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1. Introduction

Soil organic matter is, at once, the most inert component of terrestrial ecosystems,

and the most dynamic component of terrestrial geologic systems. The large size and long

residence time of this pool make it an important component of the global carbon cycle.

Figure 1 shows the relationship of the soil organic matter pool to other components of

global terrestrial ecosystems with significantly longer and shorter turnover times. Net

terrestrial primary production of about 60 Pg C^yr"1 is, over a several year period of time,

balanced by an equivalent flux from production and subsequent decomposition of litter

and soil organic matter. Using estimates in Figure 1, the turnover, T<, of all active dead

organic matter (litter and active soil of Figure 1) globally is

_ litter + soil 1460 n_
T, = = = 25 years

litter fall 60

Approximately two-thirds of the decomposition occurs in the litter layer and one-third

in the soil. The turnover of the soil organic matter pool, T,, is then the size of the soil

pool divided by the fraction of litterfall that enters the soil or

T sml 1 4 0 0 -nT °
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 organic matter.

2. Patterns of Soil Organic Matter Storage and Dynamics

The amount of carbon stored in soil is determined by the balance of two biotic pro-

cesses — productivity of terrestrial vegetation, and decomposition of organic matter. Each

of these processes have strong physical and biological controlling factors. These include



climate, soil chemical and phy.-'.cal properties, and vegetation composition. Interactions

among these controlling factors are or particular importance.

2.1 Climate.

Temperature and precipitation show striking relationships with soil carbon content

(Figure 2). Climate affects soil carbon storage by influencing rates of vegetation pro-

duction and rates of dead organic matter decomposition. Soil carbon density generally

increases with increasing precipitation, and there is an increase in soil carbon with de-

creasing temperature for any particular level of precipitation. The highest concentrations

of soil carbon occur in cold-wet regions, particularly wet tundra, where soil carbon density

averages 36 kg-m~3. Here plant production rates are "low, but decomposition rates are

extremely low as a result of low soil temperatures and water saturated conditions. Moist

and wet tropical soils also contain a high density of carbon, 14-18 kg-m~3, as a result of

high plant production rates. In desert regions with low precipitation, soil carbon stor-

age is low. Warm deserts average less than 2 kg-m~3 and cool deserts reach 6-8 kg-m~3.

Decomposition rates are low in desert regions, but plant production rates are extremely

low.

2.2 Soil properties.

Wetland and coastal ecosystems have soils with very high carbon densities. Bogs can

have densities as high as 177 kg-m~3 (Zinke et al. 1984). Marshes and swamps that con-

tain some trees or shrubs may contain 24 kg-m~3. These ecosystems, under undisturbed

conditions, accumulate carbon in their soils as a result of excess production over decom-

position. Decomposition is inhibited by partial or complete waterlogging resulting from a

combination of topographic position and local ground water hydrology.

The physical and chemical nature of the underlying parent material can also influence

the amount of soil organic matter stored (Zinke et al. 1984). Soils derived from nutrient-rich

volcanic parent materials (basic extrusive) have much higher carbon contents on average



than soils from other parent materials (Table 1). High soil carbon contents in these soils

results from a positive feedback process during the aggrading stage of vegetation-soil sys-

tem development (Anderson 198S). Initially pioneer vegetation produces acidic products

that promote the release of nutrients by weathering of parent material. Organic matter

builds up in the soil increasing the storage of nutrients in decomposing organic compounds.

Plant growth is enhanced by this increasing nutrient cycling, resulting in increased rates

of weathering. This process continues until the vegetation is constrained by other fac-

tors (DeAngelis et al. 1986), or leaching losses become larger than the weathering inputs

(Jenny 1980).

2.3 Vegetation type.

Vegetation production depends on not only climate, geochemical weathering and other

abiotic process but also on biotic factors, in particular, species composition. Decomposi-

tion is also to a large degree controlled by species composition. Each species of terrestrial

plant produces and sheds a characteristic blend of carbon compounds each of varying

decomposability. This range of decomposability has been shown experimentally to be con-

veniently summarized by the lignin and nitrogen content of the organic material (Aber

and Melillo 1982, Meetenmeyer 197S). 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 fac-

tor in ecosystem production. Thus the interactions between processes regulating plant

populations, and microbial processes regulating nitrogen availability results in some of the

observed variation in soil carbon and nitrogen storage and thus the rate of carbon exchange

between ihe soil and atmosphere.

Computer simulations of forest succession underscore the importance of these interac-

tions in terrestrial ecosystems. Two different succesional 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
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run using 4 different initial organic matter contents of 25, 50, 75 and 100 Mg-ha l for

both species successions. For both successions, soil organic matter declines initially, then

rises as productivity increases (Figure 3). The initial decline is greater when initial organic-

matter is high and negligible when organic matter is low, and less during aspen succession

than pin cherry succession. Aspen maintained higher levels of soil organic matter than

pin cherry, but soil organic matter levels converge at 60-90 Mg-ha~l after 120 years. Un-

der aspen succession, the soil organic matter rises to a peak about at 90-100 years, then

declines back to about 100 Mg-ha"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 and

sustained high rate of productivity.

The deeper fresh detritus is placed in the soil, the slower it decomposes. 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 veiy high soil organic matter

content resulting from the fact that 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 contains 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 distribution largely due to a long-term accumulation of

recalcitrant organic materials at lower depths in the soil. Alpine tundra soils support a

largely herbaceous flora but show a similar depth distribution as forest soils as a result of

inhibition of surface litter decomposition by low temperatures and high water saturation.

The physical and biological factors influencing patterns of soil organic matter described

above give an indication of the influence of this pool in the global carbon cycle under

present conditions. In general, climatic controls interacting with soil physical factors of



water holding capacity and fertility form constraints within which ecosystem processes of

production and decomposition interact to determine the dynamics of soil organic matter

at a local scale (Pastor et al. 19S4, Pastor and Post 1986). However, for global carbon

cycle studies more needs to be known concerning details of the dynamics of soil carbon

and how this important carbon pool responds to two types of perturbation. First, soil

carbon storage is currently being influenced by human land-use. Approximately one-third

of the estimated 1 to 3 Pgyr" 1 net carbon release from human land-use is thought to be

from soil (Houghton et al. 1983, 1987, Detweiler, et al. 1985). Second, future soil carbon

storage is likely to be influenced by anticipated climate change, i.e. the greenhouse effect,

resulting from increasing levels of trace gases in the atmosphere. The dynamic response of

soil organic matter to human land-use and climate change is a function of the chemistry

of decomposition processes, and soil organic matter stabilisation processes.

3. Chemical processes of decomposition and stabilization.

The net decomposition rate of organic matter is a function of the continual transforma-

tion of humic substances into more resistant substrates and the fraction of these compounds

that are mineralized during transformation. Soil organic matter consists of a diversity of

chemical compounds with widely varying turnover times. In most soils one-third of soil or-

ganic matter consists of undecayed organic residues, mostly carbohydrates, with a smaller

amount of proteinaceous compounds and lipids. This organic matter fraction is usually

measured as organic fragments obtained by flotation on heavy liquids of density 1.6-2.0

gcin~3. The turnover time of this soil fraction is less than 25 years. Two-thirds of soil or-

ganic matter consists of soil humus. This is the material that remains after removal of the?

undecayed residues. Humus may be further characterized chemically by sequential extrac-

tion of organic matter by alkali and acid to give the operationally denned and chemically

heterogeneous fractions of humic acid, fulvic acid, and insoluble humin (Stevenson 1982,

see Figure 5). Turnover times of these refractory soil organic matter constituents are on

the order of 500 1200 years (Stout v\ al. 1981).



3.1 Chemical stabilization

The structure of organic materials has an influence over the time thay are retained in

the soil. The rates of decomposition of a wide range of organic compounds labelled with

UC or 15N have been reviewed (Oades and Ladd 1977; Paul and Van Veen 1978). In gen-

eral simple monomers from carbohydrates, proteins, and polyphenic materials decompose

within weeks. Polymers are decomposed more slowly and decomposition rate decreases

with chemical complexity (Oades 1988). The percent of original material remaining as a

function of time is well described with a negative exponential curve with data of different

chemicals having a range of decay constants (Haider and Martin 1975). The time scale of

the decomposition of most simple chemical substances in soil is on the order of weeks.

Decomposition of plant materials yields curves similar to those for individual chemical

compounds except the time scale for the bulk material is on the order of years (Olson 1963,

Jenkinson and Rayner 1977, Ladd et al. 1985). The initial decline in organic matter re-

maining is due to decomposition of readily mineralized materials. After that, a succes-

sion of organisms utilize more resistant plant components, dead organisms, and metabolic

products as sources of energy and nutrients. The mineralization of microbial biomass and

metabolites is slow compared to the mineralization of simple organic compounds.

As decomposition progresses, soil humus is formed. The complex structure of soil

humic substances contributes to their stability (Stout et al. 1981). The process of hu-

mus formation has been extensively reviewed (Swain 1963; Swaby and Ladd 1962, 1966,

Stevenson 1986). This is a multistage process beginning with the decomposition of all plant

components, including lignin into simple monomers and concurrent polymerization of re-

active monomers into high-molecular-weight brown colored polymers (Stout et al. 1981).

The importance of lignin was demonstrated by tracer work (Martin et al. 1974) which

showed that 34% of the added tracer incorporated into humus originated from lignin while

only 6% was irom cellulose. The principle steps in the formation of humic substances from



lignin and products of microbial synthesis is shown in Figure 6. Detailed descriptions of

these processes can be found in Flaig (1975), Flaig et al. (1975).

3.2 Physical stabilization

As organic matter is commuted into smaller sizes, the soil matrix becomes an impor-

tant 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. The

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 ag-

gregates 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.

In a long term 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 for eight years. 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.

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 smaller the 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, can result in the physical protection of organic

matter and an increase its retention in soil (Oades 1988). Cultivation breaks these natu-

ral aggregates through mechanical stress. The decrease in physical protection of organic

matter by such disturbances then can lead to an increase in its decomposition rate.



4. Modeling soil organic matter dynamics

Early models described the rate of organic matter input to soils as constant or specified

externally and rate of loss through decomposition of total mass as a negative exponential

using a single first order differential equation (Jenny et al. 1949, Olson 1963). General-

ization of this approach became necessary in order to account for different components of

soil organic matter with varying turnover times resulting from diverse biological, chemi-

cal, and physical processes. Additional differential equations were introduced for each soil

organic matter component, each containing terms expressing the transformation of one

type into another or into CO2. Many of th^se are reviewed by Wieder and Lang (1982).

Additional refinements include models that iescribe soil organic matter along a continuum

of decomposability (Carpenter 1981) and/or depth in the soil (O'Brien and Stout 1978,

Nakane 1978).

There have been numerous attempts to estimate parameters and compartment sizes

for these models using tracer experiments in which radiotracers, usually 14C or 15N, are

introduced intentionally, or unintentionally as with nuclear weapons testing. These studies

indicate that freshly applied material is rapidly incorporated into all soil organic matter

components regardless of the proceedures by which they are identified. The conclusion to

be drawn from these results is that current fractionation techniques do not adequately sep-

arate soil organic matter into meaningful biological or chemical components such that they

contain organic matter constituents with turnover times sufficiently uniform for modeling

(Paul 1984).

The most successful models to date have taken a more phenomenological approach

that does not attempt to model all of the transformations that occur during decomposi-

tion. Instead, a simple model structure is used in which organic materials are classified

into a minimum number of components based on whether biologic, chemical, or physical

processes dominate their decomposition rate. Most models share, essentially, the same five

component, structure shown in Figure 7. Plant residues are divided into two components,
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one with simple compounds subject to rapid uptake, transformation and mineralization

by decomposers (METABOLIC), and the other contains plant components such as lignin

which are not readily attacked (STUCTURAL). The soil humus is divided into three com-

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

ACTIVE SOIL is mostly live microbes, and microbial products such as extracellular en-

zymes. The SLOW SOIL component consists of organic compounds that are physically

protected or in chemical forms with biological resistance to decomposition. The PAS-

SIVE 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 de-

fined, but may bear close correspondence to a operationally defined soil organic matter

fractions. For example, Paul and Juma (1981) found that the relative size and radiocar-

bon age of four operationally defined components of a Chernozemic soil were useful for

comparisons to predictions from a simulation model calibrated from independent data.

The operational identification, estimated turnover time, and approximate correspondence

to the components described above and shown in Figure 7 from Paul and Juma's (1981)

measurements are presented in Table 2.

The earliest model of this type was developed by Jenkinson and Rayner (1977) to de-

scribe turnover of soil organic matter in the classical field experiments employing different

cult -ation systems at the Rothamsted Experimental Station in England. Similar models

have be<_ 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 compartments were estimated by

data fitting procedures, making their application restricted to single locations. Recently,

two models (Century and LINKAGES) have been developed that generalize this basic



model structure by formulating the component fluxes as functions of a small set of eas-

ily 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.

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 consequenced of

climate and management changes on organic matter dynamics in agroecosystems (Parton

et al. 19SS). LINKAGES has been used to explore the consequences of climate change

on ecosystem carbon storage at the boreal/cool temperate forest boundary in eastern

North America (Pastor and Post 1988). Further development and application of models

like Century and LINKAGES to ecosystems in addition to the temperate zone forests and

grasslands currently modeled will increase the confidence in using this modeling framework

in global carbon cycle studies.

5. Conclusions

Soil organic matter is a large and heterogeneous collection of carbon containing com-

pounds that interact with both active and relatively inactive components of the global

oarbon cycle. The turnover of carbon in soils is controlled mainly by water regimes and

temperature but is modified by a large number of processes involving the physiochem-

ical properties of organic matter additions, distribution in the soil matrix, decomposer

population dynamics, and interactions with mineral particles.

It is useful to divide the soil organic matter into several fractions of various degrees of

decoinposability and therefore turnover time. Some progress has been made in identifying

the types of organic compounds associated with different operationally defined fractions.

Soil organic matter fractions can be characterized chemically, physically, and biologically.

Classical descriptions of soil organic matter arc based on chemical extraction. More re-

cently, approaches that also consider soil as a. physical and biological system have been
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used. These approaches are better aligned with biological and biochemical processes that

occur during organic matter decomposition and humus formation. However, it is still diffi-

cult to arrive at a separation of soil organic matter into components of distinctly uniform

turnover times that is satisfactory in modeling soil carbon dynamics.

Various ecosystem disturbances alter the balances between production of organic mat-

ter and its decomposition and therefore change the amount of carbon in soil. The most

severe perturbation is conversion of natural vegetation to cultivated crops. Conversion of

natural vegetation to cultivated crops results in a lowered input of slowly decomposing

material which causes a reduction in overall carbon levels. Disruption of soil matrix struc-

ture by cultivation leads to lowered physical protection of organic matter resulting in an

increased net mineralization rate of soil carbon. Climate change is another perturbation

that affects the amount and composition of plant production, litter inputs, and decompo-

sition regimes but does not affect soil structure directly. Nevertheless, large changes in soil

carbon storage are probable with anticipated CO2 induced climate change, particularly

in northern latitudes where anticipated climate change will be greatest (MacCracken and

Luther 1985) and large amounts of soil organic matter are found.

It is impossible, given the current state of knowledge of soil organic matter proccesses

and transformations to develop detailed process models of soil carbon dynamics. Largely

phenomenological models appear to be developing into predictive tools for understanding

the role of soil organic matter in the global carbon cycle. In particular, these models will

be useful in quantifying soil carbon changes due to human land-use and to anticipated

global climate and vegetation changes.
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Table 1. Soil carbon density in relationship to parent material (modified from Zinke et
al. 1984).

Parent Material
Mean Carbon

Density (kg-m~3)

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

10.9
12.2
10.6
15.1
21.8
12.6
11.2
14.9

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

Organic matter
fraction

Biomass
Active non-biomass

Stabilized
Old

Method of
determination

Fumigation incubation
Isotope dilution

By difference
Carbon dating

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

1G



List of Figures

Figure 1. Terrestrial component of the global carbon cycle showing central importance of
the soil organic matter pool (modified from Bolin 1986). Compartment sizes are
Pg C, fluxes are net amounts in units of Pg Cyr~ J . The fluxes with the atmosphere
are, from left 10 right, net primary production, net heterotrophic respiration, and
an additional net flux to the atmosphere from human land clearing activities.

Figure 2. Soil carbon density (kg-m~3) as a function of Holdridge Life Zone (from Zinke
et al. 19S4).

Figure 3. Soil carbon from Pin cherry vs. Aspen succession simulations (from Pastor and
Post 1985).

Figure 4. Relative cummulative carbon distribution with depth in the soil (from Zinke et
al. 1984).

Figure 5. Traditional chemical fractionation of soil organic matter (modified from
Kononova 1966).

Figure 6. Principle steps in the formation of humic substances from lignin and products
of microbial systhesis (from Stout et al. 1981).

Figure 7. Soil organic matter components and flows in the Century model (modified from
Parton et al. 1987).
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