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Abstract. Transformations of organic and inorganic S in two forested Spodosols from the
Hubbard Brook Experimental Forest, New Hampshire and the Huntington Forest in the
Adirondack Mts. of New York were investigated using laboratory 3 SO- incorporation
experiments. Sulfur transformations were modeled as a set of three reversible, first-
order reactions in which soluble SO- is converted to adsorbed SO'-, ester sulfate
and carbon-bonded S. Reaction rate contants for "5SO'- adsorption/desoiption and
immobilization reactions involving ester sulfate and carbon-bonded S were determined
using a fifth order Runge-Kutta-Fehlberg integration routine combined with least squares
fitting. Model simulations were able to account for over 93% of the variation in the
distribution of 3s S in S fractions. A hypothetical application of immobilization rate
constants to field situations at the Hubbard Brook Experimental Forest suggests that
large quantities of S cycle through organic forms in Northern Hardwood Forest
Ecosystems.

Introduction

The cycling of S in terrestrial ecosystems has received increasing attention
in recent years due to concern over the effects of atmospheric inputs of

sulfuric acid on terrestrial and aquatic ecosystems (Likens et al., 1977;
Eaton et al., 1980; Johnson, et al., 1982; David, et al., 1984). Considerable
effort has been made to quantify the extent and nature of soil SO2-

adsorption in forest soils, since transport of SO2 - in drainage water is
accompanied by leaching losses of basic cation nutrients (e.g. Ca2+, K+)

and potentially toxic acidic cations (e.g. H+, Al 3+; Johnson and Cole, 1980;
Fuller et al., 1985). However, it has recently been recognized that organic
transformations of S may also be important in regulating ecosystem S fluxes
(David et al., 1984; Strickland and Fitzgerald, 1984). Processes which buffer
SO4- concentration or delay SO4- efflux from terrestrial ecosystems, such as

S04
- adsorption and organic sulfur transformations, may allow greater

opportunity for neutralization of associated acidity to occur. These processes
in turn may be important in explaining why short-term temporal variations in
surface water acidity are frequently more highly correlated with changes in
nitrate concentrations, even though S0 2- is the major anion (Johnson et al.,
1969; Driscoll and Schafran, 1984).
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A number of investigationshave attempted to examine rates and pathways
of organic S transformations using 3 5SO4- as a tracer of soil S movement
(Freney et al., 1971; David et al., 1984; Saggar et al., 1981; Maynard et al.,
1984; Schindler et al., 1986). While these investigations have provided
valuable information on the forms and relative amounts of organic S
produced, they have been hampered by an inability to quantify both forward
and back (reversible) reactions simultaneously, such as S immobilization and
mineralization. Particularly troublesome has been the problem of
reimmobilization of previously mineralized isotope. An isotopic tracer may
cycle through a pool many times during the course of an experiment. Except
for determining minimum values (ie. based on initial concentration of soluble
sulfate and percent incorporation of 3 5 S; McLaren et al., 1985), it has been
very difficult to estimate gross immobilization or mineralization rates.

Sulfur in forest soils

Sulfate generally represents the major pool of inorganic S in most well-
drained soils; lesser amounts of S are present in reduced forms (Freney,
1958; David et al., 1982; Maynard et al., 1984). Sulfate is typically present
in a water soluble form or absorbed to free Fe and Al in soils (Johnson and
Todd, 1983; Fuller et al., 1985). In spodosols, which retain minimal SO2-
relative to more highly weathered soils (Johnson and Todd, 1983), adsorbed
SO4- is predominantly located in Bs horizons (Fuller et al., 1985).

The chemical forms of organic S in forest soils are poorly understood,
and have been grouped into broadly defined fractions (Maynard et al., 1984).
The most important pools of organic S are carbon-bonded S, in which S is
directly bonded to a C atom, and organic (HI reducible) sulfates, in which S
is bonded to C through an 0- or N-linkage of which the ester linkage pre-
dominates (Freney, 1970; Landers et al., 1983; Maynard et al., 1984). Carbon-
bonded S (subsequently referred to as C-S) typically accounts for the largest
concentration of S in forested spodic soils, and is derived largely from plant
inputs, although microbial immobilization also contributes (David et al.,
1984). Soluble forms of C-S may be mobilized in the forest floor, transported
through the soil profile in combination with fulvic or humic acids and
illuvially deposited in mineral horizons. This pool contains many metabolites,
including the S-containing amino acids (Freney, 1979;Maynard et al., 1984).

Ester sulfates (subsequently referred to as C-O-S03) are extremely varied,
ranging from simple metabolic storage products to complex structural com-
pounds. The sulfate group is thought to be important in altering the parent
molecule due to its acidic character which affects both the conformation
of the molecule and counter-ion coordination reactions (Dodgson et al.,
1982). Although some plant species contain high concentrations of C-O-SO3

(Maynard et al., 1984), it is not significant in northern hardwood tree species
(David et al., 1984). Therefore, soil C-O-SO3 is thought to form largely
through microbial processes within the soil. Several investigators have
hypothesized that ester sulfate is formed as a storage product when
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concentrations of solution SO4- are high, and subsequently serves as a S
source when S4- concentrations are low, or when increases in labile C
induce greater microbial demand for S (Fitzgerald, 1978; McGill and Cole,
1981;Maynard et al., 1984).

The dynamics of these organic S constituents have different effects on
H+ transport within the terrestrial ecosystem. Immobilization and
mineralization of C-S result in the consumption or production of H+,
respectively, whereas formation of ester sulfates can also increase the ability
of a soil to retain and exchange cations.

Soil sulfur transformations

Recently a number of watershed models have been developed to simulate
the concentration and transport of acidic components in forested ecosystems
(Christopherson and Wright, 1981; Chen et al., 1984; Schnoor et al., 1984;
Cosby et al., 1985). None of these models, however, have included a com-
prehensive depiction of S transfer due to a lack of reliable information on
relevant pools and rate data. The objective of this study was to evaluate
a technique for quantifying kinetic expressions of soil S transformations
which could eventually be incorporated into simulation models describing
transformations of acidity in forested ecosystems. Our approach to this
problem was to use 35so4- incubation experiments to trace the movement
of S into solid phase S constituents.

Investigations of S cycling in a variety of soils have shown a rapid
conversion of added 35SO4- to organic 35S, followed by an asymptotic
approach to an apparent steady state (Freney et al., 1971; Fitzgerald et al.,
1983; McLaren et al., 1985). Conversely, the specific activity of the 35 SO4
has been shown to decline initially, followed by a gradual approach to a
steady state (Maynard et al., 1983). We concur with the interpretation of
McLaren et al. (1985), that these patterns suggest that S mineralized during
the steady state period originated largely from a pool of recently immobilized
organic S with the same specific activity as the SO4- pool (Maynard et al.,
1983). Moreover, apparently only a small fraction (3-6%; McLaren et al.,
1985) of the organic S pool participates in concurrent immobilization and
mineralization reactions. This fraction may include only microbial S or
perhaps a small pool of labile extracellular S, while the bulk of the organic
S pool is recalcitrant.

A simplified conceptual flow diagram (Figure 1) of S transformations
occurring in a soil horizon was used for modeling purposes, based on the
concepts of Maynard et al. (1984) and Bettany and Stewart (1983). Several
important mechanisms of sulfur transfer (Maynard et al., 1984; David et al.,
1984) including plant uptake, solution transport into and out of a horizon,
and inorganic non-sulfate S reactions were not considered in this conceptual
model. However, since laboratory incubation experiments in the well-aerated
forest soils used in the present study should not be greatly affected by these
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ADSORPTION - R12
DESORPTION -R21
IMMOBILIZATION - R3, R14
MINERALIZATION - R3, R41

Figure 1. A conceptual model of S transformations occurring in a forest soil horizon.
S,-,_4 refer to S pools used in modeling of S transformations. Ri's refer to reaction
rate constants. S transfer to and from the horizon. (e.g. plant uptake, leaching) is not
considered in this model.

processes, this model was considered adequate for describing the observed
S transformations. The model is characterized by three sets of reversible
reactions involving SO2- , including adsorption/desorption, immobilization/
mineralization of C-O-SO3, and immobilization/mineralization of C-S. All
forward reactions were assumed to proceed from soluble SO4- as a reactant,
therefore the direct interconversion of solid phase organic constituents
was not considered.

While immobilization and mineralization proceed largely to and from
microbial and labile forms of organic S (McLaren et al., 1985), analytical
determinations of C-S and C-O-SO 3 are capable of distinguishing only total
pools (Figure 1). Moreover, although microbial S can be estimated (Saggar
et al., 1981), even a portion of the microbial biomass may be inactive. Only
analyses of 35 S activity within the total organic fraction gives an accurate
index of the rapidly cycling labile plus microbial pool. The size of these
labile organic S pools have been estimated as the 35S content of the organic
S pool of interest divided by the specific activity of the 35so24 pool at steady
state (McLaren et al., 1985).

Materials and methods

Study sites

Data from a previously described 35 O- incubation experiment (Schindler
et al., 1986) were used to develop kinetic rate constants for S trans-
formations. In this study, soil samples were collected from two sites: the
Hubbard Brook Experimental Forest (watershed five) in the White Mts. of
New Hampshire (HB), and the Huntington Forest in the Adirondack Mts. of
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New York (HF). Both sites are characterized by Northern Hardwood
vegetation, in which American beech (Fagus grandifolia), sugar maple (Acer
saccharum) and yellow birch (Betula alleghaniensis) are the dominant species.
Soils of both areas are classified as Typic Haplorthods or Fragiorthods
(Fuller et al., 1985). Following excavation of soil pits, samples were sieved
(2 mm) and stored at 30 C in a field-moist condition until the initiation of
laboratory incubation experiments within one to three months (the latter
period corresponded to soil samples collected in November and represented
an artificial overwintering).

Experimental methods

Soil S transformations were evaluated in three horizons from each site (Oa,
Bh, Bsl) using laboratory incubation experiments at 200 C for 56 days. In
these experiments, carrier-free sodium 35s-so4- (3.7 x 104 MBq per mmol.,
Amersham, Inc.) was added while mixing to field moist soil (200-500g.)
These samples were incubated in a sealed container with an elevated water
vapor pressure to maintain their moisture status. Details of the experimental
design and results are available from the original study (Schindler, 1984;
Schindler et al., 1986).

After periods of 1 hour, and 1, 7, 14, 28 and 56 days, subsamples were
analyzed for S concentration and 35S activity in soluble SO4-, adsorbed
SO4-, C-O-SO 3 and C-S fractions. The 35S activity was measured in a 500 ul
subsample of the S trapping or extracting solution with a Packard 3375
TriCarb liquid scintillation spectrometer. Details of the S extraction
procedures (Landers et al., 1983) and the recovery and counting of 35 S
(Schindler et al., 1986) are given elsewhere.

Model derivation and assumptions

Organic S transformations are controlled by a number of enzyme systems,
which together contribute to the formation of the operationally defined
fractions of C-S and C-O-SO3. Our initial premise was that for each trans-
formation, all of the contributing enzyme systems could be lumped into a
single rate limiting step, which could be modeled in terms of Michaelis-
Menten kinetics. For the mineralization of C-32 S, for instance, the velocity
of the reaction (v) is represented as:

V m = [32 s] (1)

where: Va,, is the maximum velocity of the reaction at high substrate
concentrations, Km is the Michaelis-Menten rate constant, and [32 S]

indicates substrate concentration. This reaction is first-order at low substrate
concentrations, and becomes zeroth-order at high concentrations. The same
reaction involving an isotopic tracer (v'), however, shows the following form,
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when it is assumed that the enzyme (E) tracer complex is negligible relative
to the enzyme substrate complex (E3 5 S < < E32 S):

mv a = 3 [35 S] (2)
Km + [ 2 S]

Most soil systems are characterized by reversible reactions (e.g. adsorption/
desorption, immobilization/mineralization) which tend to approach steady-
state over time and help buffer changes in the absolute size of 32S pools.
If we assume that the size of the carbon-bonded 3 2S pool for the above
reaction was approximately constant over the course of an experiment,
then equation (2) reduces to the following:

v' = R [35S] (3)

where: R is a lumped constant equal to Vmax/(Km + [32S]). Thus, even if
the overall 32S reaction is at Vmax (zeroth order), the tracer will follow
first-order kinetics if the 32 S pool remains constant. In addition, the lumped
constant (R) is applicable to 32 S transformation rates, but only for the
specific 32 S pool sizes under which it was derived.

A Michaelis-Menten approach would be attractive for modeling organic
S transformations but for two constraints: (1) The functional pool size
(that fraction of the organic 32S involved in rapid turnover) cannot be
measured. (2) Fitting two rate constants (Vmax and Km) for each reaction
is extremely difficult, yielding an overall model with ten constants. However,
by assuming that all 32 S pool sizes remained constant throughout incubation
experiments (ie. 32S pools were at steady state), only consideration of the
organic 35 S concentrations, which are realistic estimates of the rapidly
cycling organic S pools, is necessary, and an overall model with six rate
constants can be utilized. This assumption was somewhat tenuous for several
horizons (Schindler et al., 1986), particularly the Oa horizons, in which
net mineralization appeared to occur in one horizon (HF-Oa) and net
immobilization in another (HB-Oa).

Model structure

Transformations of 35S were evaluated using a first-order kinetic model
(Figure 1), consisting of four S pools and 3 reversible reactions. Changes in
S pools (Si-S 4 ) with time were represented by the following set of
differential equations,

dS = R2 1 S2 + R3 1 S3 + R4 1 S4 -Sl 1 (R1 2 + R13 +R 14 ) (4)
dt

dS2
= R12 S -R 21 S2 (5)

dt
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dS3
- = R 13 SI -R 3 1 S3 (6)
dt

dS4 -= R 14 Sl -R 4 1 S4 (7)

where RU refers to the rate constant for the reaction of component i to
component j. Note that this model is for both 32 S and 35 S reactions, but that
32S reactions are assumed to be at steady state (e.g. d3 2 S/dt = 0). Also
note that 35S concentrations are very small relative to 32S concentrations
and thus should not affect total S transformations.

This set of equations was integrated numerically to solve for 35S
distribution at any time for a given set of rate constants. Optimum fits
for the rate constants were determined using an iterative procedure to
minimize residual sums of the squared deviations from predicted values.
This technique has been used in pharmacokinetic studies of drug uptake in
humans (e.g. Kaplan et al., 1972) and a convenient set of computer software
is available in the PAR procedure of the BMDP statistical software (Dixon,
1981). PAR is a derivative free, nonlinear least squares fitting routine, in
which the fitted function can be replaced by a fifth-order Runge-Kutta-
Fehlberg numerical integration program (Shampine et al., 1976) available
in the BMDP statistical library (Ralston et al., 1979). Rate constants were
constrained to a minimum value of zero and a maximum value of 20. The
latter constraint was necessary for successful integration, and was only
applicable to SO24- adsorption/desorption reactions. During the iterative
routine, the ratio of the rate constants for adsorption/desorption (R12 /R21)
approached a constant value, while the magnitude of the two constants
varied due to inadequate data in the early phases of the experiment. This
variation had little effect on the determination of organic S transformation
rate constants.

To illustrate this technique, a hypothetical two compartment model with
a single reversible reaction is used (e.g. SO4- and C-O-S0 3 linked by
immobilization and mineralization; Figure 2), with a tracer added at time
zero to compartment one (SO24). At equilibrium, the ratio of tracer in
compartments one and two (C1/C2 ; Figure 2) will equal the ratio of the
rate constants for mineralization and immobilization (R21/R 12) reactions.
The rate at which equilibrium is reached, however, is a function of the
absolute magnitude of the rate constants. Thus, with adequate data in the
accruing phase of compartment two, gross mineralization and immobilization
rates can be predicted from the rate constants, although neither can be
measured independently.

Results and discussion

First-order rate constants for the six reactions (Figure 1) are presented in
Table 1 for the 35 -SO4- incorporation experiment. Model simulations
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Time (days)
Figure 2. Changes in the relative distribution of an isotope added to compartment one
(C,; e.g. soluble 35 SO'-) at time zero for a hypothetical two compartment model linked
by a reversible reaction (e.g. mineralization and immobilization of C-O-SO0; Ca ). When
the absolute value of the rate constants (R:2 and R21) are larger (dashed lines), the
system approaches equilibrium more rapidly.

were generally in close agreement with experimental data (Figures 3 and 4).
Deviations from predicted values were probably due to a combination of
sources, which include error in the fractionation and analysis of both S and
35 S and imprecise model formulation. However, for all horizons, the model
was able to account for over 93% of the variation in 3

5 S distribution among
the four S fractions (Table 1). Since adsorbed 35 SO4- was the largest fraction
in several horizons, we were concerned that this constituent may have
unrealistically inflated the observed correlation coefficients. However, when
the adsorbed SO4- fraction was removed from correlation analyses, the
model still accounted for over 81% of the variation in 35S in soluble SO4-,
C-O-SO3 and C-S (Table 1).

As expected, 35SO4- rapidly equilibrated with the adsorbed SO4- pool
(Singh, 1984). Subsequently, both of these fractions declined as slower
organic transformations depleted soluble 35so24- (Figure 4). Adsorption
rate constants (R12 ) and the ratio of adsorption/desorption rate constants
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Table 1. First order rate constants for the reactions depicted in Figure 1 for Hubbard
Brook (HB) and Huntington Forest (HF) soil horizons. Standard error estimates are
given in parentheses below each rate constant. The first correlation coefficient is for
predicted vs. measured 35 S distribution for all four S pools, whereas the second omits
adsorbed sulfate.

Rate constant (days-' )

Site Horizon R12 R21 R13 R31 R 4 R4 1 r2 r2

HBa Oa 0.48 5.94 0.016 0.021 0.019 0.016 0.97 0.96
(22.5) (279.7) (0.005) (0.015) (0.004) (0.009)

HF Oa 0.44 1.06 0.025 0.020 0.037 0.000 0.93 0.95
(0.21) (0.60) (0.008) (0.016) (0.004) (b)

HB Bh 1.99 1.41 0.033 0.089 0.0035 0.000 0.97 0.94
(1.26) (0.95) (0.023) (0.081) (0.0019) !(b)

HF Bh 0.87 0.94 0.025 0.035 c C 0.96 0.97
(0.25) (0.31) (0.010) (0.024)

HB Bsl 20 4.08 0.091 0.060 0.013 0.000 0.99 0.86
(b) (0.44) (0.032) (0.027) (0.004) (b)

HF Bsl 5.84 0.89 0.110 0.190 0.050 0.002 0.99 0.81
(14.3) (2.20) (0.170) (0.330) (0.019) (0.010)

aFailed to converge, parameters are best estimates only
bRate constants limited to less than 20 and greater than 0, therefore no S.E.
CNot determined due to inadequate data; set to 0 for modeling other constants

(R12 /R 21) increased with soil depth, corresponding to higher SO 2- adsorption

capacities with soil depth observed in Spodic soils (Fuller et al., 1985). The

ratio R 12/R21 ranged from 0.08 to 0.41 for Oa horizons, 0.92 to 1.41 for

Bh horizons, and 4.9 to 6.6 for Bsl horizons. Note that for rapid reactions,

like adsorption/desorption, equilibrium may be established very rapidly,

and rate constants for adsorption had to be constrained to less than twenty

to allow for numerical integration. Nevertheless, this approach allowed for

adequate prediction of soluble 35 S24-; which at equilibrium is proportional

to the R 21/R 12 ratio, analogous to a distribution coefficient (Rhodes, 1957).

Rate constants for mineralization of C-O-S0 3 were generally greater than

or nearly equal to those for immobilization, suggesting that large pools of

this constituent should not accumulate in the soil, and that steady-state

conditions should be attained relatively quickly. Rate constants for

mineralization of C-S were generally much lower than those for immobil-

ization, suggesting that significant quantities of this constituent may have

accumulated through microbial immobilization during soil development.

It is now likely, however, that mineralization and immobilization of C-S

occur at more nearly equal rates since the C-S pool is much larger than the

soluble SO24- pool (Schindler et al., 1986). It should also be noted that much

of the C-S in soil is derived largely from plant turnover, rather than microbial

immobilization. Mineralization reactions probably proceed from a larger

pool of both labile and non-labile forms of C-S, whereas immobilization

reactions probably interact with a relatively small labile pool of C-S

(Figure 1; Schindler, 1984).
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Time (days)

Figure 3. Model simulations of 3S reaction kinetics in the Huntington Forest Oa
horizon. Solid and dashed lines refer to model simulations of 35 S distribution, whereas
data points depict measured 35S distribution in laboratory incubation experiments
(from Schindler et aL, 1986).

Rate constants for immobilization and mineralization of C-O-SO3 both
increased whith soil depth (Table 1), suggesting more rapid cycling of this
component in the mineral soil. Note that larger net quantities of 35S C-O-
S0 3 formed in the Oa horizon than in the B horizons (Figure 3; Schindler
et al., 1986). The large immobilization rate constants estimated for Bsl
horizons resulted from moderate quantities of 35S C-O-S0 3 being formed
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Figure 4. Model simulations of "3 S reaction kinetics in the Hubbard Brook Bsl horizon.
Solid and dashed lines refer to model simulations of 3 5 S distribution, whereas data
points depict measured 5S distribution in laboratory incubation experiments (from
Schindler et al., 1986).

from a relatively small soluble 35 SO2- pool, which in turn was due to greater
adsorption of 3sSO2 in mineral horizons (Figure 4). Although it seems odd
that organic S transformation rate constants should increase in the mineral
soil, several lines of evidence suggest that these apparent trends are
reasonable. David et al. (1982) found that sulfohydrolase activity was greater
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in the Bh horizon of a northern hardwood forest soil than in the Oa but much
less than in the Oie. This pattern should be anticipated since the Oa horizon
consists largely of residual, recalcitrant C. Moreover, in field 35 SO4- amend-
ment experiments, David and Mitchell (1985) found that 75% of the added
3 5 S which was converted to organic S, was found in mineral soil horizons.

Model application

Experimentally derived rate constants are applicable only to the limited
set of experimental conditions under which they were derived. In order to
apply them accurately to the 32S cycle under field conditions, a detailed
understanding of the effects of temporally and spatially variable parameters
is necessary. Among these are the effects of temperature (Fitzgerald et al.,
1983), moisture content, microbial activity, availability of other potentially
limiting nutrients, and suitable substrate.

McGill and Cole (1981) advanced the hypothesis that C-S is mineralized
largely as a by-product of C utilization as an energy source, whereas C-O-S0 3
is mineralized in response to metabolic demand for S and is retarded by end-
product (SO'-) inhibition. These concepts can be directly incorporated into
a kinetic approach:

d [C-O-S0 3] R2 1 [C-O-S0 3]

dt- R 12 [SO4-] (8)

dt

d[C-S]
R13[SO-] - -R31 [C] [C-S] (9)

where: [SO4-], [C-O-SO3], and [C-S] refer to labile S concentrations, Kmi
is a half-saturation constant for the end-product inhibitor (SO4-) and [C]
refers to a labile organic carbon pool. However, note that when soluble SO4-
concentrations and labile carbon concentrations remain constant, these
equations reduce to a first-order model.

Lacking quantitative information on the effects of these factors on S
transformations, laboratory derived rate constants should be applied to
field 3 2S transformations only with great care. Mineralization of C-O-S0 3
and C-S, for instance, both occur from solid-phase constituents which are
not uniformly mixed with freshly immobilized 35S. McLaren et al. (1985)
determined that only 5.9 to 11.8% of the ester sulfate fraction, 0.5 to 4.5%
of the C-S fraction, and 2.8 to 6.3% of the total organic S fractions were
involved in the short-term cycling of S, utilizing steady state values for
35 SO4- incorporation. They noted that their values for the relative amounts
of rapidly cycling S in unamended soils were comparable to estimates by
Saggar et al. (1981) for biomass-S in unamended soils. Similar estimates
can be made using the rate constants derived in this study by determining
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predicted equilibrium 35 S distribution based on mineralization to
immobilization rate constant ratios (see Figure 2). Using this method, the
fraction of the C-O-S0 3 pool involved in short-term cycling ranged from 2.1%
for an Oa horizon to 8.5% for a Bsl horizon. The latter figure is very close
to that calculated by McLaren et al. (1985) for their unamended mineral
soil (8.4%). Estimates of a rapidly cycling pool of C-S were not attempted
since few of these horizons approached equilibrium (ie. R 14 > >R4 1 ).
Without independent estimates of the fraction of each organic 32S pool
involved in short-term cycling, it is incorrect to extend mineralization rate
constants to the 32 S cycle.

For immobilization reactions, it is reasonable to assume that experimental
rate constants derived for 32S transformations are applicable to the 32S
cycle, since the isotope is completely mixed with the reactant, soluble SO4-.

A hypothetical calculation of the daily gross immobilization of S at the
Hubbard Brook Experimental Forest is presented in Table 2. These
projections suggest that as much as 0.38 kg S ha- l day- ' may be immobilized
into organic forms, predominantly C-O-SO3, in surface organic and mineral
horizons. Immobilization rates for the Bs2 horizon, which includes the
bulk of the mineral soil, are unknown, but are probably very low (David and
Mitchell, 1985). These projections for gross immobilization are much greater
than average daily inputs of S in bulk deposition at HBEF (0.034kg S ha-'
yr-'; calculated from Likens et al., 1977). However, note that rates of
immobilization are probably matched by mineralization rates, so that little
net accumulation of organic S would necessarily occur. These laboratory
incubation experiments are performed under nearly optimal conditions of
temperature and moisture. As a result, these should be considered estimates
of maximal daily gross S immobilization, which will decline with lower
temperatures in winter, and soil drying in summer. Nevertheless, it can
be concluded that during periods of optimal microbial activity, substantial
quantities of S are cycled through organic forms.

These projections assume, of course, that reaction rates observed in
laboratory incubation experiments were not grossly exaggerated by the
effects of sample treatment. David and Mitchell (1985), in six week field
incubation experiments, observed 41% of the added 3 5SO4- incorporated
into organic S fractions, suggesting that organic S transformations can indeed
cycle large quantities of soil S.

Conclusions

These experiments suggest that 35S transformations can be modeled using
reversible expressions that are depicted as first-order reactions. These rate
expressions can potentially be applied to field conditions if adequate in-
formation on the effects of abiotic and biotic factors on S transfer rates is
included with further quantification of reaction kinetics and advances in our
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Table 2. Approximation of maximal daily rates of gross S immobilization at the HBEF
for horizons in which immobilization rate constants have been derived. Inclusion
volumes were calculated from a 21.7 m trench for stone volume (data courtesy of T.
Siccama) and root volume (Wood, 1980). Soluble sulfate concentrations were taken
from Schindler et al. (1986).

Horizon Soluble R,3 Ester sulfate R, 4 Carbon-bonded S
Horizon Depth weight sulfate immobilization immobilization

(cm) (Tha-') (fgg-')(day-') (kgha' ) (day-') (kgha' )

Forest
floor - 60 16.9 0.016 0.016 .019 0.019
E 3.4 325 - ?? ?? ?? ??
Bh 3.9 264 6.6 0.033 0.058 .004 0.007
Bsl 5.5 320 8.5 0.091 0.248 .013 0.035
Bs2 40.0 3,029 - ?? ?? ?? ??

Total 0.322 0.061

ability to analytically determine labile organic S pools. Once available,
this information will allow for the incorporation of organic S transformations
into integrated models of ecosystem acidity transformations.

A hypothetical extension of these rate constants to field conditions
suggested that large quantities of S cycle through organic fractions during
the growing season when temperature and moisture conditions are
conducive to rapid biological turnover. These transformations may buffer
concentrations of SO2-, thus delaying the transfer of associated acidity
to surface waters and allowing neutralization to occur through basic cation
release. This process may be an important factor in explaining why short-
term temporal variations in surface water acidity are frequently more highly
correlated with changes in NO3 even though SO2- is the major anion
(Johnson, et al., 1969; Driscoll and Schafran, 1984).
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