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The large size and potentially long residence time of the soil organic matter pool make it

an important component of the global carbon cycle (Schlesinger 1977, Post et al. 1982,

1985). Figure 1 shows the relationship of the soil organic matter pool to other compo-

nents of global terrestrial ecosystems. Net terrestrial primary production of about 60

Pg Cyr" 1 is, over a several-year period of time, balanced by an equivalent flux of litter

production and subsequent decomposition of detritus and soil organic matter (Post et

al. 1990). Using estimates in Figure 1, the turnover time, Tt, of all organic matter (litter

and soil of Figure 1) globally is

_ litter + soil _ 1372
litter fall 62

However, the input rates and decomposition rates for different terrestrial ecosystems

vary over several orders of magnitude resulting in widely different amounts and turnover

rates of soil organic matter. The amounts of carbon stored in soils and the rates of

exchange of soil carbon with the atmosphere depend on many factors related to the

chemistry, biology, and physics of soil and soil organic matter.

We will review many of the major factors that influence soil organic matter dynam-

ics that need to be explicitly considered in development of global estimates of carbon

turnover in the world's soils. We will also discuss current decomposition models that

are general enough to be used to develop a representation of global soil organic matter

dynamics.
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Figure 1. Terrestrial component of the global carbon cycle showing central importance
of the soil organic matter pool. Compartment sizes are Pg C, fluxes are net amounts in
units of Pg C-yr"1.

FACTORS INFLUENCING SOIL ORGANIC MATTER DYNAMICS

The amount of carbon stored in soil is determined by the balance of two biotic processes
— productivity of terrestrial vegetation and decomposition of organic matter. Each of
these processes has strong physical and biological controlling factors. These include
climate; soil chemical, physical, and biological properties; and vegetation composition.
Interactions among these controlling factors are of particular importance.

Organic Matter Inputs

Quantity. The amount of carbon stored in soils and the amount of trace gases produced
through decomposition is to a great extent determined by the rate of organic matter
input through litterfall, root exudates and root turnover. The main factors that influ-
ence vegetation production are suitable temperatures for photosynthesis, available soil
moisture for evapotranspiration and rates of CO2 and H2O exchange. Dry and/or cold
climates support low vegetation production rates and soils under such climates have
low organic matter contents. Exceptions occur where soils are so wet or frozen that
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Figure 2. Soil carbon concentration (kgm~3) as a function of Holdridge Life Zone (from
Post et al. 1985 and reprinted by permission from Nature vol. 317 p. 614 Copyright (§)
1985 Macmiilan Magazines Ltd.).

decomposition is limited and even small rates of vegetation production accumulate over

long periods as dead organic matter. Where climates are warm and moist, vegetation

production is high and soil organic matter contents are correspondingly high (Figure 2).

Vegetation production depends not only on climate but also nutrient supply from geo-

chemical weathering. Walker and Adams (1958) hypothesized that the level of available

phosphorus during the course soil development is the primary determinant of terrestrial

net primary production. Numerous workers have examined this hypothesis. Tiessen et

al. (1984) and Roberts et al. (1985) found that available phosphorus explained about

one-forth of the variance in soil organic matter in many different soil orders. The re-

lationship between phosphorus and carbon is strongest during the aggrading stage of

vegetation-soil system development (Anderson 1988). Initially, the production of acidic

products by pioneer vegetation promotes the release of phosphorus by weathering of par-

ent material. Organic matter builds up in the soil, increasing the storage of phosphorus

in decomposing organic compounds. Nitrogen-fixing bacteria populations, which depend

on a supply of organic carbon and available phosphorus, can grow to meet ecosystem



demands for nitrogen. Plant growth is enhanced by this increasing nitrogen and phos-
phorus cycling, resulting in increased rates of weathering. This process continues until
the vegetation is constrained by other factors affecting phosphorus availability (leaching
losses become larger than the weathering inputs (Jenny 1980), or an increasing fraction
of the phosphorus becomes unavailable by adsorption or precipitation with secondary
minerals (Walker and Syers 1976)) or affecting nitrogen availability (denitrification or
leaching reaching or exceeding nitrogen inputs and fixation (Schlesinger 1991a). In ma-
ture soils, net primary production is more likely to be limited by nitrogen. Availability
of other nutrients that are largely derived from parent materials, such as most base
cations, may also influence soil organic matter accumulation during early soil develop-
ment. Soils derived from base cation rich volcanic parent materials (basic extrusive)
have much higher carbon contents on average than soils from other parent materials
(Zinke et al. 1984, Table 1).

Table 1. Soil carbon concentration in relationship
(modified from Zinke et al. 1984).

Parent Material

Acid intrusive
Basic intrusive
Ultrabasic
Acid extrusive
Basic extrusive
Sedimentary (consolidated)
Metamorphic
Sedimentary (weakly consolidated)

to parent material

Mean Carbon
Density (kg-m~3)

10.9
12.2
10.6
15.1
21.8
12.6
11.2
14.9

Species Composition. Biotic factors, in particular, plant species composition also

affect soil organic matter dynamics. Decomposition is also to some degree controlled by

species composition. Each terrestrial plant species produces and sheds a characteristic

blend of carbon compounds, each of varying decomposability. This range of decompos-

ability may be summarized by the lignin and nitrogen content of the organic material

(Aber and Melillo 1982, Meentenmeyer 1978). Nitrogen is made available to plants

during the decomposition process. Nitrogen is a limiting element for productivity in

most terrestrial ecosystems so the rate at which it is released during decomposition is

an important factor in ecosystem production. Thus the interactions between processes

regulating plant populations and their productivity, and microbial processes regulating
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Figure 3. Soil carbon from Pin cherry vs. Aspen succession simulations (from Pastor and
Post 1985, and reprinted by permission from Biogeochemistry vol. 2 p. 23 Copyright
<c) 1985 Kluwer Academic Publishers).

nitrogen availability result in some of the observed variation in soil carbon and nitrogen

storage and thus the rate of carbon exchange between the soil and atmosphere.

Computer simulations of forest succession reflect the importance of these interactions
in terrestrial ecosystems (Pastor and Post 1986). Two different successional sequences
after forest harvest, one with early stages dominated by pin cherry, the other with early
and mid-stages dominated by aspen, occur in the Northeastern United States. Forest
simulations for this region were run using 4 different initial organic matter contents



of 25, 50, 75 and 100 Mgha""1 for both species successions. For both successions,

soil organic matter concentration declines initially, then rises as productivity increases

(Figure 3). The initial decline is greater when initial organic matter concentration is

high and negligible when organic matter is low. It is less during aspen succession than

during pin cherry succession. Aspen succession maintained higher levels of soil organic

matter than pin cherry succession. Under aspen succession, the soil organic matter

rises to a peak at about 90-100 years, then declines back to about 100 Mgha"1 . In all

simulations, aspen succession returns 1.5 to 2 times more woody litter than does pin

cherry succession by virtue of its longer life, sustained high rate of productivity, and

a larger fraction of production allocated to wood. After 120 years, both successions

result in similar northern hardwood forest compositions, and soil organic matter levels

converge to 60-90 Mgha"1 .
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Figure 4. Relative cumulative carbon distribution with depth in the soil for several
contrasting soil profiles (from Zinke et al. 1984)



Placement. The deeper that fresh detritus is placed in the soil, the slower it decom-
poses. This is a result of declining decomposer activity and increased protection from
oxidation with depth in the soil. Prairies have a somewhat lower productivity than
forests, and produce no slowly decomposing woody material. Nevertheless, prairies
have a very high soil organic matter content because prairie grasses allocate twice as
much production to belowground roots and tillers than to aboveground leaves (Sims
and Coupland 1979). The result is high soil organic matter contents with a uniform
distribution in the upper 1 meter of soil (Figure 4). In contrast, a spruce-fir forest con-
tains 50% of its soil organic matter in the top 10 cm. There are interesting exceptions
to the rule that above-/below-ground plant allocation determines soil organic matter
distribution patterns in soil. Tropical moist forest soils show a uniform depth distri-
butior similar to the depth distribution of temperate grasslands, however, in tropical
forests this is largely due to a long-term accumulation of recalcitrant organic materials
at lower depths in the soil rather than increased allocation to roots. Alpine tundra
soils support a largely herbaceous flora but show a similar depth distribution as forest
soils because cf inhibition of surface litter decomposition by low temperatures and high
water saturation.

Decomposition

Climate. Organic matter decay rates can be related to environmental parameters such

as temperature and soil moisture. There are a number of detailed models of microbial

processes (Bunnell and Dowding 1974, Hunt 1977, Bunnell et al. 1977, Juma and Paul

1981, Smith 1982) that attempt to capture the details of the relationship between these

environmental factors and decomposition. These models characteristically work on a

short time step (one day or less), predict decomposition by modeling microbial popula-

tions, and have high data requirements. A simpler approach is predicting decay rates

from more easily measured climatic and chemical indices rather than modeling the de-

tailed microbial dynamics. Climatic indices that correlate well with decay rates include

plant moisture and temperature indices (Fogel and Cromack 1977), linear combinations

of temperature and rainfall (Pandey and Singh 1982), and actual evapotranspiration

(AET; Meentemeyer 1978). These climatic indices are estimates of potential rather

than actual microbial perception of soil water availability and temperature.

Organic Matter Quality. On global scale, climate may be the most important factor
controlling decay rates, but within a given region, substrate chemistry is the more
important factor (Meentemeyer 1978, Flanagan and VanCleve 1983, McClaugherty et
al. 1984). Decay rate is often negatively related to substrate C:N ratio. Litter C:N is
initially much greater than microbial C:N but approaches microbial C:N as the microbes
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Figure 5. Relationships between AET, Lignin:nitrogen ratio, and weight loss (from
Pastor and Post 1985).

release the carbon as CO2 while taking up nitrogen (nitrogen immobilization). The

farther the initial litter C:N is from microbial C:N, the slower the decay rate. Lignin

content or lignin:nitrogen ratios may be better predictors of decay rates because lignin

itself is difficult to decompose, and it shields nitrogen and other more easily degraded

chemical fractions from microbes. Concise and simple models of decay rate are based

on a combination of chemical and climatic indices as summerized in Figure 5.

Soil Physical Structure. As organic matter is fragmented into smaller sizes and
converted into humic molecules, the physical structure of soil particles becomes an
important factor in the rate of decomposition. The formation of complexes between
organic compounds and clay particles plays a central role in stabilizing organic matter
in soil (Anderson 1979). Newly formed humic acids have a relatively high aliphatic
component, much of it as long side chains. This structure and high molecular weight
results in a tendency for humic acids to be adsorbed by fine mineral colloids (Greenland
1965). Soil clay fraction includes a diversity of minerals with different surface areas and
properties, and different arrangements of individual clay particles. The formation of



soil particle aggregates through polycation bridging, organism glues and mucilages, or
organic-inorganic bonds, results in micropore structure that can entrap organic matter
and protect it from organisms and their extracellular enzymes.

Using tracer techniques, McGill and Paul (1976) found that much recently formed humic
material was associated with mineral colloids <0.04//m in size. In an eight year long
decomposition experiment the loss of carbon due to decomposition was strongly related
to clay content (Ladd et al. 1985). In four experimental plots kept free of vegetation, the
content of soil organic matter was followed. The soils were all calcareous and influenced
by the same climate. Soils with 5%, 12%, 20%, and 42% clay lost 40%, 25%, 15%
and 0% organic carbon respectively. In most models of soil organic matter usually
around 50% of the soil humus is assumed to be a physically stabilized fraction (Paul
and van Veen 1978, Jenkinson and Rayner 1977, Parton et al. 1987).

Kilburtus (1980) reports that bacteria within soil aggregates only exist in pores at least
three times their own diameter. The greater the clay content, the greater the proportion
of small pore spaces, and therefore less pore space is accessible to bacteria. As much as
90% of the pore space in clayey soils may harbor organic matter from which bacteria
and other organisms are physically excluded (Oades 1988).

Interactions between organic matter and inorganic minerals, involving various sized

mineral particles and organic colloids with the formation of aggregates, can result in

the physical protection of organic matter and increase its retention in soil (Oades 1988).

Cultivation breaks these natural aggregates through mechanical stress. The decrease in

physical protection of organic matter by such disturbances then can lead to an increase

in decomposition rates.

SOIL ORGANIC MATTER MODELS

The models that have the greatest potential of being general enough for incorporation
into global carbon cycle models have taken a phenomenological approach that does
not attempt to model all the transformations that occur during decomposition. The
most common approach is simulation of a numerical model in which organic materials
are partitioned into a minimum number of conceptual components based on whether
biological, chemical, or physical processes dominate their decomposition rate.

Most numerical simulation models of soil organic matter share, essentially, the same five-
component structure shown in Figure 6. Plant residues are divided into two components,
one with simple compounds subject to rapid uptake, transformation and mineralization
by decomposers (METABOLIC), and the other contains plant components such as lignin
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Figure 6. Soil organic matter components and flows in the CENTURY model (modified
from Parton et al. 1987).

which are not readily attacked (STRUCTURAL). The soil humus is divided into three

components with turnover times differing by an order of magnitude between each one.

The ACTIVE SOIL is mostly live microbes, and microbial products such as extracel-

lular enzymes. The SLOW SOIL component consists of organic compounds that are

physically protected or in chemical forms with biological resistance to decomposition.

The PASSIVE SOIL component consists of chemically refractory forms with the longest

turnover times.

Various formulations of this basic model structure differ in the number and magnitudes
of the interactions between the components and the turnover times of the components.
They also differ somewhat in the descriptions of components which are heuristically
defined, but may bear close correspondence to operationally defined soil organic matter



fractions (Anderson 1979). For example, Paul and Juma (1)81) found that the relative
size and radiocarbon age of four operationally defined components of a Chernozemic
soil were useful for analyzing predictions from a simulation model calibrated from in-
dependent data. Paul and Juma's (1981) operational identification, estimated turnover
time, and approximate correspondence to the components described above and shown
in Figure 6 are presented in Table 2.

Table 2. Paul and Juma's (1981) method of determination, turnover times, and corre-
spondence with soil organic matter pools identified in Figure 7.

Organic matter Method of
fraction determination

Turnover
time

(years)

0.5
1.5

22.0
600.0

Approximate
correspondence with
Figure 7 components

ACTIVE
STRUCTURAL
+METABOLIC
+part of ACTIVE
SLOW
PASSIVE

Biomass Fumigation incubation
Active non-biomass Isotope dilution

Stabilized By difference
Old Carbon dating

The earliest model of this type was developed by Jenkinson and Rayner (1977) to
describe turnover of soil organic matter in the classical field experiments employing
different cultivation systems at the Rothamsted Experimental Station in England. Sim-
ilar models have been used to simulate soil organic matter development (Paul and
Van Veen 1978, Van Veen and Paul 1981) and incorporate the effect of soil erosion
(Voroney et al. 1981). In these studies, the magnitudes of the fluxes between compart-
ments were estimated by data fitting procedures, making their application restricted to
single locations.

Recently, two models (CENTURY and the Rothamsted turnover model) have been
developed that generalize this basic model structure by formulating the component
fluxes as functions of a small set of easily obtained environmental factors or driving
variables such as climate, soil texture, and lignin:N content of plant litter. This allows
application of these models to broad geographic regions and perhaps incorporation into
global carbon cycle models that have a spatially distributed terrestrial component.

The CENTURY model has been used to describe the geographic pattern of soil organic
carbon and nitrogen storage in the Great Plains of the U.S. (Parton et al. 1987). The
Century model has also been used for simulating large-scale and long-term consequences
of climate and management changes on organic matter dynamics in native grasslands



and agroecosystems (Parton et al. 1988). Critical parameters in the CENTURY model
are the turnover times for the SLOW SOIL and PASSIVE SOIL pools. Estimates
of these rates are based on long-term incubation studies (5 years with the first year
discarded). It is not known how much these rates differ between different ecosystems
or soil conditions so general application to global scales has not been tried and would
largely be hypothetical at this time.

The Rothamsted turnover model (Jenkinson 1990) simulates soil organic matter over the
years-to-centuries timespan. Parameters for the model are derived, largely, by filling
data from long-term field experiments on Rothamsted and Woburn experimental farms.
This model has been used to predict the decomposition of 14C-labeled plant material
in a range of climates and soils: 19 locations in the humid tropics, 6 in the temperate
zone, 4 in the warm temperate forest zone, and 2 in the cool temperate steppe zone.
Experiments on the decomposition of labeled plant material under field conditions are
particularly valuable in model testing, as they give reliable measures of C retention over
much longer decomposition periods than incubations. Unfortunately, only a few types
of labeled plant material have been used (annual crop plants and grasses).

Similarity of the Rothamsted turnover model with CENTURY is striking. For example,
both use experimental data from S0rensen's (1981) incubation of cellulose in soils with
different textures to incorporate the effect of soil texture. Both models use similar
methods of applying these data fits to modify the efficiency of converting ACTIVE SOIL
organic matter into SLOW SOIL organic matter. However, CENTURY also uses this
information to modify the decomposition rate of the ACTIVE SOIL compartment. In
both models, the dominant parameters governing the equilibrium content of soil organic
matter are the rate constants that determine the turnover rate of the SLOW SOIL and
PASSIVE SOIL compartments.

A major difference between the two models has to do with the PASSIVE SOIL compart-
ment. In the CENTURY model this compartment receives very small fluxes of organic
matter from both the ACTIVE SOIL and SLOW SOIL compartments and has a very
long turnover time. In the Rothamsted turnover model, the PASSIVE SOIL compart-
ment is represented as completely inert, with no inputs or outputs. An earlier version
of the Rothamsted turnover model (Jenkinson et al. 1987) did postulate that a portion
of the incoming material entered a highly resistant (but not inert) compartment. But
this more elegant formulation was abandoned for practical reasons - an inability to
reconcile a model containing a dynamic PASSIVE SOIL organic matter compartment
with empirical data.



Both models have been used to examine soil organic matter dynamics under a warmer
climate (Schimel et al. 1988, Jenkinson et al. 1991). Not surprisingly, both obtain
similar general results. With an increase in temperature of 2° to 4° C, soil organic
matter storage decreases around 5% in the Rothamsted turnover model and 20% in
the CENTURY model. The larger decline results from a feedback with vegetation
production. In the CENTURY model, lower soil organic matter levels reduce nitrogen
availability and result in lower plant productivity and lower organic matter inputs into
the soil. The Rothamsted model does not include a plant production feedback and
therefore predicts smaller declines in soil organic matter.

The Rothamsted turnover model has an advantage because of its relative simplicity in
necessary environmental drivers and that it may be applied to most ecosystem types
without recalibration of the most critical parameters. Calibration is needed in deter-
mining the split of litter material between STRUCTURAL and METABOLIC material.
CENTURY, however, accomplishes this in an elegant fashion using lignin:N ratios of
plant material and therefore eliminates the need for this calibration. Similar methods
are used in the forest ecosystem models LINKAGES (Pastor and Post 1985) or VEG-
GIE (Aber et al. 1991) which divides the litter into various cohorts and follows their
decomposition and changes in lignin:N before incorporation into soil pools. Of course,
this increases information requirements for using such a model globally by requiring a
global data base of lignin:N ratios of appropriate spatial scale for use with this model
enhancement.

The CENTURY model includes fairly detailed consideration of nitrogen, phosphorus,
and sulphur dynamics. For application at global scales, this approach may prove to be
too complex. While there is a model for nitrogen dynamics of the Rothamsted experi-
mental fields (Jenkinson and Parry 1989), it has a different structure than the carbon
turnover model. A simpler method of determining nitrogen cycling is to consider nitro-
gen flows as stoichiometrically related to carbon flows. This is similar to the method
used in VEGGIE which relies on average carbon:nitrogen ratios to determine immobi-
lization/mineralization fluxes as organic material are moved from one compartment to
another. At any rate, it is important to include nitrogen cycle considerations in any
model of organic matter dynamics because of its importance in both production and
decomposition dynamics.

CONCLUSIONS

The balance between assimilation by photosynthesis, its partitioning among several

terrestrial pools of varying turnover times, and releases of C from dead material through



decomposition dictates the magnitude of the net exchange of C between the atmosphere
and the world's terrestrial ecosystems. The global soil organic matter pool consists of an
array of materials with widely differing turnover times which collectively, are very large
and have a potentially important effect on the net storage of C at several time scales. To
quantitatively evaluate the role of soil organic matter in the global carbon cycle many
physical, chemical and biotic factors that vary widely from place to place over the earth's
surface must be considered. The most important factors include (1) the magnitude of
organic matter inputs which depend largely on climate conditions, especially soil water
status, nutrient availability, and growth/allocation patterns of species; and (2) the rate
of decomposition which depends mainly on climate, chemical composition, and soil
physical structure.

Simulation models have recently been developed that are quite general, consider most
of the important processes regulating organic matter turnover, and may be suitable
for extrapolation to most terrestrial systems. The first challenge in applying these
simulation models globally is assembling the necessary information, parameters, and
environmental inputs to make global calculations. A spatial scale of 0.5 degrees or 50
km is large enough to make this task feasible. It is not clear, however, whether this
is an appropriate spatial scale for capturing the natural variation in soil properties.
Many soil and vegetation characteristics vary at a much finer scale of spatial resolution.
The second and more difficult challenge for global carbon cycle research results will be
to capture, in some way, tne important aspects of such fine scale variation, especially
in regions where it is important. Such regions include those with large topographic
variation, dispersed wetlands, a variety of contrasting parent materials, and patchworks
of different human utilizations.
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