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Abstract. The major S constituents in terrestrial ecosystems include inorganic S04-, C-bonded
S and ester sulfate with the organic fractions constituting the major soil S pools. Conceptual
models of S dynamics link inorganic SO2 flux to organic sulfur transformations and other
elements such as N and C. Mass balance models have been useful in ascertaining whether a
system is at steady-state with respect to adsorption processes and/or nutritional demands of
vegetation for S. Chemical equilibrium/surface complexation models have been used to
evaluate the effects of a complex of factors, including effects of pH on S04 adsorption and
precipitation; these models have not generally been integrated into ecosystem models of S
dynamics. Models such as ILWAS, Birkenes, Storgama, Trickle-Down and MAGIC were
developed to ascertain surface water acidification processes within watersheds; these models
incorporated SO4 adsorption in some formulation combined with hydrological considera-
tions. None of these models explicitly treat organic S transformations and fluxes. In contrast,
grassland ecosystem models detail organic S transformations, but give little attention to
adsorption and hydrologic factors. More detailed simulation models of S transformations in
forest and grassland soils have recently been developed, but these results have yet to be
incorporated into ecosystem and watershed models.

Introduction

Sulfur plays an important role in the functioning of terrestrial ecosystems.
It is required by all biotic components as a macronutrient necessary for
protein formation (especially the amino acids methionine, cystine and cys-
teine) as well as other metabolic constituents such as the vitamins biotin and
thiamine (Freney 1967; Fitzgerald 1978; Freney 8: Williams 1983). Deficien-
cies of this element may limit production as has been documented for
agronomic (Tabatabai 1984), grassland (Bettany & Stewart 1983; Millard
et al. 1985; Murphy et al. 1983) and forest (Turner & Lambert 1980) systems.
Furthermore, oxidized S is a major constituent of acidic deposition and
often partially regulates mineral acidity in soil solutions and surface waters.
As a result, there has been recent concern over the deleterious impact of
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elevated inputs of this element to various terrestrial systems, especially
forests (Drablos & Tollan 1980; Hutchinson & Havas, 1980; Linthurst
1984).

The objectives of this paper are to: a) outline the major S constituents of
terrestrial ecosystems; b) present conceptual models of S cycling; c) review
some of the major approaches used to incorporate S dynamics in watershed
and ecosystem models and assess their limitations; and d) suggest possible
areas for advancement.

Sulfur constituents in terrestrial ecosystems

Sulfur is found in terrestrial systems in a wide variety of inorganic and
organic forms, each of which may play characteristic biological and chemi-
cal roles. The chemical forms of S constituents have been well documented
for the biota and include amino acids, sulphonium compounds, ester sul-
fates, vitamins, antibiotics, inorganic sulfides, and organic sulfides (Freney
1967; Fitzgerald 1978; Dodgson et al. 1982; Rennenberg 1984). In general,
most of the organic S found in biotic components occurs as amino acids and
their derivatives although ester sulfates may be common in various taxa
including soil bacteria and fungi (Fitzgerald 1978; Dodgson et al. 1982).
Inorganic sulfate can be a major S constituent of both higher plants and
microorganisms, especially if S is in nutritional excess; however, only trace
amounts of H2S have been detected (Cuhel et al. 1981; Rennenberg 1984).

In contrast, individual organic S components in the abiotic portion of
terrestrial systems have not been clearly defined. Moreover, these abiotic
forms of S compose the major S pools within most terrestrial systems. The
contribution of vegetation to the total S content of ecosystems is generally
less than 50%, and even less than 10% in systems with elevated S loadings
(Meiwes & Khanna 1981; David et al. 1984; Johnson 1984). Similarly,
microbial S constitutes less than five % of total soil S, even in microbially
active organic horizons (Strick & Nakas, 1984; Nakas 1986).

It is generally assumed that S0 2- is the major inorganic S species in
terrestrial systems and there has been considerable effort focused on study-
ing its distribution and dynamics. The retention or release of negatively
charged S02- through soils is of special importance due to its interactions
with soil particle surfaces and soluble cationic constituents. Although S0 2 -

is not chemically bound to most cationic species in soil solutions, anions and
cations must move together to maintain charge balance. Thus, if SO4- is
retained in soils through adsorption to surface sites an equivalent quantity
of cations must also be retained. Conversely, if SO - is transferred to surface
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Fig. 1. Schematic illustration of interrelations of C, N, S and P cycling within soil-plant
systems (From McGill & Cole 1981).

waters via leaching, basic cation nutrients (e.g. Ca2+ , Mg2+ ) or acidic
cations (e.g. H + , Aln+) must also be transferred (Harward & Reisenauer
1966; Johnson & Cole 1980).

The presence of other inorganic S species has generally not been evaluated
except in soils subject to oxygen depletion or soils in xeric environments.
Under conditions of oxygen deprivation, such as in submerged rice paddy
soils, dissimilatory reduction of SO - to sulfide occurs (Connell & Patrick
1968, 1969). In arid regions, significant quantities of gypsum (CaSO4 H2 0)

and epsomite (MgSO 4-7H 2O) can occur, in addition to small amounts of
sulfide minerals (e.g. sphalerite, ZnS; chalcopyrite, CuFeS2). In sedimentary
rocks, such as shales and limestones, pyrites and. marcasite (FeS2) may be
found and thus these minerals may be found in soils derived from such
parent materials (Freney, 1967). Recent investigations of forest soils (David
et al. 1983; Mitchell et al. 1986) and peats (Lowe & Bustin 1985) have shown
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that other inorganic S constituents (as operationally defined by ZnHCl
reduction which recovers various inorganic S species including elemental S
and thiosulfate) may occur and these "non-sulfate inorganic S" compounds
may constitute a large fraction of the total inorganic S pool.

In almost all terrestrial ecosystems the vast majority of S is contained in
organic forms in the soil. In most studies the organic S constituents have
been operationally defined into a series of complex analytical fractions. The
hydriodic acid (HI) reducible fraction of organic S, as defined by Freney
(1958, 1961), is a result of the conversion of ester sulfates (C-O-S linkages)
and sulfamates (C-N-S linkages) as well as a few organic sulfites into H2S
(Fitzgerald 1978). It is generally agreed that most of this organic HI-reduc-
ible S is in the form of ester sulfates (Freney & Williams 1983; Landers et
al. 1983).

There is less agreement on the characterization of the residual organic S
fractions which is not reduced by the HI-reduction procedure. Many inves-
tigators define this fraction as C-bonded S (Freney et al. 1970; Tabatabai
1982; Landers et al. 1983; Maynard et al. 1984). However, others (Lowe &
Delong 1963; Biederbeck 1978) recommend that only the fraction of organic
S reducible to H2 S by Raney nickel be considered C-bonded S or amino acid
S. This latter method has been criticized because all of the C-bonded S is not
reduced by this procedure (Freney et al. 1970; Tabatabai & Bremner 1972)
and thus we will use the former definition of C-bonded S (total organic S
minus HI reducible S).

Modeling sulfur transformation and transfer

Conceptual models

There have been several attempts to construct descriptive models of terre-
strial S dynamics (Table 1). For example, McGill & Cole (1981) developed
a conceptual model for linking C, N, P and S transformations in organic
matter (Fig. 1). In their model the major organic S constituents, ester
sulfates and C-bonded S, are treated separately. It was hypothesized that
mineralization of ester sulfates is regulated by the biological requirement for
S whereas C-bonded S mineralization is more closely associated with the
concomitant mineralization of C and N for energy needs. The model does
not encompass adsorption/desorption reactions of inorganic SO4-.

In a more comprehensive conceptual model (Fig. 2) of S dynamics,
Bettany & Stewart (1983) and Maynard et al. (1984) divided organic S
fractions (both C-bonded S and ester sulfates) into labile, clay protected and
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Fig. 3. A conceptual diagram of sulfur cycling in forest ecosystems. (From Nakas 1986.)

stable organic constituents and also included labile inorganic S, solution
SO]- and stable inorganic S (adsorbed and occluded SO] - and precipitated
sulfide). Experimental work using radioisotopes has begun to elucidate some
of the transformations among these S constituents. For example, Maynard
et al. (1984) found in grassland and agronomic systems that under con-
ditions of excess SO]- more of the S is incorporated into HI-reducible S (i.e.
ester sulfates) versus C-bonded S. Conversely, when S was in short suply the
transformation of SO2- to C-bonded S was favored. These findings support
the hypothesis of McGill & Cole (1981).

Conceptual models have also been employed for examining S interactions
in forest ecosystems (Fig. 3). For example, such models have been useful in
describing differences in mineralization -immobilization processes in or-
ganic versus inorganic soil horizons (David et al. 1983). In the more organic
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rich Oa and Bh horizons of a hardwood forest soil, C-bonded S mineraliza-
tion was associated with high mineralization rates of organic C. However,
in the Bsl and Bs2 horizons with low organic matter, SO4- desorption and
ester sulfate mineralization were of greater importances as sources of SO- .

Work with S radioisotopes on the same soil has followed immobilization
processes (Schindler et al. 1986) and has shown that ester sulfate turnover
is more rapid than C-bonded S.

Mass balance models

Mass balance models (Fig. 4) have been useful in ascertaining whether a
system is at steady state with respect to nutritional demands for S and SO4-
adsorption (Likens et al. 1977; Johnson et al. 1982a, b; Haines 1983; John-
son 1984). In glaciated Spodosols of the Northeastern U.S., S may act
conservatively if there is no net biochemical retention of S and SO4- is in
"steady state" with respect to a weak adsorption complex (Johnson & Todd
1983; Fuller et al. 1985), such that S inputs to an ecosystem are matched by
S outputs. In contrast, non-glaciated Ultisols of the Southeastern U.S. have
high SO0- adsorption capacities and exhibit net retention of atmospheric S
inputs (Johnson 1984; Richter et al. 1983; Rochelle et al. 1987). However,
it has recently been recognized that there is also significant cycling of S
through various organic constituents within forest systems which may result
in short-term retention or release of S (Swank et al. 1984; Schindler et al.
1986; David & Mitchell 1987). It is difficult to utilize annual mass balance
information to ascertain how biotic S retention affects seasonal variations in
S cycling or to predict long term changes in S dynamics in forest systems
where biochemical S transformations dominate, especially if there are chan-
ges in S inputs.

Chemical equilibrium surface complexation models

One shortcoming evident in many models of ecosystem S transformations is
their failure to account for pH-dependent SO - adsorption. Nodvin et al.
(1986), for instance, found that Spodosol B horizons adsorbed substantially
more SO - when acidified with HNO3 and desorbed SO- when solution pH
was raised. This factor may account for the observed negative correlations
between [H+ ] and [SO2- ] in streams draining the Hubbard Brook Experi-
mental Forest in New Hampshire (Fuller et al. 1987). Hydrologic residence
time, basic cation release, soil pCO2 and N transformations appeared to
exert more influence on soil solution pH than short-term variability in SO -

flux, and thus ultimately affect seasonal variability in S04- concentrations
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through pH-dependent adsorption processes. Forest clearcutting, which
results in stream acidification by stimulating nitrification and decreasing
vegetation uptake of NO-, may thus result in SO2- retention (Fuller et al.
1987).

Sulfate is thought to adsorb largely to free (non-silicate bound) Al and Fe
in mineral soil horizons (Johnson & Todd 1983; Fuller et al. 1985; Reuss &
Johnson 1986). These constituents behave much like a weak acid/base
system, in that they can consume or donate protons in response to changes
in soil solution pH:

(Low pH) (High pH)

H H H

\ 0/ O ~ O
I I I (1)

R R R

where ROH represents a hydroxyl group on a free Al or Fe surface (R).
Protonation of surface sites at the oxide/water interface can be modeled
using equilibrium constants, as can retention of adsorbing anions (Davis et
al. 1978) on the positively charged surface:

ROH + H + + SO2 - ROH - SO2- (2)

ROH + 2H+ + SO2- ROH - HSO (3)

Chemical equilibrium models, such as MINEQL (Westall et al. 1985) and
ALCHEMI (Driscoll & Schecher 1985; Schecher & Driscoll 1987), have
been used to evaluate complexation of constituents in solution (e.g. AISO + ),
precipitation of hydroxide, hydroxysilicate and hydroxysulfate mineral
phases, and adsorption of anions such as SO2- . These models typically use
numerical methods such as a Newton-Raphson technique to solve the
system of equilibrium equations while maintaining electroneutrality, mass
balance and accounting for the effects of temperature and ionic strength on
ion activity. Utilizing batch titration experiments, pH-dependent SO2- ad-
sorption was evaluated in a Bs2 horizon from a forested Spodosol in New
Hampshire. This experiment was used to calibrate surface complexion
constants in ALCHEMI (Driscoll & Schecher 1985; Schecher & Driscoll
1987) which was able to accurately assess SO2- adsorption across a range of
soil solution pH values.
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Precipitation of aluminum hydroxy sulfate minerals such as jurbanite
have also been hypothesized to control solution SOl- and Al concentrations
(Prenzel 1983). Analysis of lysimeter solutions from the Hubbard Brook
Experimental Forest both prior to and following clearcutting have shown
that soil solutions were undersaturated with respect to jurbanite, even
though SO - was being retained through adsorption reactions (Fuller et al.
1987). However, in areas of Europe with high SO - deposition, lower
solution pH, and higher Al concentrations in soil solution, precipitation of
aluminum hydroxy sulfate minerals has been shown to control SO4- con-
centrations (Prenzel 1983).

Simulation models

Forest ecosystems. There has been increasing interest in the use of S models
as tools for interpreting the effects of acidic deposition. A major focus has
been on linking S inputs to SO'- concentrations in limnetic waters and the
release of basic cations via weathering and exchange reactions, because it
has been shown that there are correlations among these factors and lake
acidification (Almer et al. 1978; Church & Turner 1986). Acidification
models of watersheds have not generally detailed processes regulating S
dynamics (Table 1), but rather model SO4- flux based on measurements of
wet deposition, estimated dry deposition, assumed mineralization rates, and
approximated SO - adsorption-desorption relationships (Christopherson &
Wright 1981; Christopherson et al. 1982). It has been proposed that these
models may be useful in assessing how changes in atmospheric inputs of
anthropogenic S will affect watershed responses to acidification processes
(Church & Turner 1986; Reuss & Johnson 1986) and thus model predictions
may ultimately affect regulatory decisions on the control of air pollutants.

ILWAS model. The ILWAS (Integrated Lake-Watershed Acidification
Study) model (Fig. 5) was developed to simulate biogeochemical processes
within a watershed to ascertain the role of acidic deposition on surface water
chemistry (Chen et al. 1983; Gherini et al. 1985). The model divides the
ecosystem into a series of connected homogeneous compartments including
distinct soil layers. Litter decay and thus S mineralization was assumed to
follow first order kinetics dependent on substrate mass with stoichiometric
conversions to account for transformations from one stage to another.
Litter decay followed four stages:
1. litter - fine litter
2. fine litter -* humus + cations
3. humus -, fulvic (organic) acid + NH+ + SO42- + H + CO2
4. fulvic (organic) acid - CO2 + NH + SO2- + H-
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Upper Reservoir Lower Reservoir

H20 Precipitation, evapotranspira- Infiltration, evapotranspiration,
tion, infiltration to lower res- discharge to stream
ervoir, discharge to stream

SO4 Wet and dry deposition, adsorp- Adsorption/desorption
tion/desorption, mineraliza-
tion

Ca + Mg Ion exchange Release by weathering and ad-
sorption/desorption

H+ Ion exchange and equilibrium Consumption by weathering,
with gibbsite adsorption/desorption, equi-

librium with gibbsite
AP+ Equilibrium with gibbsite Equilibrium with gibbsite, ad-

sorption/desorption

Fig. 6. Summary of Processes included in Birkenes model (from Wright 1984).

The effect of temperature on decomposition rate was modeled using an
exponential relationship. Demand for any nutrient, including S, was a
function of annual productivity indexed to a monthly nutrient demand. It
was assumed that nutrient demand by higher plants is a function of the
chemical composition of the bole and leaves. If the availability of any
nutrient is below that needed, the uptake of nutrients is proportionally
reduced. There is no mechanism for excess S uptake and speciation of S into
organic and inorganic fractions in the plant. The relative importance of
these internal plant processes depends on S availability and nutritional
demands (Rennenberg 1984) and their contributions will affect the
biogeochemical cycling of S (David et al. 1984). It was assumed in the
ILWAS model that SOl- adsorption fits a linear isotherm:

C = KCs (4)

where C = aqueous concentration of the anion; C = concentration of the
anion on the solid; and K = an adsorption coefficient. Alterations of SO2-

adsorption associated with changes in pH, organic matter interference, or
saturation of adsorption sites are not considered. Weathering was modeled
using coefficients applied to the masses of individual mineral components
and was assumed to occur stoichiometrically by chemical species. Element
flux was linked to a hydrologic sub-model.

Birkenes model. Another model (Birkenes) developed for examining the
effects of acidic deposition was used in Norway (Christophersen & Wright
1981; Wright 1984). Because of their importance in acidification chemistry
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and the need for simplicity, only the cations H+ , Mg+ + , and Al+ n and the
anion SO4- were included in this model (Fig. 6). The Birkenes model is
divided into two layers or reservoirs (Fig. 7). In the upper reservoir, wet and
dry deposition, adsorption/desorption and mineralization of S were con-
sidered, while within the lower reservoir only S42- adsorption/desorption
was included. It was assumed that:

- all S entering the catchment as wet deposition is SO-;
dry deposition includes SO2 gas and SO2- aerosols;

- S exits only as dissolved SO0- in stream water.

Dry deposition was estimated using mean concentrations in the air multi-
plied by deposition velocity. It was stated by Christophersen & Wright
(1981) that:

processes such as biological activity and mineralization of sulfur compounds
thus cannot be considered quantitatively but are included indirectly in the
model.

Their model assumes that S0 2- of atmospheric origin accumulating in the
upper zone remains potentially water soluble. The aqueous concentration of
SO4- is only a function of the total amount of SO4- in the solid phase as
indicated by the following relationship, which may implicitly include organ-
ic S transformations as well as adsorption-desorption reactions:

Ca = KaFa (5)

where Ka is a linear, equilibrium SO4- adsorption-immobilization term in
m2.l-I; Ca (mg. 1-1) is solution SO0 concentration; and Fa is the solid
phase S04- concentration (mg · m-2 ). This formulation is the same as that
used in the ILWAS model described previously. ]For the lower reservoir, it
was assumed that S02- concentration follows an exponential path to a fixed
equilibrium value (non-equilibrium adsorption) when inputs are absent.

Storgama model. The Birkenes model has been. modified in subsequent
formulations such as that applied to the Storgama watershed (Fig. 8; Chris-
tophersen et al. 1984). This model includes the removal of water soluble
SO4- during snowmelt which Christophersen et al. (1984) stated was "sul-
fate reduction/adsorption" but is probably better described as
immobilization/adsorption because SO4- can be incorporated into ester
forms without being chemically reduced. A temperature parameter, which is
only operative when drainage occurs (Fig. 9), controls the rate of reduction
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Eb EC E - evapotranspiration
A P P - precipitation6 A ^..

Q
Fig. 7. Birkenes hydrologic submodel. Q and Qb are drainage from upper (upper soil
horizons) and lower (lower soil layers) reservoirs, respectively; Ea and Eb are evapotranspira-
tion; P is precipitation; A,,, is a routing parameter (from Wright 1984).

which increases Fa (Eq. 5). It is assumed that reduction is dissimilatory and
is associated with wet conditions. However, there was no evidence presented
that this process occurred or that the soils have depressed redox conditions.
It is more likely that decreases in soluble SOl- can be accounted for by S
immobilization which includes assimilatory as well as some dissimilatory
processes. This model has been recently employed in examining elemental
fluxes in a stream in Canada (Seip et al. 1985). Although the Storgama
model may adequately simulate SO 2- flux in streams in specific watersheds
during certain seasons, the model formulations for soil S dynamics are
probably not accurate process level representations of the major S trans-
formations and thus may not be broadly applicable.

II
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ter flux

SNOW

BARE ROCK
SHALLOW SOIL

POOLS AND DEEPE
PARTS OF BOGS

S

B

"MIXING" POOL - -- M

Fig. 8. Storgama hydrologic reservoir model; (from Christophersen et al. 1984).

Trickle-Down. The Trickle-Down model is based on the continuity of mass
within a compartmentalized volume and was originally formulated to exam-
ine the effects of acidic deposition on seepage lakes in the upper Midwest US
(Schnoor et al. 1984). Denitrification, sulfate reduction, SO adsorption,
NO7 uptake and chemical weathering reactions., all of which increase the
acid neutralizing capacity, were combined within a single kinetic formula-
tion for each compartment (snow, soil unsaturated zone, surface waters,
groundwater aquifer and bedrock aquifer). Similarly, a general kinetic
formulation for acidifying processes combining nitrification, sulfide oxida-
tion, base cation uptake and soil exchange was also utilized. Alkalinity, acid
generation and base generation were linked to a hydrologic sub-model.
Thus, the original formulation did not include explicit considerations of
organic S transformations or SO2 adsorption (Schnoor et al. 1984). In its
most recent form, however, (Schnoor, pers. comm.) SO2- adsorption has
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S0 4 , mg m-2 day-'

15

10

5

T. Co
5 10 15 20

Fig. 9. Assumed relationship between mean daily temperature and daily amount of water-
soluble sulphate reduced/adsorbed in the A-reservoir of the Storgama model. Reduction/
adsorption only takes place when drainage occurs from reservoir. (From Christophersen et al.
1984.)

been incorporated as a simple linear function of solution SOl- concentra-
tion.

MAGIC model. MAGIC (Model of Acidification of Groundwater in Catch-
ments) uses a series of chemical equilibria reactions similar to those used by
Reuss & Johnson (1985), describing relationships among dissolved and

adsorbed ions in the soil-water system focusing on pH, alkalinity, base
cations and Al relationships (Cosby et al. 1985a, b, c). A major objective of

the model is to utilize a lumped approach for predicting surface water
acidification which incorporates as little detail as necessary in both the
inclusion of biogeochemical reactions (i.e. no biological transformations are

included) as well as the spatial and temporal scales (i.e. soil chemical
processes are uniform with depth) within a watershed. MAGIC uses 21

parameters of which 16 are thermodynamic constants derived from litera-
ture values. There are also cation selectivity coefficients and a solubility
constant for the solid Al phase which must be estimated for each catchment
being studied and the results linked to a hydrologic sub-model. It is assumed
that S02- adsorption follows a Langmuir isotherm:

E, = Emx 2- [SO2- ]/(C + 2 -[SO-) (6)

where E, = adsorbed S02- concentration, Emx is the maximum adsorption
capacity of the soil; [SO-] = solution S02- concentration; and C = half-
saturation constant for the adsorption process.
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Fig. 10. A conceptual model of S transformations occurring in a forest soil horizon. S4 refer
to S pools used in modeling S transformations. R,j's refer to reaction rate constants. (From
Fuller et al. 1986.)

The relationship between adsorbed and dissolved sulfate has been utilized
in formulating a model which is a subset of the larger, more comprehensive
MAGIC model. This simplified model has been used for predicating changes
in acidic deposition inputs and surface water sulfate concentration (Cosby
et al. 1986; Hornberger et al. 1986). It is recognized that neither the MAGIC
model nor its simplified version explicitly consider transformation of organ-
ic S, pH-dependent SO2 - adsorption or organic matter blockage of adsorp-
tion sites and thus these models serve as a "baseline" case which can be
compared with more complex formulations (Cosby et al. 1986). In addition,
biologically mediated processes such as microbial immobilization and plant
uptake of sulfate may be included implicitly as part of the non-linear
asymptotic storage represented by the adsorption isotherm.

Fuller et al. (1986) model. For quantitatively assessing transformation rates
of S constituents in forested Spodosols, Fuller et al. (1986) developed a
simulation model utilizing a set of three reversible, first-order reactions
formulated as differential equations which incorporated transfers among
soluble SO2-, adsorbed SO2- , ester sulfate and C-bonded S (Fig. 10). Model
calibration was performed using a numerical integration routine for the
system of differential equations, combined with least squares fitting of
kinetic rate constants for individual soil horizons (Oa, Bh and Bsl) using
35SO'- incubation experiments from Schindler et al. (1986). The model was
able to account for most of the temporal variation in the interconversions
among the four 35S pools (Fig. 11). The results of the model simulation
concur with previous studies which have ascertained that only a small
portion of the organic S pool is rapidly cycled through labile forms
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(McLaren et al. 1985). The results also indicate :hat analytical constraints
in distinguishing labile and recalcitrant organic S fractions within the ester
sulfate and C-bonded S pools limit our ability to quantify organic S dynam-
ics.

The importance of these labile pools in affecting S transformation rates
was demonstrated by Schindler (1984) who included leaching as a factor in
examining the transfer of 35S-SO2- in various horizons of the same soil used
by Fuller et al. (1986a) and Schindler et al. (1986). In laboratory experiments
in which the soils from different horizons were subjected to leaching of a
simulated soil solution, all of the C-bonded S formed from SO2- imm-
obilization was leached from the soil as organic S (Fig. 12, Schindler 1984).
Under field conditions it can be hypothesized that this soluble organic S
would be deposited in illuvial B horizons. Confirmation of this hypothesis
has been obtained from soil solutions sampled by lysimeters at the Hun-
tington Forest (New York) in which transfer of organic S from O horizons
with subsequent deposition and/or mineralization in the mineral B horizons
was observed (David et al. 1984). Significant (12--19% of total S) transport
of organic S within streams of the Adirondacks of New York (David &
Mitchell 1985) and in an alpine watershed in Alberta, Canada (Mitchell et
al. 1986) has also been shown.

Grassland models. Various simulation models of grassland ecosystems have
been generated to predict primary production and its linkage to soil process-
es (Innis 1978; McGill et al. 1981; Van Veen & Paul 1981; Hunt & Parton
1986). In general these models have concentrated on predicting changes in
C and N constituents since these elements have a major role in regulating
nutrient dynamics and productivity in grassland ecosystems. However, S
can also be a limiting nutrient to grassland ecosystems in various locations
throughout the world (Murphy et al. 1983; Tabatabai 1984; Maynard et al.
1984) and thus the inclusion S dynamics in models of these ecosystems may
be essential. Such models can serve to assess the needs for S fertilization and
to determine the influence of S from atmospheric deposition on ecosystem
processes.

Sulfur modelfor mixedprairie. Coughenour et al. (1980) developed a simula-
tion model of some of the major factors affecting S fluxes in a grassland
ecosystem in a mixed prairie (Fig. 13). Sulfate is removed from solution by
the biota following Michaelis-Menten kinetics. Rate of SO2- uptake, f3, is
influenced by the effects of soil water and temperature on microbial meta-
bolism and on the microbial demand for S as determined by the C/S ratio
such that:
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Oie Oa Bsl

Fig. 12. Percentage of 35 S-activity in simulated soils solution and sulfur constituents after 20
week mineralization experiment for three soil horizons; upper compartments = 35S added;
middle compartments = 35S in soil; lower compartments = 35S leached. [SO4-S = sulfate;
ZnHCl-S = Zn HCI reducible S; Est-SO4 = ester sulfate; CBS = carbon bonded S](from
Schindler 1984).

a3 = Em(T) Em(W)*Eu(CSm) and (7)

f3 = a3 *Cm*Vmax [SO 4]/(Km + [SO4 ]) (8)

where a3 = effect of temperature (T); water (W) and C/S ratio (CSm);
Vmax = maximum uptake rate; [SO4 ] = concentration of SO- in soil solu-
tion; Cm = microbial biomass; Km = half-saturation constant.

Excessively high microbial S pools and model instability resulted from the

use of published values of Vmax and Km and possibly from the relatively large
simulation interval of one day. This interval is greatly in excess of the fast
turnover rates of microbial S (Fitzgerald et al. 1982; Strickland et al. 1984).
Consequently, model constants were tuned to produce more reasonable C/S
ratios.

Net mineralization of S was modeled as a function of microbial death
formulated in a "decomposer submodel" and the release of S is dependent
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on a fixed C/S ratio. In the model construction it was recognized that it is
difficult to predict mineralization processes unless the biochemical structure
of a substrate is known. Nevertheless, mineralization was modeled as being
affected by the similar factors which affect uptake (Eq. 7). The net mi-
neralization rate, f4, was a function of the maximum uptake rate (Vmax) and
the microbial S content (Sm) such that net mineralization was the amount of
S in excess of biotic demand. It was assumed that the product of mineraliza-
tion was either SO:- or sulfide depending on degree of aeration and the
oxidation of sulfide to SO- was controlled by soil aeration and bacterial
metabolism. Volatilization of S during decomposition was formulation as a
fraction of litter decomposition with a small decrease with declining aera-
tion. The dynamics of ester sulfates were not integrated into the model;
instead the amount of ester sulfate present was a function of total S and total
C using a regression approach.

The model includes SO2- adsorption-desorption as formulated by the
Freudlich isotherm:

S = b[SO4-] '/n (9)

where S is the amount of SO - adsorbed; and b and n are empirical
constants. The Freudlich isotherm was preferred to a Langmuir isotherm
because no adsorption maximum was found and increasing concentrations
of SO - in solution seemed to activate additional adsorption sites. Since
adsorption constants were determined empirically, it is possible that the
results were confounded by biological immobilization process.

Similar formulations of this model have been used for examining the
effects of SO 2 emissions on grassland systems (Coughenour 1981; Heasley et
al. 1984). In the soil process sub-model, the major assumption is that most
C, N and S reactions occur in parallel. Soil organic matter was divided into
slowly decomposing, low-N-content substrates and high-N-content sub-
strates. Utilization of these substrates was dependent on the physiological
states of the microbiota as a function of their C:N, C:S, N:S ratios, and on
soil temperature and moisture (McGill et al. 1981). Uptake of S and N by
plants was assumed to be a function of soil solution concentrations of SO4-,
NH', or NO- and followed Michaelis-Menten kinetics modified by soil
temperature, soil moisture and root content of labile S and N. S content of
tissues in plants was based on fixed C:S ratios and varied with age. There
was no attempt to model differences between abiotic and biotic S trans-
formations in the soil or to fractionate S into inorganic and organic con-
stituents.
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Hunt et al. (1986) model. In a somewhat analogous approach to Fuller et al.
(1986a), Hunt et al. (1986) have developed a simulation model based on
experimental additions of cellulose and 35S-SO2- to soil. Major differences
in the model by Hunt et al. (1986) were that it was derived for a grassland
soil and the actual role of microbial activity, including esterase production,
was formulated explicitly in the model structure. Their model reflected the
importance of fungal ester sulfates as labile storage forms under conditions
of excess S. The differential roles of bacteria versus fungi were delineated in
the model based on their chemical composition and elemental ratios. This
model did not include formulations for studying the effects of sulfate ad-
sorption or the role of leaching in S dynamics.

Limitations of current models on sulfur dynamics

Models of S dynamics in forest and grassland ecosystems have often been
developed for different purposes and subsequently have had different em-
phases (Table 1). The role of hydrology has been a major focal point in
ecosystem research of forested watersheds (Likens et al. 1977; Waring &
Schlesinger 1985). The importance of the linkage between the biogeochemis-
try of forested catchments and surface water acidification has been clearly
established (Church & Turner 1986). Hence, there has been considerable
focus on examining the linkage of inorganic SO2- dynamics to hydrological
effects and the resultant role of S in acidification processes. The contribution
of organic S in altering S flux has received less attention. In contrast, models
of grassland ecosystem S dynamics have often considered explicitly the
importance of microbial S transformations and biochemical linkages with
other elements, especially N and C. These biological transformations play
an important role in regulating S availability to grassland and agronomic
systems where S deficiencies (Tabatabai 1984) are of more concern than in
most forest ecosystems. In grassland models, the linkage of hydrological and
S relationships has not been emphasized since most of these systems ex-
perience little net S export via leaching.

The importance of organic and inorganic S transformations in regulating
soil S dynamics in various ecosystems will only be ascertained when factors
such as temperature, moisture, plant uptake, pH and substrate type are
incorporated into analytical and simulation models. For example, although
it has been shown that SO2 can be rapidly incorporated into organic S
fractions (David & Mitchell 1986; Maynard et al. 1984; McLaren et al. 1985;
Schindler et al. 1986; Swank et al. 1984; Strickland & Fitzgerald 1984), it has
also been demonstrated that a fraction of the organic S is rapidly mi-
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neralized (David et al. 1983; Fitzgerald & Andrew 1984; Fitzgerald et al.
1984). If these immobilization and mineralization rates are nearly equal and
sulfate adsorption is in equilibrium (Fuller et al. 1986), there is little net
accumulation or loss of S from the soil. There is little information on these
actual rates under field conditions and thus it is difficult to ascertain how
either seasonal or longer term changes in soil conditions affect these process-
es.

It is difficult to parameterize and evaluate models which predict long term
changes in sulfur constituents of ecosystems since there is a general absence
of accurate measurements of these constituents and related parameters over
extended periods (Hornberger et al. 1986). In studies examining the total
flux of S within forest ecosystems it is generally assumed that the organic S
pools are at steady state and thus SO2- is acting as a conservative ion or is
affected only by adsorption/desorption processes (Johnson 1984). Under
conditions in which SO2- adsorption/desorption reactions dominate S
fluxes, as has been assumed for some forest ecosystems (Johnson et al. 1980),
small deviations from this assumption would have little effect on estimating
watershed S dynamics. However, when organic S transformations constitute
a major portion of S flux, as has been suggested for some forest systems
(David et al. 1984; Swank et al. 1984) and most grassland and agronomic
systems (Bettany & Stewart 1983; Maynard et al. 1984; Hunt et al. 1986) any
imbalance in S immobilization-mineralization reactions would have a sub-
stantial effect on the biogeochemical cycling of this element.

To further our understanding of factors regulating the biogeochemistry of
S in terrestrial ecosystems it is important to ascertain the relative importan-
ces of all the major processes, including organic S transformation in addi-
tion to hydrology, SO2- adsorption and/or solubility, and plant uptake
processes and to compare these processes across a range of ecosystem types.
The same process level formulations of organic and inorganic S transforma-
tions should be incorporated into both grassland and forest ecosystem
models to ascertain the relative contributions of specific processes (e.g.
biochemical versus geochemical) and various parameters such as hydrologi-
cal regimes, land use patterns, and atmospheric sulfur inputs in regulating
S biogeochemistry.

In addition, experimental manipulations of ecosystems, including S addi-
tion and exclusion, will be useful in refining and testing models of S dynam-
ics and quantifying the linkage of S to the cycling of other elements.
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