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Abstract. Sulfur deposition in the northeastern U.S. has been decreasing since the 1970s and
there has been a concomitant decrease in the SO‘%— lost from drainage waters from forest

catchments of this region. It has been established previously that the SOZ_ lost from drainage

waters exceeds SOi_ inputs in bulk precipitation, but the cause for this imbalance has not been
resolved. The use of stable S isotopes and the availability of archived bulk precipitation and
stream water samples at the Hubbard Brook Experimental Forest (HBEF) in New Hampshire
provided a unique opportunity to evaluate potential sources and sinks of S by analyzing the
long-term patterns (1966-1994) of the 534S values of SOZ—. In bulk precipitation adjacent to

the Ecosystem Laboratory and near Watershed 6 the 8348 values were greater (mean: 4.5 and
4.21, respectively) and showed more variation (variance: 0.49 and 0.30) than stream samples
from Watersheds 5 (W5) and 6 (W6) (mean: 3.2 and 3.7; variance: 0.09 and 0.08, respectively).
These results are consistent with other studies in forest catchments that have combined results
for mass balances with stable S isotopes. These results indicate that for those sites, including
the HBEF, where atmospheric inputs are <10 kg S ha~! yr‘l, most of the deposited SO%"
cycles through the biomass before it is released to stream water. Results from W5, which
had a whole-tree harvest in 1983-1984 showed that adsorption/desorption processes play an
important role in regulating net SOZ_ retention for this watershed-ecosystem. Although the
isotopic results suggest the importance of S mineralization, conclusive evidence that there is
net mineralization has not yet been shown. However, S mass balances and the isotopic result
are consistent with the mineralization of organic S being a major contributor to the SOZ‘ in
stream waters at the HBEF,
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Introduction

Biogeochemical research during the last thirty years has improved consider-
ably our understanding of S cycling in forest ecosystems. However, important
questions remain unresolved that hinder our ability to understand and predict
how changing atmospheric S inputs will affect S loses from forest ecosys-
tems (e.g., Johnson & Mitchell 1998). Since the late 1960s, anthropogenic
emissions have been declining in eastern North America. This decreasing
S deposition in forest ecosystems has resulted in decreasing concentrations
and fluxes of SO in drainage waters in the northeastern US (Driscoll et
al. 1995; Likens 1992; Likens & Bormann 1995) and Europe (Wright et al.
1993; van Dijk et al. 1992). Despite these decrecases SOﬁ" output from forest
ecosysterns via drainage waters exceeds SOﬁ” input in bulk precipitation in
the northeastern U.S. (Likens et al. 1990; Likens & Bormann 1995). Possible
sources for this additional S output include dry deposition, weathering of S
minerals, reoxidation of reduced S, desorption of previously adsorbed inor-
ganic S()i' and mineralization of organic S. Mitchell et al. (1992a) suggested
that desorption of SOi_ that had accumulated during periods of higher S
deposition may have contributed to the additional SOi_ draining from the
B horizon of a northern hardwood site in the Adirondack Mountains of New
York. The potential of such reversible SO~ desorption has been shown to
be an important mechanism in both laboratory (Harrison et al. 1989) and
field (Rustad et al. 1996) experiments including roof exclusion experiments
in Europe (Hultberg 1992; Alewell et al. 1997). However, using a modeling
approach Driscoll et al. (1998) has suggested that SOZ“ adsorption/desorption
reactions cannot account for the changing patterns of SOﬁ_ concentrations
in surface waters of the northeastern US. Likens et al. (1990) proposed that
dry deposition is the source for this additional S in drainage waters using a
watershed mass balance approach at the Hubbard Brook Experimental Forest
(HBEF) in New Hampshire. For wetland and lake regions the possible release
of re-oxidized S has been suggested as an important S source to drainage
waters (Dillon & LaZerte 1992).

Identifying the source of the S which is currently in excess of § inputs
from wet deposition is a major concern to scientists as well as to policy
makers. If dry deposition were the major source for this additional output of
SOi", reductions in anthropogenic S emissions from the combustion of fossil
fuels would result in a direct decrease in SO}~ losses in stream waters. More-
over, it has been found that annual changes in SO, emissions explains only
a portion (> = 0.5 to 0.7) of the temporal patterns of wet or bulk deposition
(Butler & Likens 1991; Likens 1992) suggesting that other factors may alse
affect this relationship. If there is a major source of SOi~ inthe soil, the effect
of anthropogenic emission reduction would be delayed and/or decreased. A
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delay in the response of S cycling and streamwater output to decreasing S
emissions has been predicted by various models of SO?[ desorption (e.g.,
Church et al. 1990; Rochelle & Church 1987; Anonymous [995). If a major
internal SOi_ source (e.g., weathering of S minerals, net mineralization of
organic S) were to exist in the soil, the impact of emission reductions would
be diminished or delayed in proportion to the contribution of this internal
source to SO3~ losses in surface waters (Johnson & Mitchell 1998).

The analysis of the stable isotopes of S provides a powerful tool for
studying various aspects of the biogeochemical flux and cycling of this
element (Krouse & Grinenko 1991). The use of stable isotopes in evaluat-
ing the S biogeochemistry of forest ecosystems has been reviewed recently
by Mitchell et al. (1998). The isotopic composition in forest ecosystems is
controlled by isotopic composition of sources (i.e., atmospheric deposition
and mineral weathering) and isotopic discrimination during S transforma-
tions. Only biological processes, especially dissimilatory SO;’;_ reduction,
cause major shifts in §3*S values under natural environmental conditions
(Krouse & Grinenko 1991). Dissimilatory SOﬁ_ reduction, which occurs
under anaerobic conditions, results in marked fractionation between the
enriched (> §3*S) SOZ™ reactant and the depleted (< §3*S) sulfide product,
because bacteria generally prefer the lighter 32S. Recent studies have also
suggested some small preference for *2S during immobilization and mineral-
ization (Fuller et al. 1986b; Krouse et al. 1991; Zhang et al. 1998).

The purpose of our study was to investigate the S cycle of forest ecosys-
tems in the northeastern US by analyzing the §**S values in archived bulk
precipitation and stream water samples collected from 1966-67 through
1993-94 water years at the HBEF. Evaluating this long-term record of §**S
values should provide new information on the sources of S contributing to the
SO:™ in the drainage waters at the HBEF.

Site description

This study was conducted at the HBEF in the White Mountains of central
New Hampshire (43°56’ N, 71°45" W). Watersheds 6 (W6: area 13.1 ha,
elevation 540 to 800 m) and 5 (WS5: area 22.5 ha, elevation 490 to 775
m) are adjacent catchments with steep slopes and southerly aspects. W6 is
the biogeochemical reference watershed at the HBEF. Most soils in these
two watersheds are Typic Haplorthods and Fragiorthods of the Tunbridge-
Lyman, Berkshire, Skerry, and Becket series (Huntington et al. 1988). W5
was commercially whole-tree harvested from the autumn of 1983 to the
spring of 1984. Forest vegetation is predominantly northern hardwoods with
American beech (Fagus grandifolia Ehrh.), yellow birch (Betula alleghani-
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ensis Britt.), and sugar maple (Acer saccharum Marsh.) at lower and middle
elevations with red spruce (Picea rubens Sarg.), balsam fir [Abies balsamea
(L.) Mill], and white birch [Betula papyrifera var. cordifolia (Marsh.) Regel]
at the higher elevations of W5 and W6 (Bormann et al. 1990},

Methods

At both W5 and W6, stream samples are collected weekly just above the
weirs which are used for measuring stream flow. In the open site adjacent to
the Robert S. Pierce Ecosystem Laboratory (rain gauge 22) at 253 m and near
Watershed 6 (rain gauge 11) at 549 m, weekly bulk precipitation samples
were collected and processed using procedures described by Likens et al.
(1967) and Buso et al. (1998). Sulfate in stream water and bulk precipi-
tation were analyzed from June 1964 to June 1972 spectrophotometrically
using barium chloride titration/thorin endpoint method and from June 1972 to
December 1976 with automated colorimetric (barium sulfate, methyl thymol
blue) method, and from December 1976 by ion chromatography (IC) (Buso
et al. 1998).

Sampling of the archived samples at HBEF

Archived solutions, which had been stored in clean polyethylene botties,
collected from 1966 through 1994 from W5 (stream water), W6 (stream water
and bulk precipitation) and rain gauge 22 (bulk precipitation, only from 1982-
1994) were sampled. The policy of the Hubbard Brook Ecosystem Study is
to allow each approved request to sample no more than 10%. of the volume
of the archived samples. To yield sufficient SOﬁ_ for the stable isotope
analysis, weekly samples of the solutions were subsampled and combined to
form composited half-year samples divided into “summer” (June 1 through
November 30) and “winter” (December 1 through May 31) samples that
encompass the water year that begins on June 1 and ends on May 31 of the
next calendar year.

These composited water samples then were analyzed for SOﬁ_ with ion
chromatography and for Nat with atomic adsorption spectroscopy at SUNY-
ESF. Sulfate in the solutions was precipitated as BaSO, by adding BaCl,; and
the S isotopic composition of the BaSO, measured on-line with an elemental
analyzer coupled to an isotope ratio mass spectrometer.

The isotopic composition of samples is expressed using the §3*S notation
defined as:

34S 3ZS sample
8%*S(%0) = [ S/ S)sampie 1] x 10°

(34 S/szs)standard
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where %o (per mil) is parts per thousand and *S/?2S is the ratio of the number
of 34S atoms to the number of *2S atoms in the sample or standard. The histor-
ical international standard is troilite (FeS) from the Cafion Diablo meteorite
for which the 3*S/328 ratio is 1/22.22. Precision of the §°*S measurement was
0.8%o.

Storage effects on §°*S values

Because solution samples were stored for up to three decades with little
temperature control except the prevention of freezing, storage effects need
to be considered. To estimate storage effects on SOﬁ_ in solution the “new”
SOi' and Na™ concentrations were compared with the “original” SO?{ and
Na* concentrations that had been determined before samples were archived.
Only samples taken after December 1978 (when IC was used for SOﬁ_
analyses) were used in this comparison to avoid any potential confound-
mg factors associated with differences in analytical techniques. It has been
shown that IC is the most precise and accurate method for measuring SOﬁ_
in stream and soil waters (Searle 1979; Alewell 1993). The regression of
the “new values” of SO}~ and Na' taken after 1977 against the values of
the “original” samples indicated that these two measurements were in agree-
ment: new-SO7 [pemol 1711 = 0.93 original-SOZ [umol 17'] + 8.3 (R? = 0.93)
and new-Na [pmol 17!] = 1.07 original-Na [pmol 17'] — 0.82 (R* = 0.96).
These differences between the “new” and “original values” could be due to
differences among the laboratories where the “new” and “original” values
were measured. The absence of any marked change in the concentrations in
the stored water samples also indicates that it is highly unlikely that there
would have been any change due to storage of the 534S values of SO in
solution. The only process that would result in substantial change in §%*S
values would be dissimilatory SO~ reduction that would only occur under
anacrobic conditions which did not occur during the storage of these samples.

Statistical analysis

Summer and winter SO~ concentrations were calculated using volume-
weighted weekly values from bulk precipitation and stream collections. All
data were analyzed with SAS. The test for normal distribution was done
with PROC UNIVARIATE and normality was rejected when Prob<w was
<0.05. Since not all data sets were normally distributed, tests for significant
differences between independent groups were done with the Wilcoxon Rank
Sum Test (PROC NPAR1WAY). Tests were performed at the 5% significance
level.
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Results and discussion

Patterns of 84S values and sulfate concentrations in bulk precipitation and
stream water

In bulk precipitation at HBEF (Figure 1) there were distinct ditferences (p <
0.05) in the 8°*S values in SO~ between summer and winter as well as
variation from 1967 through 1994. Previous work at HBEF (Zhang et al.
1998) as well as other areas in the North America (Nriagu et al. 1987; Nriagu
& Krouse 1992) have also found lighter §3*S values in the summer than
the winter. There were also greater concentrations of SOi_ in precipitation
during the summer compared to the winter (Figure 2) as has been reported
previously (Likens & Bormann 1995; Mitchell et al. 1992¢; Sisterson et al.
1990; Venkatram et al. 1990). There were no significant differences (p >
0.05) between the §>*S values in bulk precipitation near W6 and at the open
site near the Ecosystem Laboratory (Figure 1).

Stream water 84S values from W6 were slightly (0.51), but significantly
different (p < 0.05) from W5 (Figure 1). The ability to detect this statistical
difference results from the small variation in the §**S values in the respec-
tive streams of each watershed (Table 1a) and the large number of samples
analyzed (n < 54). The 83*S values of stream SOﬁ_ have smaller variances
and ranges than the §3*S values of bulk precipitation (Table 1a). There were
two unusually high §34S values in bulk precipitation (Ecosystem Laboratory
in summer 1984 and Watershed 6 in the winter of 1985) (Figure 1). If these
two values are not included in the analyses the variations and ranges are
reduced but the overall patterns and statistical differences are still present.
The most important result, moreover, is that for the exception of the winter
1980 the stream 84S values are always lighter than those in precipitation
during any one year (Figure 1).

The mean concentrations of SO in the stream draining W6 and W5
were 58 and 56 pwmol 171, respectively, and were similar and substantially
greater than mean values of 24 and 25 pmol 1! in bulk precipitation collected
near W6 and the Ecosystem Laboratory, respectively. The variance in SOZ‘
concentrations was less for W6 than for bulk precipitation (Table 1b). This
dampening of the variation of SOi“ concentration has been noted previously
for a northern hardwood site and was attributed to the buffering effect of
SO%‘ adsorption/desorption (Mitchell et al. 1992a). The higher variance in
SO;~ concentrations in the W35 stream was likely due to the effect of the
whole-tree harvest on SO}~ retention as discussed further below.

The differences in both the temporal patterns and the overall means of
the §°*S values and SOi_ concentrations in bulk precipitation and streams
suggest that there was either an additional external or internal SO~ source
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Figure 1. 534S values of SOi". Bulk precipitation taken near base of Watershed 6 and at
open site near the Robert S. Pierce Ecosystem Laboratory. Stream samples were taken just
above the weir of Watersheds 5 and 6. Archived samples were combined into summer (June 1
through Nov. 30) periods and winter (Dec. 1 through May 31) periods. Years are water years
which begin on June 1 and end on May 31 of the following calendar year.
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Figure 2. Concentration of SOi‘ in bulk precipitation taken near base of Watershed 6 and at
an open site near the Robert S. Pierce Ecosystem Laboratory. Stream samples were taken just
above the weir of Watersheds 5 and 6. Archived samples were combined into summer (June 1
through Nov. 30) periods and winter (Dec. 1 through May 31) periods. Years are water years
which begin on June 1 and end on May 31 of the following calendar year.
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Table la. Statistical values of the 534S values in bulk precipitation and stream water at the
HBEFE.

Sample type Location Number of §34S%0
samples %  Variance Max.~-Min. (range)
Bulk precipitation Open site adjacent 25 45 05 6.9-3.5(3.4)
to laboratory
Bulk precipitation Adjacent to W6 53 42 03 6.8-3.2 (3.6)
Stream W5 55 32 0.1 3.72.4(1.3)
Stream W6 54 37 0.1 4.9-33(1.6)

Table 1b. Statistical values of the SO%“ concentrations in bulk precipitation and stream
water at the HBEF. Sample values were obtained by volume weighting weekly values of
SOi' concentrations.

Sample type Location Number of SOi_ pmol 171
samples X  Variance Max.—Min. (range)
Bulk precipitation Open site adjacent 52 25 61 50-12 (38)
to laboratory
Bulk precipitation Adjacent to W6 53 24 43 40-10 (30)
Stream W5 52 56 50 71-34 (37)
Stream W6 52 58 39 73-48 (25)

affecting the 83*S values of the streams. The differences in the §3S values of
strearmn water may also be attributed to fractionation of S as it passes through
the watershed-ecosystem.

Effects of whole-tree harvest on the sulfur budget and §**S values

It is notable that there was no detectable change in the §°*S values in
the stream after the whole-tree harvest of W5 (Figure 1) although marked
decreases in SOi_ concentrations in stream waters were noted (Figure 2).
Soil solution and stream concentrations of NO; and H™ were elevated due to
enhanced nitrification and SO3~ concentrations decreased due to pH depen-
dent SOi_ adsorption (Nodvin et al. 1986, 1988; Mitchell et al. 1989). The
patterns of SOZ_ in solution were confirmed by quantitative increases in the
adsorbed sulfate in the upper mineral horizons (Mitchell et al. 1989). The
only difference in the 834S values of SO~ in stream water was that winter
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values were slightly higher than summer values before the cut, thus possibly
reflecting the seasonality of the atmospheric inputs. After the cut, winter and
summer §°*S were very similar and less variable. These results suggest that
the size of the absorbed SOZ‘ pool was large enough to obscure any changes
in the §°S values of the stream during the relatively short period (three years)
when SO}~ concentrations were depressed.

Sources of sulfur to drainage waters

Sulfur budget. To evaluate the contribution of SOi_ sources, we show in
Figure 3 SOZ‘ fluxes from 1968 through 1993 (as a summation for over 26
years) and soil S pools at the HBEF for an undisturbed watershed such as
W6. The soil data were taken from the analysis of the soil S constituents
before the whole-tree harvest of W5 (Mitchell et al. 1989). It was assumed
that these S constituents would be similar to those of adjacent W6 due
to similarity of soils, aspect, vegetation, climate etc. Bulk deposition and
drainage water losses were taken from direct measurements from W6.
Dry deposition estimates from HBEF have varied considerably due to
different methods and the period of measurements. Based on net throughfall
measurements in the 1970s dry deposition estimates as great as 4 kg S ha™!
yr‘1 have been reported (Eaton et al. 1973, 1978, 1980) while more recent
measurements using both net throughfall measurements as well as deposition
modeling techniques have found lower deposition levels ranging from about
0.7 to 1.8 kg S ha™! yr~! (Lovett et al. 1996, 1997). Mineral weathering
values are from Likens and Bormann (1995).

Dry deposition. A possible source for SOﬁ_ from outside the forest ecosystem
is dry deposition. It has been documented that dry deposition of S can be a
substantial input to some forest ecosystems (e.g., Lovett et al. 1992; Mitchell
et al. 1992b; Hultberg et al. 1994). For dry deposition to account for the
lower 83*S values in the streams compared with those in bulk precipitation,
dry deposition §**S values would need to have been lower than those in
bulk precipitation. Several studies in North America measured no significant
difference between §°*S values of precipitation, throughfall and stemflow
(e.g., Stam et al. 1992; van Stempvoort & Wills 1991; Zhang et al. 1998).
Zhang et al. (1998) also reported that §°*S values of throughfall at HBEF-
did not differ significantly between sites with different tree species. Thus, it
is unlikely that dry deposition accounts for the lower §**S values in stream
water compared with atmospheric inputs. Furthermore, dry deposition effects
cannot explain the dampening of the input signal of §**S as shown by the
decreased variability of the §3*S values of SO~ in streams compared with
bulk precipitation (Table 1). However, from 11 to 61% of the imbalance



291

Bulk Precipitation
283 kg S ha-1 Dry Deposition

conc. 24 umol SO,2- 1 17-94 kg S ha-1

Biotic
, Cycling

Weathering SOI L

16 kg S ha-1 Organic S

.
( f}? | = Adsorption/
1 Adsorbed Sulfate < )pesorption

(124 kg S ha-1)

Stream water
436 kg S ha-1
conc. 58 umol SO,2- |1

Figure 3. Summary of SOi_ concentrations, fluxes (kg S ha~! for 26 years) and pools (kg S

ha~1) for an undisturbed watershed at Hubbard Brook Experimental Forest from 1968 through
1993. Assumptions for calculations are provided in the text.
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between S inputs by bulk deposition and S losses through stream drainage
may be due to dry deposition inputs (Figure 3).

Groundwater sources. Another potential source of stream SO is
groundwater inputs. However, none of the results from HBEF suggest
that groundwater sources have any significant input to the stream waters
in the experimental watersheds at this site (Likens & Bormann 1995). The
absence of groundwater inputs to the streams is due to the impervious
bedrock, steep slopes and small sizes that all contribute to the hydrological
tight basins of these experimental watersheds.

Weathering of sulfur minerals. Another possible source for the stream SOi_
is mineral weathering. Fuller et al. (1986b) determined for bedrock at the
HBEF 64S values and found —7.1 for a fine-grained diabas and +9.2 for
the Rangeley (previously reported as Littleton) formation of schist bedrock.
Thus, weathering of diabas minerals could have contributed to the lower 83S
values in streams if this mineral were an important source of S. However, it
has been suggested that mineral weathering is not an important source of S
at the HBEF and may generate only about 0.64 kg S ha™! yr~! (Likens et al.
1990). Also, weathering reactions cannot explain the dampening of the §*S
values in the streams. Thus, mass balance approaches and the isotopic results
suggest that mineral weathering is not the primary source of the additional
SO~ in the streams at the HBEF.

Oxidation of previously reduced labile sulfur. Dissimilatory S reduction
causes lighter §**S values in the sulfide reduction products. A reoxidation
of this sulfide would result in the formation of SO~ with relatively low
8%*S values that then could enter streams. Such processes have been found
to be important only in watersheds for which wetlands are an important
component of the landscape (Alewell et al. 1998; Dillon & LaZerte 1992).
Due to the steep slopes in the experimental catchments at the HBEF,
wetlands constitute <1% of W5 and W6 (G. Likens and D. Buso, personal
communication) and are thus not an important features of these watersheds.
Moreover, if a substantial amount of SO}~ was reduced continuously by
dissimilatory processes in the catchment, stream waters should be enriched
in **S compared to atmospheric inputs during the period of net dissimilatory
reduction. During the current study period from 1967 through 1994,
however, §°#S values of SO~ in the streams were lower than those in bulk
precipitation.
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Desorption of sulfate. If all of the adsorbed SO?[ were desorbed, it would
account for 79% of the difference in the S input-output budgets if an adsorbed
SOi_ content of 124 kg S ha™! were assumed using the value obtained
for W5 before the whole-tree harvest (Mitchell et al. 1989). There are no
long-term data on changes in the adsorbed SO?[ content of W5, but such a
large amount of desorption would not likely occur at current concentrations
of SOi_ in soil solution (Mitchell et al. 1989; Nodvin et al. 1988). Also,
Driscoll et al. (1998) using a modeling approach has suggested that SO,
adsorption/desorption cannot explain the temporal patterns of SO?[ in surface
water in the northeastern US including the HBEF.

Moreover, such desorption would not explain the lower 84S values of
the streams since adsorption/desorption causes no isotopic discrimination
(Mitchell et al. 1998). Adsorption-desorption processes, however, may play
a role in dampening long-term and seasonal patterns in SOZ_ concentrations
and fluxes in soil solutions and streams as shown by the results from W5 at
HBEF (Mitchell et al. 1989) and studies of solute flux in a hardwood forest
in the Adirondack Mountains (Mitchell et al. 1992a).

Organic sulfur formation and mineralization. Organic S in the soil repre-
sents 93% of the S in the soil at HBEF (Figure 3) (Mitchell et al. 1989).
This organic S consists of both ester sulfates and C-bonded S. It has been
suggested that this organic S pool may represent an important source and
sink for SOi_ in forest soils (Swank et al. 1984; Strickland & Fitzgerald
1984). These organic S constituents, especially the ester sulfate component,
may show small increases following experimental additions of SOi‘ (David
et al. 1990; Mitchell et al. 1989). Detecting changes in C-bonded S, which
constitutes most of the organic S in forest soils, has been very difficult to
quantify, especially under field conditions, due to the large size of this pool
and the heterogeneity of forest soils (Johnson & Mitchell 1998). The soil
organic S pool contains more than 1500 kg S ha~! at HBEF (Figure 3). If we
assume that mineralization of organic S would account for the discrepancy in
the S inputs compared to outputs, net mineralization would be less than 0.4%
per year of the total organic S pool. Laboratory studies of HBEF soils have
found rates that exceed this value (Fuller et al. 1996a; Schindler et al. 1986)
but it is very difficult to extrapolate these laboratory values to natural field
conditions.

Several authors in North America and Europe concluded that SO~ trans-
port through forest soils is rather conservative, because precipitation, soil
solution and stream water of forest ecosystems have shown similar §34S
values (Caron et al. 1986; Stam et al. 1992; Mayer et al. 1995). However,
Mayer et al. (1995), showed that although &*S values are altered only
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undisturbed watershed at Hubbard Brook Experimental Forest from 1968 through 1993. Units
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slightly, the oxygen isotopic composition (5'80) of SOZ_ shows a depletion
of several per mil indicating that biological processes were contributing to the
SO?[ in soil solution. Studies from the HBEF (Zhang et al. 1998 and results
of the present study) as well as from two sites in the northwestern Czech
Republic and a site in northeastern Bavaria, Germany (Novac et al. 1995;
Alewell et al. 1998) have shown that §3*S values of soil solutions and streams
show different spatial and temporal patterns than those of precipitation or
throughfall. Moreover, §34S values of SO; ™ in soil solution of terrestrial sites
have generally lower 534S values than SO}~ in precipitation and throughfall
(Fuller et al. 1986; Novac et al. 1995; Alewell et al. 1998; Zhang et al. 1998;
data of this study). A depletion in **S of SO?[ in soil solution in compar-
ison to SOi“ in throughfall may indicate S mineralization as a potential
source, because the soil microflora prefer the lighter *2S isotope. Further-
more, it has been suggested for aerobic, forest soils that the mineralization
of labile organic S produces SO; ™ that is more depleted in **S compared to
adsorbed SOJ~ or the SO}~ in soil solution (Fuller et al. 1986; Krouse et
al. 1991; Zhang et al. 1998). These results are consistent with C-bonded S
being depleted in 3*S. Mayer et al. (1995) concluded from §'30 values of soil
water sulfate that a considerable proportion of the SOE_ was derived from the
mineralization of the C-bonded S suggesting that atmospherically derived S
was cycling though the organic soil pool.

Conclusions

The results from stable isotope data combined with data from SO?" concen-
trations, fluxes and S pools at the HBEF clearly show that SOi_ is not
a conservative anion, but rather is subject to substantial transformations
between organic and inorganic S forms. The soil has a reactive S pool,
which dampens the temporal variation in §°*S values (Figure 4) and
SOZ‘ concentrations of the atmospheric inputs as SOi_ passes through
the watershed-ecosystem (Figure 3). The §°*S values of the streams are
lighter and concentrations of SOﬁ“ greater than those of bulk precipitation
suggesting the importance of organic S cycling. Most of the atmospheri-
cally deposited SOi_ is cycled through various biological processes including
plant uptake, litter inputs, immobilization and mineralization (Figure 4). The
relative importance of this biotic cycling of S has increased as atmospheric
deposition of S has decreased. For example, litter inputs of S do not generally
exceed 8 kg S ha™! yr~! and it has been concluded that generally less than
10 kg S ha™! yr~! is cycled biotically through forests ecosystems by plants
and the soil microflora (Mayer et al. 1998). From 1968-1993, SOi_ inputs in
bulk deposition averaged 11 kg S ha=! yr~! deposition suggesting that most
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of this input would have been subject to biotic cycling. The predominance
of biotic cycling, however, cannot be generalized for some forests especially
those in polluted areas of Europe that may receive over 30 kg S ha=™! yr!
from atmospheric deposition (Johnson & Mitchell 1998) although Novak et
al. (1997) suggest that even at extremely high levels (>70 kg S ha™! yr™1)
of atmospheric deposition most of the S is cycled through the organic pools.
Mineralization of S incorporated into organic matter results in the release of
SO7™ into the soil solution that has a lower §3*S value than atmospherically
deposited S. This soil water SO is subject to adsorption and desorption in
the mineral soil. Adsorption/desorption processes dampen any seasonal and
short-term annual variations in the drainage losses of SO~ unless the system
is highly disturbed such as occurred in the whole-tree harvest in W5 (Figure
2). Such adsorption processes may also obscure short-term changes in §3S
values (Figure 1).

Stable isotopic results cannot show directly that net mineralization of
organic S is occurring, but these long-term measurements of the 5**S values
in precipitation and throughfall suggest that mineralization of organic S is an
important source of the additional S in stream waters at the HBEF. However,
further studies are needed to quantify the relative contributions of mineral
weathering, dry deposition and other biotic processes such as plant uptake in
affecting the long term patterns of §3*S values in these drainage waters.
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