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Abstract:

Concerns related to climate change have resulted in an increasing interest in the importance of hydrological events such as
droughts in affecting biogeochemical responses of watersheds. The effects of an unusually dry summer in 2002 had a marked
impact on the biogeochemistry of three watersheds in the north-eastern USA. Chemical, isotopic and hydrological responses
with particular emphasis on S dynamics were evaluated for Archer Creek (New York), Sleepers River (Vermont) and Cone
Pond (New Hampshire) watersheds. From 1 August to 14 September 2002, all three watersheds had very low precipitation (48
to 69 mm) resulting in either very low or no discharge (mean 0Ð015, 0Ð15 and 0Ð000 mm day�1 for Archer Creek, Sleepers
River and Cone Pond, respectively). From 15 September to 31 October 2002, there was a substantial increase in precipitation
totals (212, 246 and 198 mm, respectively) with increased discharge. Archer Creek was characterized by a large range of
SO4

2� concentrations (152 to 389 µeq L�1, mean D 273 µeq L�1) and also exhibited the greatest range in υ34S values of
SO4

2� (�1Ð4 to 8Ð8 ‰). Sleepers River’s SO4
2� concentrations ranged from 136 to 243 µeq L�1 (mean D 167 µeq L�1) and

υ34S values of SO4
2� ranged from 4Ð0 to 9Ð0 ‰. Cone Pond’s SO4

2� concentrations (126–187 µeq L�1, mean D 154 µeq L�1)
and υ34S values (2Ð4 to 4Ð3 ‰) had the smallest ranges of the three watersheds. The range and mean of υ18O-SO4

2� values for
Archer Creek and Cone Pond were similar (3Ð0 to 8Ð9 ‰, mean D 4Ð5 ‰; 3Ð9 to 6Ð3 ‰, mean D 4Ð9 ‰; respectively) while
υ18O-SO4

2� values for Sleepers River covered a larger range with a lower mean (1Ð2 to 10Ð0 ‰, mean D 2Ð5). The difference in
Sleepers River chemical and isotopic responses was attributed to weathering reactions contributing SO4

2�. For Archer Creek
wetland areas containing previously reduced S compounds that were reoxidized to SO4

2� probably provided a substantial
source of S. Cone Pond had limited internal S sources and less chemical or isotopic response to storms. Differences among
the three watersheds in S biogeochemical responses during these storm events were attributed to differences in S mineral
weathering contributions, hydrological pathways and landscape features. Further evaluations of differences and similarities in
biogeochemical and hydrological responses among watersheds are needed to predict the impacts of climate change. Copyright
 2008 John Wiley & Sons, Ltd.
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INTRODUCTION

Climatic regimes in the north-east USA, as in other
regions of the world, are currently showing major
changes and recent reports have suggested that these
changes are intensifying (Stager and Martin, 2002; Hunt-
ington et al., 2004; NECIA, 2006). Recent studies have
clearly shown that hydrological conditions in catch-
ments can have a major influence on the export of
various solutes including SO4

2� (Eimers et al., 2004ab;
Mitchell et al., 2006). A clear linkage has also shown
that antecedent droughts can contribute to the oxida-
tion of previously stored sulfide, especially in wetlands
(Eimers et al., 2006), resulting in increased SO4

2� mobi-
lization as watersheds are rewetted. The linkage of these
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sulfur biogeochemical processes with both short-term
hydrological events as well as the potential influence
of long-term climatic change needs further investiga-
tion. Previous studies have included analyses of multi-
ple watersheds using chemical and hydrological infor-
mation (Eimers and Dillon, 2002; Laudon et al., 2004)
as well as more detailed studies on individual water-
sheds that have used stable isotopic information to eval-
uate SO4

2� sources (Eimers et al., 2004a; Shanley et al.,
2005; Mitchell et al., 2006). We are not aware of any pre-
vious study that has investigated the effects of droughts
among watersheds on sulfur biogeochemical responses
using a combination of hydrological, chemical and iso-
topic approaches.

The current study compares the hydrological, chemi-
cal and isotopic responses for three watersheds (Archer
Creek, Sleepers River and Cone Pond) in the north-
eastern USA that have had extensive biogeochemical
research (Figure 1). The three watersheds have simi-
lar amounts of S deposition (Archer Creek, wet only
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Figure 1. Location of study watersheds in the north-eastern USA

deposition: 5Ð7 kg S ha�1 yr�1, 1985–1998, Mitchell
et al., 2001; Sleepers River, bulk deposition: 7Ð2 kg
S ha�1 yr�1 1992–1994, Hornbeck et al., 1997; Cone
Pond, bulk deposition: 7Ð7 kg S ha�1 yr�1 1992–1994,
Hornbeck et al., 1997), but larger differences in dis-
charge SO4

2� drainage losses (Archer Creek: 15Ð9 kg
S ha�1 yr�1, 1985–1998, Mitchell et al., 2001; Sleepers
River: 17Ð1 kg S ha�1 yr�1 1992–1994, Hornbeck et al.,
1997; Cone Pond: 13Ð4 kg S ha�1 yr�1 1992–1994,
Hornbeck et al., 1997). These watersheds have substan-
tial differences in geology and landscape features that
may lead to marked differences in hydrological and
biogeochemical responses especially during and after a
period of unusual dryness. Information is provided on
the major solutes of the surface waters of these three
watersheds to demonstrate major differences in their bio-
geochemical relationships both over the long term as well
as after an exceptionally dry period. The major objective
of this study was to compare the overall differences in S
biogeochemistry among three watersheds with particular
emphasis on the responses of these watersheds to rewet-
ting from a series of storms following this dry period.

STUDY WATERSHEDS

Archer Creek

The 135 ha Archer Creek Watershed is at the Hunt-
ington Wildlife Forest within the Adirondack Park, New
York (43°590N, 74°140W) (Figure 2). Archer Creek is
the main inlet to Arbutus Lake. Elevation ranges from
513–748 m. Vegetation consists of a northern hardwood
forest. Mixed hardwood–conifer stands occupy lower
elevations, with Tsuga canadensis (eastern hemlock) and
Picea rubens (red spruce) dominating the overstory.
Fagus grandifolia (American beech) and Acer saccha-
rum (sugar maple) dominate the overstory at mid- and
high-elevations. Individuals of Abies balsamea (balsam
fir) are scattered throughout. Granitic gneiss dominates

the bedrock at Huntington Forest with glacial till deposits
dominating the surficial geology characterized mostly by
well-drained soils with high sand (75%) and low clay
(<10%) concentrations. Upland soils are coarse loamy,
mixed, frigid, Typic Haplorthods of the Beckett–Mundal
association, often less than 1 m thick. Wetlands consist
of Greenwood mucky peats from 1 to 5 m thick and
are generally located at the lower portions of the water-
shed (Figure 2). More details on this watershed are pro-
vided elsewhere (Mitchell et al., 1996, 2001). Previous
research at Archer Creek has evaluated the importance of
both long-term changes (Mitchell et al., 2001; Park et al.,
2003) and short-term events (McHale et al., 2002; Inam-
dar et al., 2004; Mitchell et al., 2006) on hydrological
and biogeochemical processes.

Sleepers River

Sleepers River Research Watershed (Figure 2) in
north-eastern Vermont (44°290N, 72°90W) is a 11 125 ha
basin that includes several gauged watersheds of var-
ious size and land cover (Shanley et al., 2002, 2005).
This study was conducted within the 41 ha forested W-
9 catchment. Elevation ranges from 519 to 686 m. The
forest vegetation is northern hardwoods dominated by A.
saccharum, Betula alleghaniensis (yellow birch), Frax-
inus americana (white ash) with a small component of
F. grandifolia. Spruce and fir compose <5% of the total
basal area. The Sleepers River watershed is underlain
primarily by the Waits River Formation, a sulfidic cal-
careous granulite interbedded with micaceous phyllites
and biotite schists (Hall, 1959; Bailey et al., 2004). The
bedrock is mantled with one to several meters of silty
basal till derived mostly from the Waits River Formation.
This calcareous lithology generates base rich, high-pH,
bicarbonate sulfate waters. Wetlands constitute ¾4% of
the watershed area and are mostly found in the upper
reaches of the catchment (Figure 2) (Hornbeck et al.,
1997). Wetlands have been a focal point of mercury
research in this watershed (Schuster et al., 2008), and
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Figure 2. Watershed maps for Archer Creek, Sleepers River and Cone Pond

investigations are ongoing on the role of wetland S in
the generation of methylmercury.

Cone Pond

The Cone Pond Watershed (45°540N, 71°360W) in
New Hampshire has 33 ha of mixed age forest domi-
nated (80%) by conifers (Picea rubens, A. balsamea and
Tsuga canadensis) with 15% being hardwoods (F. gran-
difolia, B. Alleghaniensis and A. saccharum) and 5%
being bedrock outcrop (Figure 2). Elevation ranges from
481–649 m. The watershed is the major inlet to Cone
Pond and is underlain by sillimanite-grade metapelites of
the Perry Mountain Formation of Silurian age. Surficial
geology is loamy glacial till (<2Ð5 m thick) derived from
local metapelitic and granitic rocks. Soils include Typic,
Lithic and Aquic Haplorthods, with small areas of Typic
and Terric Borohemists in the wetlands associated with
the inlet. Wetlands compose ¾5 to 10% of the inlet catch-
ment area, with some of the wetlands being close to the
stream and some having deep pockets (¾2 m) of organic
matter some of which is derived from peat (Figure 2).
More details on the biogeochemistry have been previ-
ously provided including documentation of high Al and
SO4

2� concentrations during a summer storm event (Bai-
ley et al., 1995). There has been no timber harvesting

but 85% of the watershed was heavily burned in 1820.
This fire history has been suggested to be a major fac-
tor in affecting the strong N retention for this watershed
(Campbell et al., 2004). The surface waters are charac-
terized by relatively low base cation concentrations and
low pH values that are coupled to high Al concentrations
(Hornbeck et al., 1997; Lawrence et al., 1997).

METHODS

Hydrology and chemical monitoring

Archer Creek. Precipitation amounts were measured at
the nearby (1Ð3 km away) National Atmospheric Depo-
sition/National Trends Network (NADP/NTN) station.
Stream discharge is monitored at 15 min intervals using
an H-flume, located 10 m upstream from the lake. Stage
height measurements (pressure transducer) were con-
verted to discharge using formula from an empirical
rating developed from flow measurements. A flow dura-
tion curve (Searcy, 1959) was calculated using discharge
from 1 January 2001 to 31 December 2003. Groundwa-
ter dynamics were assessed from piezometers monitored
electronically within the wetlands in the Archer Creek
in Subcatchment 11 (Mitchell et al., 2006). For the cur-
rent study, the focus was mostly on measurements taken
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from 1 August to 31 October 2002. Stream water samples
for chemical and isotopic analyses were collected weekly
from 15 September to 31 October 2002 with additional
samples collected for changes in stream stage of 1Ð2 cm
over 15 min or 6Ð1 cm over 24 h. Chemical determina-
tions included all major solutes. For more details on these
measurements see Mitchell et al. (2006).

Sleepers River. Precipitation was sampled in a forest
clearing adjacent to the W-9 weir and the chemical
composition was determined. Solute and water inputs
to the basin were adjusted for elevation using weighing
bucket gauges at this site and a high-elevation site near
the top of the watershed. Stream stage (potentiometer
driven by float/counterweight) was recorded at 5 min
intervals at a broad-crested weir. A flow duration curve
was calculated using discharge from 1 January 2001 to
31 December 2003. Water table height was obtained
from monitoring well 39A by manual readings. Stream
samples for chemical and isotopic analyses were collected
at least weekly by hand, and by automatic sampler
during events throughout the observation period. Weekly
samples were analysed for major solutes at U.S. Forest
Service, Durham, NH. Event samples were analysed for
major solutes at SUNY-ESF.

Cone Pond. Precipitation amounts were measured at
the gauging station and at the top of the watershed.
Stream discharge was monitored continuously at a V-
notch weir with an FW-1 water level recorder at the
mouth of the inlet to Cone Pond. A flow duration curve
was calculated using discharge from 1 January, 2001
to 31 December 2003. Water table height was obtained
by manual readings at monitoring Well G5 located in
the major wetland of the watershed. Timing of stream
samples and solutes measured was similar to Archer
Creek. Major solutes were analysed at the US Forest
Service, Durham, NH.

Isotopic analyses

For SO4
2� isotope analyses, water samples were

passed through anion exchange resin columns (Bio-Rad
Polyprep, AG 1X-8 (Bio-Rad, Hercules, California)) to
retain the SO4

2� (Rock and Mayer, 2002; Bailey et al.,
2004). Sulfate was eluted from each column with 15 mL
3 molar HCl; 0Ð5 molar BaCl2 solution was added
to precipitate BaSO4, which was recovered by filtra-
tion, washed with deionized water, air-dried, weighed,
and stored for isotope analysis. Sulfur dioxide (SO2)
for mass spectrometric analyses was generated by ther-
mal decomposition in an elemental analyser. Sulfur iso-
tope ratios were determined by continuous flow isotope
ratio mass spectrometry (CF-IRMS) (Giesemann et al.,
1994). For oxygen isotope analyses on SO4

2�, BaSO4-
oxygen was converted to CO at 1450 °C in a pyroly-
sis reactor (Finnigan TC/EA (Thermo Electron Bremen,
Barkhausenstrasse, Bremen, Germany)). The resultant
gas was subsequently swept with a He stream into a mass
spectrometer (Finnigan MAT delta plus XL) for isotope

ratio determinations in continuous-flow mode (CF-IRMS)
(Gehre and Strauch, 2003; Shanley et al., 2005). All iso-
tope ratios are expressed in the conventional ‘υ notation’
in per mil (‰) with respect to the internationally accepted
standards, Canon Diablo Troilite (V-CDT) for S isotope
measurements and Vienna Standard Mean Ocean Water
(V-SMOW) for oxygen isotope measurements. Analyti-
cal precision was š0Ð5‰ for υ34S and š0Ð8‰ for υ18O
measurements on SO4

2�.

RESULTS AND DISCUSSION

Precipitation and discharge response. All three water-
sheds had extremely dry conditions with very low precip-
itation (¾one-third of long-term averages for this period)
at Archer Creek, Sleepers River and Cone Pond (total
69, 48, 68 mm, respectively) resulting in either very low
or no discharge during the late summer (1 August to 14
September) (Figure 3). At Archer Creek and Cone Pond
the mean and maximum discharge amounts during this
period were 0Ð015 and 0Ð119, 0Ð000 and 0Ð003 mm day�1,
respectively. Sleepers River was relatively wet during the
preceding 7 week period (from mid-June to end of July)
with 227 mm of precipitation compared to the Archer
Creek (85 mm) and Cone Pond (95 mm) for the same
period. The discharge from 1 August to 14 September at
Sleepers River was thus greater (mean 0Ð15 mm day�1,
maximum 0Ð745 mm day�1) due to its wetter antecedent
condition, as it was still receding from the peak in dis-
charge earlier in the summer (July). The relatively dry,
late summer period was followed by a gradual rewetting
of all three watersheds and increased discharge. From 15
September to 31 October 2002 there was a substantial
increase in precipitation totals (212, 246 and 219 mm,
for Archer Creek, Sleepers River and Cone Pond, respec-
tively). The mean and maximum daily discharge values
for this same period were 0Ð50 and 3Ð77, 0Ð78 and 2Ð57,
0Ð88 and 5Ð86 mm day�1 for Archer Creek, Sleepers
River and Cone Pond, respectively (Table I). Even though
the discharge showed a substantial increase, the percent-
age water yields [100ð (mean discharge/precipitation)]
from 15 September to 31 October were very low 11,
22 and 18% for Archer Creek, Sleepers River and Cone
Pond, respectively, reflecting the very dry antecedent con-
ditions.

Flow duration and groundwater response. Flow dura-
tion curves (Searcy, 1959) based on three years of
flow were used for comparing the overall hydrologi-
cal responses of the three watersheds (Figure 4). Archer
Creek and Sleepers River had similar distributions except
for the lowest 5% of flows, where Sleepers maintained
base flow while Archer ceased to flow ¾3% of the time.
Archer Creek was somewhat flashier than Sleepers, show-
ing higher discharges (up to 4 mm h�1 compared to 2 mm
h�1 at Sleepers) at the upper ¾0Ð2% of the flow range.
Cone Pond was the flashiest (e.g. greater range of dis-
charge) watershed of the three, with a high flow regime
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Figure 3. Precipitation and discharge for Archer Creek, Sleepers River and Cone Pond from 1 August to 31 October 2002

(peaking at 8 mm h�1) elevated relative to the other sites
for nearly 1% of the time, which equates to a consid-
erably greater percentage of water leaving that basin at
high flow. All three curves are nearly coincident in the
90–99% range, indicating that the moderately high flow
regime is similar at all sites. The Cone curve then falls
below the other two, compensating for the greater high-
flow discharge at Cone and suggesting relatively rapid
drainage and less groundwater storage in that basin. Cone
flow ceased ¾10% of the time.

Some limited results on groundwater fluctuations in
each of the watersheds were available. Groundwater
levels were lowest suggesting minimal watershed wetness
through mid-September at Archer Creek and Cone Pond
and late September for Sleepers River (Figure 5). The
period of lowest groundwater coincided directly with
the lowest discharge rates in each of the watersheds.
Groundwater levels rose in response to precipitation
in September and October. The well in Cone Pond
showed a more rapid response in water table height
than the piezometers in Archer Creek. Sleepers River
had only monthly measurements at an upland well,
but groundwater levels declined markedly through the
summer and recovery lagged the onset of these late
summer and fall storms.

Figure 4. Flow duration curves for Archer Creek, Sleepers River and
Cone Pond from 1 January 2001 to 31 December 2003
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Table I. Water Yield for Archer Creek, Sleepers River and Cone Pond (1 August to 31 October 2002)

Watershed Period Precipitation
(mm) for period

Mean discharge (mm
day�1) [maximum]

Percentage water yield for
period [100ð (precip./disch).]

Archer Creek 1 August—14 September 69 0Ð015 [0Ð119] 1
14 September—31 October 212 0Ð504 [3Ð772] 11

Sleepers River 1 August—14 September 48 0Ð15 [0Ð745] 20
15 September—31 October 246 0Ð780 [2Ð570] 22

Cone Pond 1 August—14 September 68 0Ð000 [0Ð003] 0Ð02
15 September—31 October 198 0Ð878 [5Ð864] 19

Figure 5. Groundwater response for individual locations at Archer Creek
(Peizometer P29bs), Sleepers River (Well 39A) and Cone Pond (Well)

from 1 August to 15 November 2002

Relationship to previous hydrological and biogeochem-
ical studies at Archer Creek and Sleepers River. For
Archer Creek, a detailed analysis of hydrological and
chemical response was done at the same time as the
current study in two small upland catchments (S14 and
S15) with a focus on factors affecting the spatial and
temporal patterns of NO3

� concentration (Christopher
et al., 2008). Despite a similar hydrologic response,
S14 and S15 exhibited markedly different surface water
responses of NO3

�. This difference was attributed to
differences in the amount of NO3

� generated by miner-
alization and nitrification. Other studies at Archer Creek
have also shown that wetlands can affect stream water
chemistry, but variation in wetland hydrological condi-
tions, especially differences in hydrological conductivity
and the proximity to surface waters, influence the rela-
tive contribution of individual wetlands (McHale et al.,
2004).

Sleepers River contains small wetlands and wetland-
like areas (e.g., riparian zones with organic muck sur-
face horizons) that exhibit anoxia (Schuster et al., 2008).
These areas are readily flushed during storms either by
direct precipitation or by subsurface hillslope water drain-
ing through highly transmissive surface soils (Kendall
et al., 1999).

Chemical and isotopic responses

The precipitation chemistry among these three sites
is quite similar. Using the results from nearby NADP
(National Atmospheric Deposition Program) stations
(Archer Creek: Huntington Wildlife Forest, NY20; Sleep-
ers River: Underhill, VT99; Cone Pond: Hubbard Brook,
NH02) for 2002 volume weighted SO4

2� and Cb (sum
of base cations) concentrations among these three sites
ranged from 23Ð9 to 26Ð1 and 6Ð0 to 6Ð8 µeq L�1, respec-
tively. Previous studies have also established that the
υ34S and υ18O values for SO4

2� in precipitation either at
the watersheds themselves (Archer Creek; 5Ð2 and 12‰,
respectively, Campbell et al., 2006) (Sleepers River; υ34S
and υ18O, 5Ð6 and 12 ‰, respectively; Shanley et al.,
2005) or a nearby site (¾8 km) (Hubbard Brook; υ34S
4Ð4 ‰; Alewell et al., 1999) are remarkably similar.

The three watersheds have distinct differences in
stream solute chemistry with Sleepers River having the
most base rich surface waters that are reflected in high pH
values and high concentrations of Cb (Table II). The Cone
Pond Watershed is the most acidic with low Cb concentra-
tions, low pH values and relatively high concentrations
of total dissolved Al. The surface water conditions at
Archer Creek showed an intermediate base status. The
chemistry representative for the sampling period from
15 September to 31 October 2002 showed differences
from the long-term averages and there was considerable
variation among the three watersheds (Table III). For all
three watersheds SO4

2� concentrations were higher for
the study period compared with the long-term means. For
Cb the mean values during the study period were higher
for Archer Creek and Cone Pond, but lower for Sleep-
ers although maximum values were much higher than the
long-term mean.

The differences among the three watersheds in chem-
ical characteristics are clearly exhibited by the rela-
tionships between SO4

2� and Cb concentrations dur-
ing the study period (Figure 6). Sleepers River and
Archer Creek showed strong positive, significant rela-
tionships between Cb and SO4

2� concentrations (r2 D
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Table II. Average solute concentrations in stream water weighted by discharge for Archer Creek, Sleepers River and Cone Pond
watersheds. All concentrations in µeq L�1 except for total N, Al, DON and DOC which are in µmol L�1 and solute pH is in standard
form. Standard errors in (); SE D square root (weighted sample variance/sum of weights); SAS (1994). The number of samples used

in the analysis varied with solute and site (Archer Creek, 516–708; Sleepers, 645–928; Cone Pond, 404–806)

pH NH4
C Cb Al Cl� NO3

� SO4
2� Total N DON DOC

Archer Creek Watershed (1995–2002)
6Ð1 (0Ð0) 1Ð2 (0Ð0) 267 (1Ð0) 5Ð2 (0Ð1) 10Ð8 (0Ð1) 26Ð4 (0Ð3) 130Ð6 (0Ð4) 47 (3) 10Ð8 (0Ð1) NA

Sleepers River Watershed (1991–2002)
7Ð5 (0Ð0) 1Ð4 (0Ð1) 979 (9Ð9) 1Ð8 (0Ð1) 8Ð8 (0Ð1) 20Ð1 (0Ð3) 133Ð6 (0Ð9) 25Ð6 (0Ð7) 9Ð3 (0Ð5) 238Ð4 (5Ð6)

Cone Pond Watershed (1989–2002)
4Ð4 (0Ð0) 1Ð5 (0Ð1) 68Ð7 (0Ð5) 26Ð9 (0Ð1) 20Ð1 (0Ð3) 0Ð4 (0Ð1) 124Ð3 (0Ð5) 11Ð3 (0Ð2) 9Ð7 (0Ð2) 440 (4Ð4)

Figure 6. Relationships between SO4
2� and Cb concentrations at Archer

Creek, Sleepers River and Cone Pond from 1 August to 31 October 2002

0Ð67; P D 0Ð0002 and r2 D 0Ð39; P D 0Ð005, respec-
tively). In contrast, Cone Pond with its low base status
showed no significant relationship (r2 D 0Ð20; P D 0Ð15)
between Cb and SO4

2� concentrations. Other studies at
Cone Pond watershed have shown a strong relation-
ship between total Al and SO4

2� concentrations indicat-
ing that release of the mobile SO4

2� anion contributes
to the mobility of Al at this site in which both soils
(Lawrence et al., 1997) and surface waters are highly
acidic (Hornbeck et al., 1997). The response of SO4

2�

to storms varied among the three watersheds. Archer
Creek showed marked increases in SO4

2� concentra-
tion versus flow, with highest concentrations occurring
during the storm of 23/24 September (Figure 7). In sub-
sequent storms (28–30 September and 16–21 Octo-
ber), highest concentrations were also found at peak

discharge, but the maximum concentrations decreased
with each successive storm suggesting that the addi-
tional source of the SO4

2� was being depleted. At Cone
Pond SO4

2� concentrations were substantially lower
than for the other two catchments and varied less in
response to storms, but as at Archer Creek there was
also a general decline in SO4

2� concentrations with
consecutive storms (16–18 September, 28–30 Septem-
ber, 18–22 October). Sulfate concentrations at Sleepers
River were often higher than in the other two water-
sheds and SO4

2� concentrations were at minima during
peak discharge during storms (15/16 September, 28/29
September) (Figure 8). At Cone Pond, maximum SO4

2�

concentrations within a storm generally occurred just
before peak discharge (Figure 9). These results suggest
that internal SO4

2� sources were especially large at
Archer Creek during these storms as evidenced by the
very high SO4

2� concentrations (Table III). However,
Sleepers River also tended to have higher SO4

2� con-
centrations than Cone Pond, but other evidence (Shanley
et al., 2005) suggests that this SO4

2� was derived from
sulfide minerals (Table III). These patterns differ from
the long-term chemical averages for these watersheds
in which Sleepers River has the highest mean SO4

2�

(Table II).
The SO4

2� isotopic responses also varied among the
three catchments. Archer Creek with its large range
of SO4

2� concentrations in stream discharge (152 to
389 µeq L�1, discharge weighted mean D 273 µeq L�1)
also exhibited the greatest range in υ34S values (�1Ð4 to
8Ð8 ‰). Sleepers River’s SO4

2� concentrations ranged
from 136 to 243 µeq L�1 (discharge weighted mean D
167 µeq L�1) and had a discharge weighted mean υ34S
value of 5Ð9 ‰(range from 4Ð0 to 9Ð0 ‰) which was
higher than the mean of either Archer Creek (1Ð6 ‰)
or Cone Pond (3Ð3 ‰). Cone Pond’s stream water
showed the smallest range in υ34S values (2Ð4 to 4Ð3
‰) and SO4

2� concentrations (126–187 µeq L�1, dis-
charge weighted mean D 154 µeq L�1). The range and
mean of υ18O-SO4

2� values for Archer Creek and Cone
Pond were similar (3Ð0 to 8Ð9 ‰, mean D 4Ð5‰; 3Ð9
to 6Ð3 ‰, mean D 4Ð9‰; respectively) while υ18O-
SO4

2� values for Sleepers River covered a larger range
with the mean value being substantially lower (1Ð2 to
10Ð0 ‰, mean D 2Ð5‰). For all three watersheds, but
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) particularly for Sleepers River the υ18O-SO4
2� values

in stream waters were lower than υ18O-SO4
2� values

in precipitation, indicating that either inorganic sul-
fide oxidation and/or mineralization of organic S had
occurred within the watershed (Bailey et al., 2004; Shan-
ley et al., 2005). Such isotopic shifts would not be
attributed to sulfate desorption, a process that does
not show any marked isotopic discrimination (Mitchell
et al., 1998). Previous analyses of υ18O-SO4

2� val-
ues for surface waters throughout the north-east USA
(Bailey et al., 2004) and central Europe (Novak et al.,
2007) have also been used to evaluate the importance
of internal S sources to SO4

2� generation in water-
sheds.

For Archer Creek (slope D �0Ð030‰ υ34S/
µeq SO4

2� L�1, r2 D 0Ð54, P < 0Ð0001) and Cone Pond
(slope D �0Ð026‰ υ34S/µeq L�1, r2 D 0Ð56, P D 0Ð005)
there was a strong inverse relationship between SO4

2�

concentration and υ34S values (Figure 10). In contrast
at Sleepers River there was a weaker, but significant
positive relationship between SO4

2� concentration and
υ34S values in stream water (slope D 0Ð033‰ υ34S/
µeq SO4

2� L�1, r2 D 0Ð27, P D 0Ð05). There were no
significant relationships between the υ18O-SO4

2� values
and SO4

2� concentrations in stream water at any of the
three watersheds.

Causes of differences in chemical and isotopic sulfate
responses among watersheds

Combinations of hydrological, chemical and isotopic
information have been successfully used previously to
look at sulfur sources within individual watersheds (Hub-
bard Brook, Alewell et al., 1999; Sleepers River, Shanley
et al., 2005; Archer Creek, Mitchell et al., 2006; Plas-
tic Lake, Eimers et al., 2004a). Such studies on specific
watersheds have been most successful for determining
sulfur sources if there are distinct differences in the iso-
topic ratios of these sources (minerals at Sleepers River,
Shanley et al., 2005) or when biogeochemical processes,
especially bacterial dissimilatory sulfate reduction, have
played a major role (Archer Creek, Mitchell et al., 2006;
Plastic Lake, Eimers et al., 2004a). Bacterial dissimila-
tory sulfate reduction has been shown to often result in
major changes in the isotopic values between reactants
and products (e.g. sulfides with substantially lower υ34S
values than sulfate) (Mitchell et al., 1998).

Weathering Contributions. In this current study that
focused on comparisons among three watersheds, the dif-
ference in Sleepers River response was clearly due to
the greater importance of weathering reactions in con-
tributing SO4

2� to stream water versus Archer Creek
or Cone Pond. It has been estimated, using a mod-
elling approach, that weathering reactions may con-
tribute ¾11 kg S ha�1 yr�1 to SO4

2� export at Sleepers
River (P. Selvendiran, personal communication). More-
over, some of the S minerals in the bedrock of Sleep-
ers River have υ34S values up to 13 ‰ resulting in a
trend of increasing υ34S values in stream water sulfate
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Figure 7. Temporal patterns of stream discharge and SO4
2� concentrations for Archer Creek

Figure 8. Temporal patterns of stream discharge and SO4
2� concentrations for Sleepers River

with increasing concentrations. The strong relationship
between Cb and SO4

2� concentrations at Sleepers espe-
cially during base flow periods, demonstrates the domi-
nance of deeper flowpaths within the bedrock containing
calcite and sulfide minerals. In contrast, the soil at Sleep-
ers has little sulfide or calcite except in deeper horizons
in a few poorly drained pockets; chemical and isotopic

patterns in stream water typical for calcite and sulfide
mineral weathering must therefore imply inputs from
deeper till or bedrock flow paths. For Archer Creek it has
been established that there is a strong internal source of S
within the watershed that may be contributing up to 10 kg
S ha�1 yr�1 to stream SO4

2� discharge, but how much
of this source is due to weathering versus net organic S
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Figure 9. Temporal patterns of stream discharge and SO4
2� concentrations for Cone Pond

mineralization is not known (Park et al., 2003; Camp-
bell et al., 2006). This long-term internal S contribution
was augmented by an additional S source associated with
watershed rewetting as described below. Although the
weathering rate of S minerals at Cone Pond is also not
known, it can be compared with estimates at the nearby
Hubbard Brook watersheds where weathering has been
estimated at 2 kg S ha�1 yr�1 (Likens et al., 2002). How-
ever, Cone Pond has thinner soils and a greater extent of
bedrock (e.g. Perry Mt. Formation schist and Kinsman
Grandiorite versus Rangeley Formation at HBEF) with
very low S concentrations (Bailey et al., 2004) that would
probably result in weathering rates being even lower
(<2 kg S ha�1 yr�1) than those suggested for Hubbard
Brook (Likens et al., 2002). The smaller contributions
of internal S sources at Cone Pond versus either Sleep-
ers River or Archer Creek would suggest a relatively
greater importance of atmospheric sulfur deposition at
Cone Pond. There were distinct differences in the rela-
tionships between discharge and the SO4

2� concentra-
tions among the three watersheds during the study period.
For Sleepers River there was a decrease in SO4

2� con-
centrations during storm events (15/16 September, 28/29
September) (Figure 8) reflecting a dilution of base flow
enriched in SO4

2� from the weathering of sulfide miner-
als contained within the calcareous granulite interbedded
with sulfidic micaceous phyllites and biotite schists (Bai-
ley et al., 2004). In contrast Archer Creek and Cone Pond
both showed peaks in SO4

2� concentrations during storm
events (Figures 7 and 9). At Sleepers River there was
also a positive relationship between υ34S-SO4

2� values
and SO4

2� concentrations (Figure 10) indicating that dur-
ing storms SO4

2� with lower υ34S-SO4
2� values mixed

with baseflow SO4
2� was highly positive υ34S-SO4

2� val-
ues (up to 13 ‰) derived from S mineral weathering
products (Shanley et al., 2005).

Contributions from previously reduced sulfide. For
Archer Creek and Cone Pond there were strong negative
relationships between υ34S-SO4

2� values and SO4
2� con-

centrations (Figure 10). The υ34S values associated with
high SO4

2� concentrations at Archer Creek and Cone
Pond were substantially different and lower than those
of soil organic matter or SO4

2� in precipitation. These
and other solute chemistry relationships strongly support
the notion that the elevated SO4

2� concentrations were
derived from previously reduced sulfide, which was oxi-
dized to SO4

2� during antecedent dry conditions (Shanley
et al., 2008). Detailed analyses of the importance of this
SO4

2� source at times preceded by an unusually dry
period at Archer Creek, including other ancillary hydro-
logic and chemical data, were provided by Mitchell et al.
(2006) who suggested that these high SO4

2� concentra-
tions were caused by the oxidation of previously formed
sulfides (with low υ34S values) in wetlands. Studies in
Canadian watersheds have also suggested the importance
of oxidation of sulfides in wetlands during droughts in
contributing to elevated SO4

2� fluxes after watersheds
become rewetted (Eimers and Dillon, 2002; Eimers et al.,
2004a 2006; Laudon et al., 2004). It is notable despite
the similarities in the overall relationship between υ34S-
SO4

2� values and SO4
2� concentrations between Archer

Creek and Cone Pond, that the ranges of both attributes
were much smaller at Cone Pond. Other studies at Cone
Pond have suggested the importance of fire history at
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Figure 10. Relationship between stream water SO4
2� concentrations and

υ34S values for Archer Creek, Sleepers River and Cone Pond

this watershed to the dynamics of other elements includ-
ing N and organic matter content (Campbell et al., 2004).
Whether this fire history has also influenced the water-
shed response of S is not known, but it is possible if
the fire removed substantial pools of organic matter and
concomitantly decreased the amount of total organic S
stored in the soil. For most forested ecosystems most of
the S is stored as organic S in soil pools (Mitchell et al.,
1992; Johnson and Mitchell, 1998). For the current study,
the trend towards lower υ34S-SO4

2� values with SO4
2�

increasing concentrations suggests some contribution of
wetland derived S sources and that organic S mineraliza-
tion is not the dominant source for the SO4

2� associated
with storms at this site. The differences in chemical and
isotopic responses for these three watersheds suggest that
there is a complex set of interactions associated with
watershed features (e.g. mineralogy, wetlands, land use
history) that influence the biogeochemical responses both
during and after drought events.

Future directions

These results and those of other studies (Eimers
and Dillon, 2002; Eimers et al., 2004a, b) have clearly
demonstrated that concomitant analyses of hydrologi-
cal, chemical and isotopic parameters provide important
information on SO4

2� sources both within and among
watersheds. Studies that have combined these three

approaches have often been conducted over relatively
short periods. Evaluating long-term climatic changes on
S dynamics will require detailed analysis over extended
periods. For the north-east USA (NECIA, 2006) including
the Adirondack Mountains of NY State (Stager and Mar-
tin, 2002), climatic changes are becoming increasingly
evident. In the north-east USA by the end of this century,
winters could warm by 4 to 7 °C and summers by 3 to
8 °C (NECIA, 2006.). The frequency and intensity of late
summer and early fall droughts are expected to increase
as well. Thus, it is expected that this marked change in
the climate of the north-east USA will dramatically affect
the hydrology and biogeochemistry of forest ecosystems.
Furthermore, such changes in hydrology are expected to
intensify throughout the world owing to climate change
(Trenberth et al., 2007). Climatic conditions can alter
hydrological pathways that control drainage water solute
concentrations and fluxes (Schiff et al., 2002; Christo-
pher et al., 2008). Any climatic change that alters the
hydrological regime of a watershed both with respect
to events as well as long-term changes may have a
marked influence on SO4

2� dynamics of soils, groundwa-
ters and surface waters. Understanding spatial patterns of
SO4

2� response will require further analyses of how the
response of these climate factors is influenced by water-
shed attributes.
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