contain hlgh lev-
els of organic carbon. The data shown are for surface soils in 279
tilled maize fields in subhumid regions of Malawi (V) and Honduras
(a). A1l soils were moderately well to well-drained and tilled. Vari-
ability (scatter of data points) among soils with the same silt + clay
content is probably due to differences in (1) the type of clay miner-
als present (2:1 silicates tend to stabilize more organic carbon), (2)
site elevation (cooler, high elevation locations being conducive to
Sreater organic carbon accumulation), and (3) yeaTs since Cultiva-
tion began (longer history of cultivation leading to 1ower organic
carbon levels). (Data courtesy of R. Weil and M. A. Stine, University
of Maryland, and S. K. Mughogho, University of Malawi)
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Mollísols (Minnesota) Alíisols (lndiana)

well drained Poorly drained well drained poorlv drained
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F|GURE l 2.2 3 Distribution of organic carbon in four soil profiles, two we1l drained and two poorly drained. Poor
drainage results in higher organic carbon content, particularly in the surface horizon.
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lnfluence of Agrícultural Management and Tíllage
It is safe to generalize that cultivated land contains much lo\,ver levels of both soil nit, -

gen and organic matter than do comparable areas under natural vegetation. This is r - 
-

surprising; undel natural conditions all the organic matter produced by the vegetat,
is returned to the soil, and the soil is not disturbed by tillage. In contrast, in cultlr-a:.:
areas much of the plant materia] is removed for human or animal food and relati\,. ,

less finds its way back to the land. Also, soil tillage aerates the soil and breaks up t. :

organic residues, making them more accessible to microbial decomposition,

ConvrRslott To CRoILAND. A very rapid decline in soil organic matter content occurs rvr.:
a virgin soil is brought under cultivation. Eventually, the gains and losses of organic c",-
bon reach a neÝv equilibrium and the soil organic matter content stabilizes at a m]._.:

Iower value. This pattern of decline is illustrated in Figure 12.24a, which shows the char:-
ing organic matter contents of a Mollisol during the first century after the native pIá]] :

was first plowed and several different cropping systems were imposed. Similar declines _:

soil olganic matter are seen when tropical rain forests are cleared; however, the losses rl,,
be even more rapid because of the higher soil temperatures involved. Organic mati::
losses are not so dramatic if forests or prairies are convelted to pasture or hay productio:,

Conservation tillage practices can help maintain or lestole high surface soil organ_:
carbon levels (Figure 12.25). Compared to conventional tillage, practices such as srui-
ble mulching and no-till leave a higher proportion of the residues on or near the so__

surface. These techniques protect the soil from erosion and also discourage the rap,c
decomposition of crop residues,

Influence of Rotatíons, Resídues, and Plant Nutríents
Figure 12.24 shows changes in the soil organic carbon contents in two sets of famou.
long-term soil fertility experimental plots.

From the Morrow plots we can draw the following conclusions.

1, A rotation of cotn, oats, and clovers resulted in a higher soil organic matter ler-e,
than did continuous corn, regardless of fertility inputs, probably because the
rotation used tillage less frequently, and produced more Ioot residues.

2. Because of greater additions of organic matter in the manure and in the increasei
residues from the higher-yielding crops, the systems using manure, Iime, anci
phosphorus helped maintain much higher organic mattel levels, especiallr,
where a rotation was followed.

3. Application of lime and fertilizers (N, P, and K) to previously unfertilized and
unmanured plots (dashed lines starting in 1955) noticeably increased soil organic
matter levels, probably due to the production and return of larger amounts oi
crop residues and the addition of sufficient nitrogen to compliment the carbon
in humus formation.
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FiGURE l2.24 Soil organic calbon contents of selected tleatments of (4) the Morrow plots at the University of lllinois and (}) of the
c]assical exPeriments at Rothamstead Experiment Station in England. The Morrow plots were begun on virgin grassland soil in lála ana
so suffered rapid loss of organic carbon in the early years of the experiment. The Rothamstead plÓts were established on soi]s with a long
historY of Previous cultivation. As a result, the soil at Rothamstead had reached an equilibrium leve1 of organic carbon characteristic of
the unfertilized small-grains (barley and wheat) cropping system traditionally practióed in the alea. [Data recalculated from Darmody
and Peck (1997) and Jenkinson and Johnson (7977); used With permission of thďRothamstead Experiment Station, Harpenden, England']
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F|GURE l2.25 Less titlage means moíe soil organic carbon. In each case, the no-titl system had been used on the experimental
Plots for B to 10 years when the data were collected. In the plowed plots, the soil was disturbed annually by tillage to a6out 20 cm
deeP. The soils in Maryland (a) and Brazil (b) were well-drained Ultisols and the climate was temperatď 1Marytaňa; to subtlopical
(Brazil). The lllinois data (c) aíe means for two soils, both somewhat poorly drained Mollisols (an Aquic ar§iuooít and an Aquic
HaPlaquoll). In Maryland, corn was glolvn evely year with a lye coveí crop, In Brazil, oats were rotaied wiih corn using legume
cove1 clops in between. In lllinois, a corn/soybean rotation v/ithout covel cTop was fo]lowed. In all cases, no-til] encouňg"á the
accumulation of organic C, but only in the upper 5 to 10 cm of the soil. The Illinois data typifies the common tendencyŤor no-
till to have less effect on C accumulation in fine-textured, wet soils of cool c]imates. [Data irom Weil, et at. (19BB), Baýer, et al.
(2000) and Wandeq et al. (1998)]
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lcssotis f rcult tlte Rtltltulnsťatttt axpcritnt,ttts incltttlt,:

-l . Continuous barley and wheat production and harvest resulted in little change, or
a slow decline, in the already low level of soil organic mattel. This soil was alreadl-
in equilibrium with the carbon and nitrogen gains and losses characteristic oi
unfertilized small-grain production.

2. Annual applications of animal manures at rates sufficient to supply all needed
nitrogen resulted in a dramatic initial rise in soil organic matter, until a new equi-
librium state lvas approached at a much higher level of soil organic matter.

3. In the plots where manure was applied for only the first 20 years of the experi-
ment, the soil organic matter level began to decline as soon as the manure appli-
cations \^/ere suspended, but the positive effect of the manure on soil organic
matter level was still evident some 100 years later.

Results from these long-term experimental plots demonstrate that soils kept highlr
productive by supplemental applications of nutrients, lime, and manure and by the
choice of high-yielding crop varieties are likely to have more organic matter than com-
parable, less productive soils. High productivity means not only gleater yields of eco-
nomic crops, but also Iarger amounts of root and shoot residues returned to the soi],
Nevertheless, the most productive cuitivated soils will likely be considerably lower in
organic matter than sim]lar soils carrying undisturbed natural vegetation, except in the
case of irrigated soil in desert areas, where natural vegetation is sparse.

Reeormp,me mdatr ovts for r\4 orrmgím g §oíí Orgmm íe ň.4 erťťer

While the total carbon stabilized in the soil is important in relation to the global green-
house effect (see Section 72,Il), in terms of productivity and other ecological functions,
achieving a particular level of total soil organic matter is far less important than main-
taining a substantial proportion in the active fraction. It is the active fraction C that
fuels the food web and allows biological metabolism to constantly enhance soil tilth
and nutrient cycling.

The following general principles apply to managing soil organic matter in many sit-
uations:

1. A continuous supply of organic materials must be added to the soil to maintain
an appropriate level of soil organic matter, especially in the active fraction. Plant
residues (roots and tops), animal manutes, composts, and organic wastes are the
primary sources of these organic materials. Cover crops can provide protective
cover and additional organic material for the soil. It is almost always preferable to
keep the soil vegetated than to keep it in bare fallow.

It is generally not practical to try to maintain higher soil organic matter levels
than the soil-plant-climate control mechanisms dictate. For example, 1.5o/r
organic mattel might be an excellent level for a sandy soil in a \^řarm climate, but
would be indicative of a very poor condition for a finer-textured soil in a cool cli_
mate. It would be foolhardy to tly to achieve as high a levei of organic matter in
a well-drained Texas silt loam soil as might be desirable for a similar soil found in
Minnesota.

Because of the linkage between soil nitrogen and organic matter, adequate nitro-
gen inputs are requisite for adequate organic matteí levels. Accordingly, the
inclusion of legumes in the crop rotation and the judicious use of nitrogen-
containing fertilizers to enhance high soil productivity are two desirable prac-
tices. At the same time, steps must be taken to minimize the loss of nitrogen by
leaching, erosion, or volatilization (see Chapter 13).

Maximum plant growth will increase the amount of organic matter added to soil
from crop residues. Even if some plant parts are removed in harvest, vigorously
growing plants provide below- and aboveground residues as major sources of
organic matter for the soil. Moderate applications of lime and nutrients may be
needed to help free plant growth from the constraints imposed by chemical tox-
icities and nutrient deficiencies.

2.
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5. Because tillage accelerates organic mattel losses both by increased oxidation of
soil organic matter and by erosion, it should be limited Ío that needed to control
weeds and to_ maintain adequate soil aeration. Conservation practices that mini-
mize tillage leave much of the plant residues on or near tňe soil surface, and
therebY slow down the rate of residue decay and reduce erosion 1osses (see Sec-
tions 4.8 and 17.6).In time, conservation tillage can lead to higher organic mat-
ter levels (see Figure 72.25).

i,i. Perennial vegetation, especially natural ecosystems, should be encouraged and
maintained wherever feasible. Improved agricultural production on ěxisting
farmlands should be pursued to allow land currently supporting natural eco§ys-
tems to be left relatively undisturbed. In addition, there-should-be no hesitation
about taking land out of cultivation and encouraging its return to natural vege-
tation where such a move is appropriate. In the United States, the Conservation
Reserve Program provides incentives for such action (see Section 17.I4). The fact
is that large areas of land under cultivation today never should have been cleared,

§]. ! § §O[t§ ANm Th§m GRFrř§'ř"í#ilSn ĚF:lj[t]T

Soil is a major component of the Earth's system of self-regulation that has created (and,
1rltergoťernnrental Pancl on we hope, will continue to maintain) the environmental cónditions necessary for life on(,1illlat'' ChaIlgc: this planet. Biotogical processes occurring in soils have major long-term effects on thett'ivtv,iPcc,ch,'' composition of tTre_ Eárth's atmosphere, which in turn influeněs all living thi.rgr,

including those in the soit.

Ůron,qr "ťfl,qnn,]lnn. Of particular conceln today are increases in the levels of certain gases
in the earth's atmosphere. Known as greenhouse gases, they cause the earth io be
much warmer than it would otherwise be. Like the §lass panes of a greenhouse, these
gases allow short-wavelength solar radiation in, but trap much of tňe outgoing long-
wavelength radiation_. This_heat-trapping greenhouse ěffect of the atmo-sphe-re is a
major determinant of global temperature and, hence, global climates. Gaseďproduced
bY_biological processes, such as those occurring in theioil, account for appróximately
half of the rising gree.nhouse effect (Figure 72.26). Of the five primary g.e".rirorrr" gar"r,
only chlorofluorocarbons (cFcs) are exclusively of industriaiorigin.

While it is certain that the concentrations of most greenhouse gases are increasing,
there is less certainty about how rapidly global tempiratures are actually rising aná
about how these increaie9 ale likely to affect climate in different regions Ór trre rřorld.
Predicting changes in globat temperature is complicated by numeróus factors, such as
cloud cover and volcanic dust, which can counteract the heat-trapping effects of the
greenhouse gases. However, most scientists believe that the arre.agď§touil temperature
has increased by 0.5 to 1,0'C dLLring the past century, and predicňhat it is iit.ly to
increase bY another l to 2'C in this century. If this increaseln fact takes place, major
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l']G[J!i"E i:.26 Re]ative contribution of differ-
ent 8ases to the global greenhouse effect. The
shaded portions indicate the emissions related
to biological systems (in which soils play a
role), the white portions being industrial con-
tributions, [Modified from Dale, et al. (1993)]
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changes in the earth's climate ale sule to result, including changes in rainfall distribu-
tion and groi,tling season length, increases in sea level, and greater frequency and sevel-
ity of storms. The rise in sea leve1 alone, as predicted by some climate models, would
thleaten the homes of hundreds of millions of people living in coastal areas, mainly in
Asia and North America. Through national programs and international treaties (such as
those growing out of the Kyoto Protocols), much effort and expense are currently being
directed at reducing the anthropogenic (human-caused) contributions to climate
change. Soil science has the potential to contribute greatly to our ability to deal with
global warming and the increasing levels of greenhouse gases,

eangoru Dtoxtnr, In 2000, the atmosphere contained about 370 ppm CO2, as compared
to about 280 ppm before the industrial revolution. Levels are increasing at about 0.50/o

per year. Although the burning of fossil fuels is a major contributor, much of the
increase in atmosphelic COz levels comes from a net loss of organic matter from the
world's soils. Through aerobic deconrposition, the carbon in plant biomass and soil
organic matteI-carbon that originated from COz in the atnrosphere-is eventual11-
converted back into CC)l and returned to the atmosphere. Box 12.3 illustrates the

§34- §oíí ůngnrsíe ,&tnťfer



imPortance of soil organic matter in regulating atmospheric Co2 levels. Research (Fig_
ure 72.29) indicates that the feedback between the soil and atmosphere works bot"h
waYs-changes in the leveis of gases beneficial or harmful to plants in}luence the rate at
which carbon accumulates in soi] organic matter.

We have already discussed many ways that land managels can increase levels of soil
organic matter (Section 72.10) by changing the ba]ance between gains and losses. Gains
in soil organic matter occur first in the active fractions, but eveniually some of the car-
bon moves into the Stabile passive fraction, where it may be sequesterěcl for hundreds or
thousand of years. The opportunities for sequestering carbon áre greatest for degraded
soils that currently contain only a small portion of the organic mátter levels thý con-
tained originally under natural conditions. Reforestation of denuded areas is onó such
oPPortunity. Others include slvitching cropland from conventional tiilage to no-tillage
practices or converting it to perennial vegetation.

By slowly increasing soil organic matter to near precultivation leveis, such manage-
ment changes could significantly enhance society's efforts to stem the rise in atmo-
sPheric COz, and at the same time improve soil quality and plant productivity. Some
estimates su$gest that during a 5O-year period, improved management of agricultural
lands could provide about 157o of the CO, emission reductions tňat the United States is
obligated to make, It shou]d be noted, however, that in accordance with the factors dis-
cussed in Section 12.10, soils have only a finite capacity to assimilate carbon into stable
soil organic mattel. Therefore carbon sequestration in soils can only buy time before
other kinds of actions (shifts to renewable enelgy soulces/ increased fuel eificienclr, etc.)
are fully implemented to reduce carbon emission to levels that will not threaten ciimate
stability.

FjGl,jlt§ B2.29 Atmospheric composition in these open-top fielc1 chambers @) altered plant growth ancl physiology, ancl thereby
also affected the amounts and forms of soil organic carbon. Incrcasing atmospheric cÓ, rroň low (260 mgll_, the ámlient leveí)
to high (500 mg/L, the leve] expected by 2050) enhanced photosyntňcsis inihe plant, and thus increased the amount of fixed
carbon available for translocation to the roots and eventually to the soil. (D) Increaied loot gíowth and exudation of carbon com_
Pounds contíibuted first to the active fraction of soil carbon (easil."- oxiclized C), as suggeste"d by tl-re pronounced effect after onlv
5 Years of elevated atrnosPheric COr. (c) The level of total soil carbon, most of which is staúte humus, was also beginning to
increase. Ozone, a pollutant at glound level, injures plants, re<lucing photosynthesis and therefore impacting the soiiin o In]ar]_
nel oPPosite that of CO2. The data suggest an interaction between the two gases, by r,r.hiclr the full effeci of Co, is seen only when
ozone is kept low. fData from Weil et al, (2000); photo coultesy of R. Weit]
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MrrH,cNr, Methane (CHa) occurs in the atmosphere in far smaller amounts than CO
However, methane's contribution to the greenhouse effect is nearly half as great as tha:
from CO2 because each molecule of CHn is 30 to 50 times as effective as CO2 in trappin.
outgoing radiation, The 1evel of CH4 is rising at about 0,60/o per year. In 2000 there lr,er=
about 1.8 ppm CH4 in the atmosphere/ more than double the preindustrial level. Soi,:
serve as both a source and a sink for CHn-that is, they both add CHa and remove ,:
from the atmosphere.

Biological soil processes account for much of the methane emitted into the atmc-
sphere. When soils are strongly anaerobic, as in wetlands and ríce paddies, bacteria prc-
duce CHa, rather than CO2, as they decompose organic matter (see Sections 7.4 ar_:
72.Z). Among the factors influencing the amount of CHn released to the atmosphe:.
from wet soils are: (1) the maintenance of a redox potential (Eh) near 0 mV, (2) th=

availability of easily oxidizable carbon, either in the soil organic matter or in plal-:
residues returned to the soil, and (3) the nature and management of the plants growir..
on these soils (70 to 80o/o of the CHn released from flooded soils escapes to the atnr,, -

sphere through the hollow stems of wetland plants). Figure 12.30 shows how these fa.-
tors can influence CH4 emissions from flooded rice paddies. Although not part of tt-_.

study illustrated here, it has been demonstrated that periodically draining rice paddie :

pleyents the development of extremely anaerobic conditions, and therefore can su'a-

staniially decrease CH,, emissions. Such management practices should be given selioL)
consideration, as rice paddies are thought to be responsible for up to 25% of global CI _

production.
Wetland soils are not the only ones that contribute to atmospheric CHa. Significa:

quantities of methane are also produced by the anaerobic decomposition of cellulose _:.

the guts of termites living in well-aerated soils (see Section 11.5), and of garbage burie;
deep in landfills (see Section 18.10).

In well-aerated soils, certain methanotrophic bacteria produce the enzr-n_.
methane monooxy1enase, which allows them to oxidize methane as an energy soulce:

;*"-'"o, - í];3,5

This reaction, which is largely carried out in soils, reduces the global greenhouse ga,
burden by about 1 billion Mg of methane annually. Unfortunately, the long-term use ,_.

inorganic (especially ammonium) nitrogen fertilizer on cropiand, pastures, and fores_:
has been shown to reduce the capacity of the soil to oxidize methane. The evidence sui-
gests that the lapid availability of ammonium from fertilizer stimulates ammoniun--
oxidizing bacteria at the expense of the methane-oxidizing bacteria. Long-terr,
experiments in Germany and England indicate that supplying nitrogen in organic forl:-
(as manure) actually enhances the soil's capacity for methane oxidation (Table 1,2.6).

FIGURE l).30 Factols affecting the emission _

methane, a very active greenhouse gas, from a floode:
rice paddy soi1 in California. The methane is generate:
by microbial metabolism in the soil and transported :_

the atmosphere through the rice plant. Emissions \,rel.
gleatest during the period of most active rice growth i:
midseason. The sharp increase in methane near the en:
of the season was due to a rapid reiease of accumulate;
methane as the soil dried down and cracks opened up i,-_

the swelling clay. Very little methane was released if nr
rice was planted. Moderate amounts were released if ric.
was planted but rice residues from the previous crop ha.:
been burned off. The highest amounts of methane wer.
released where rice was planted and the straw from the
previous crop had been incorporated into the soil. Once
the soil was drained at the end of the season, no molÉ
methane was produced. [Redrawn from Redeker et a],

(2000) with permission of the American Association fo;
the Advancement of Science.]
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TABLE l2.6 Eííect oí Nitrogen Fertility Management Systems on Methane Oxidation
by an ArabIe SoiI (Mollisol) in Germany

The four nitrogen treatments were applied annually for 92 years to a rotation of sugar beets, spring barley, potatoes,
and winter wheat. The mecsurements weTe mclde on soil sampled in spring, lust before the annual nitrogen
applications were made. Note that farmyard manure increased methane oxidation, while inorganic nitrogen

fertilizer (}řH4NO' reduced methane oxidation from the levels in the control and the manure-only treatment.

soil treatment Soil pH Soil NO;-N, kgha
Methane oxidation rate,

SoiI NHnt-N, kg/ha nL CHa L 1/hr 1

1. Control-no N added in any form
2, Fertilizer N-40 to 130 kg/ha N as NHINO3

to meet crop needs
3. Farmyard manule applied at 20 Mglh.a
.1, Farmyard manule plus N fertilizer as in #3.

6.8
6.9

7.o
7.2

0.83
15.36

1.98
.5.01

0.20
)1.).l

0.22
o.71

4.60
7,31

II.2
3.76

Data from the Static FeItilization Experiment begun in 1902 at Bad Lauchstádt, Gelmany and reported in Willison, et al. (1996)

Nitrous oxide (NrO) is another greenhouse gas produced by microorganisms in
poorly aerated soils, but since it is not directly involved in the carbon cycle, it will be
discussed in the next chapter (see Section 13.10).

Because the soil can act as a major source or sink for carbon dioxide, methane, and
nitrous oxide, it is clear that, together with steps to modiý industrial outputs, soil man-
agement has a major role to play in controlling the atmospheric levels of greenhouse
gaSes.


