


Abstract:

This study examines the interactions betwgeundwater flow and porewater chemical
concentrations to elucidate controls on dissolved @Dcentration and the rate of
anaerobic carbon mineralization along a tezmh$n a wetland fed by ground water, Junius
Ponds Fen, in central New York. Three hymstes were tested: (1) groundwater flow
paths influence pool sizes of sulfate andatérin shallow peaf?2) supply of sulfate
through groundwater flow is rpansible for high dissolved G@oncentrations within
the fen, and (3) response of anaerobic @@duction to sulfate addbn in vitro will be
correlated with rates of sulfate supply viagnd water, as indicatday sulfate pool sizes.
Ground water rich in sulfate is entering fea both laterally from the adjacent upland,
and through a deep plume that reaches tHaiof the fen. Groundwater gradients in
sulfate, nitrate, dissolvemfganic carbon, and dissolveaimganic carbon were found to
follow paths of groundwater flow, and to bpatially related téhe dissolved carbon
dioxide concentrations across the fen. &eHamendment incubations did not show a
significant increase in soil resption rate as a result oflfate addition, but did show a
response to carbon addition in some casesublations also failed to show a spatial
response to sulfate addition. The high bulksiy of peat at thisite, in conjunction

with the incubation data, suggéelsat labile carbon availabiitmay be more important in

controlling the rate of aerobic carbon mineralizatidghan sulfate pool size.
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Introduction:

Rich fens are a type of wetland thasisongly influencedby ground water inputs
(Bedford and Godwin 2003). In New Yorka$t, as well as in the Upper Midwest and
England, fens have a relatively constsupply of ground water that keeps the plant-
rooting zone saturated for thejority of the year. The chemistry of this ground water
reflects the chemistry of the surrounding @got material and local land use practices
(Godwin et al, 2002; Bedford and Godwi)03). Understanding the biogeochemical
function of the wetland require®nsideration of the fen e context of its landscape
framework, including catchment hydrolodygcause of the close ties between
groundwater chemistry and surrounding surfigology. Given the anaerobic conditions
that typically prevail in satuted soils in fens, ground water calay an important role in
delivering alternate electron acceptors to microbial communities, thus further affecting
groundwater chemistry in plant-rooting zones.

Within fens, anaerobic microbial resgioa reactions are the dominant metabolic
pathways, and the supply of alternate elecérreptors is critical. Nitrate reduction is
the most energetically favorable anaerat@cbon mineralization pathway, although this
process is likely insignificant in rich fengedause of low nitrate concentrations and the
tendency for anaerobic conditions t@pibit nitrate formation via aerobic N-
mineralization (Lang et al. 1993pulfate reduction has notmerally been thought to be
as important in freshwater wetlands asaastal wetlands becseiof limited sulfur
inputs. However, the sulfate pool in peatla can turn over rapidly and support high
rates of sulfate reduction (Wieder et al., 19@ie et al., 2003). Therefore, sulfur inputs

can play an important role the total respiration of wetland system. In sulfate
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reduction, two moles of carbon are mineralif@devery mole of sulfate reduced
(Conrad, 1989). Thus, an increase in tingpdy of sulfate may hava potentially large
impact on the carbon dioxide production rasglfrom microbial respiration through
higher carbon mineralization rates in systevith high sulfate inputs compared to other
anaerobic processes where the ratiele€tron acceptor consumption to gfoduced is
one to one.

Previous studies haveuvestigated the importance gilfate reduction to salt
marsh and marine sediments (e.g., Howanth Jorgenson 1984). However, few studies
have examined the importance of dissimilatsuifate reduction in freshwater peat. A
study by Wieder et al. (1990) found that atdf reduction contributesubstantially to
carbon dioxide production and anaerobidca mineralization in two bogs in the
Appalachians. However, Vile et §003) showed through a multi-year sulfate
fertilization experiment designed to simuléiieightened atmospheric sulfate deposition
that sulfate addition did ngignificantly increaseates of sulfate reduction in a bog.
Therefore, it is still uncertain whether this process is important in peatland systems.

In this paper, | examine how hydrolodglow and groundwater chemical supply
influence sub-surface pool sizes of sulfaiérate, dissolved organic carbon, dissolved
inorganic carbon, and thestlibution of dissolved C&in a rich fen with significant
inputs of sulfate via groundwater flonofn a gypsum-dominated watershed. Three
hypotheses were tested: (1) groundwater fhaths influence pool sizes of sulfate and
nitrate in shallow peat, (2upply of sulfate through groundveatflow is responsible for
high dissolved C@concentrations within the feand (3) response of anaerobic O

production to sulfate addition in vitro will mrrelated with ratesf sulfate supply via
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ground water, as indicatdy sulfate pool sizedf mineralization of carbon compounds
is limited by the availability of electron acceggpwhich is likely in a low-nitrate system,
then stimulation of sulfatreduction could increase ¢@roduction and dissolved GO
concentrations in the rootirmpne. | relate hydrologic flodata to spatial patterns in
pools of sulfate, nitrate, dissolved g@issolved inorganicarbon, dissolved organic
carbon and pH within Junius Pond Fen. ekamine the influence of sulfate supply on
CO, production and the spatial distribution offate reduction, peat samples taken along

a transect of groundwater flow were inculot@th carbon- and sulfate-amended water.

Site Description:

Junius Pond Fen (JPF) is located inFmeger Lakes Region of central New York
at(lat,long). Itis characterized by both sublure and deep groundwater flows, which
maintain a stable water table just below feat surface. The site is located in a
watershed dominated by gypsum (calcisutfate) surficial geology, which plays a
dominant role in determining subsurfacewndwater chemistry (Bailey 2004). JPF is a
rich fen, and thus it is characterized bywlw levels of available nitrogen and
phosphorug¢Bedford and Godwin 2003). Since \ations in the groundwater chemistry
within a wetland may result from the interiacis of different flow systems (Carter and
Novitzki, 1988), the intersectn of two groundwater flow plas of different depth and
flow direction in JPF may play an impontarole in local groundwater chemistry.
Previous work on JPF has shown that ttaeeeclear correlatiortsetween hydrologic and
hydrochemical gradients within the fen, andttthe water table i®latively constant,

varying 10cm or less from May through December, and remaining at or just below the
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peat surface (Bailey 2004)-or this study, five locations (JP2, JP6, JP7.5, JP8.5, and
JP10) were considered within the fen.e$é locations fall along a transect running
perpendicular to the pond toward the upl@fidure 1). Samplingpcations JP6-JP10 are
located within the fen and JP 2 is locatembef to the upland in a forested swamp area
adjacent to the fen. These sites were chtsegpresent areas subject to different ground

water influences based on the hydroladgta from previous years (Bailey 2004).

Methods:

To examine the link between groundwatemfland hydrochemical patterns, | first
measured hydraulic head from piezometer ctesdévarious locations along the transect.
| then compared these measurementsagipus head measurements from the same
transect (Bailey 2004), to congtit a groundwater flownap of the site. From a subset of
the piezometers, | took water samples for dleahanalysis to chacterize chemical pool
sizes which I could later relate to theu#ts of incubation experiments. Based on
chemical data from previous years (Bail2g04), | identifi@l sites that had different
groundwater characteristics, both in tHegation on the flowpaths, and in their
groundwater chemistry.

To test hypotheses (2) and (3), | obtained peat cores from each selected location
from both the surface peat (~14 cm) and the bottom of the peat layer (30-150 cm
depending on site), for two in vitro incubatg® The first experinmg was a reciprocal
ground water incubation of surfapeat to determine if groundwater chemistry or peat
composition was affecting Groduction rates more strdgdetween two locations on

the groundwater flow path. The seconduination was a sulfate-amendment incubation,
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where | fertilized peat cores taken frdiwe different locations along the groundwater

flow path with either sulfateglucose, or both sulfate and glucose. The response of cores
to the sulfate amendments allowed me tossHesulfate supplyauld increase the rate

of CO, production to answer hypothesis (2). eTdifference in response of incubations
from different locations along the flowpath alled me to assess the spatial pattern of the
response of peat to sulfate amendmefdcations with differat groundwater sulfate
characteristics. This allowed me to appmate the relative populations of sulfate
reducing bacteria present in peat samg@ad,to make inferences about field sulfate

reduction to answer hypothesis (3).

Groundwater hydrology and chemistry

Piezometer installation and hydrometmeasurement methods were done in a
manner similar to Hill et al. (2000). Piezomettusters were installed in the fen and
swamp, approximately ten meters apart, alotrgrasect that ran pdtal to the direction
of subsurface groundwater flow. Additidneells were installed in areas where
preliminary data suggested that flow adzhemistry were changing rapidly (Bailey,
2004). The transect begins at the pondrand toward the upland parallel to the
direction of groundwater flow. Most piemeter clusters were made of PVC pipes
(2.25cm ID) with a 15cm slot zone at deptranging from 0.5-2.5m below the peat
surface. | installed additional wells to sugaplent depths available at existing clusters,
and to add 15-30cm depth wells. These weade of 1.5-inch diameter PVC pipes with
15cm slot zones. | surveyed the relatiatghts of all piezometers to normalize

elevations to a common benchmark. Groundwliaydrologic data were collected on July
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7, 2003 to compare with previous hydrologata gathered by Bailey (2004), and
groundwater chemistry data were colegtin mid-August 2003. Dissolved carbon
dioxide measurements were taken on July 17, 2002, June 16, 2003, and June 25, 2003 to
characterize the distribution of G@oncentrations prior to sampling for incubations.
Hydraulic head was measured by insgytuarter-inch plastitubing into each
piezometer until it contacted the water surfand recording this depth. Depths then
were calibrated to a common benchmailofeing surveying. Prior to chemical
sampling, piezometers were purged usitguad-operated pump. Temperature, pH and
conductivity were taken usingesitronic field probes (Fisher i@atific) from wells prior
to sample collection. Fresh groundwater saspvere withdrawn using Nalgene tubing
and sample bottles in-line with the pump for chemical analysis. Samples were stored in
coolers to transport back tlee laboratory, where they westored at 4°C for a maximum
of 24 hours, before being filtered through a @2 membrane filter and stored again at
4°C for later NH', NOs, SQ%, DOC, and elemental analyses. | analyzed N a
Lachat QuikChem 8000 flow injemt analyzer, and analyzed $Qusing an ion
chromatograph. Samples for DOC, NHand elemental analysis were sent to the Cornell
Nutrient Analysis Laboratory.
Field samples for DIC were collected in 20 mL syringes (10mL water) and
brought back to the lab where a 10 mL Isgmte was added. The sample was acidified
to a pH value between 1 and 2 rigorqusthaken to convert all DIC into GOThe
headspace then was subsampled and analyzed on a Varian gas chromatograph. At pH 2,

all DIC present should be in the form of £ equilibrium between the water and air,
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allowing use of Henry’s law and the concentration o, @Che syringe headspace to
calculate the total DIC in the water sample.

Samples for groundwater dissolved £ere taken based on the methods of
Hope et al. (1995) and Klingt al. (1991, 1992). Twenty milliliters of ground water were
collected from piezometers using syringeétet with a three-way stopcock on the Luer
end to prevent contact with ambient @uring pumping. A 20mL nitrogen headspace
then was introduced from a gas bag, and the syringe was shaken for five minutes. The
headspace was subsampled in a 20mL syringe and stored in the dark, at ambient
temperature, for transport to the lab to prevent gas contamination due to volumetric
changes. Carbon dioxide concentration massured on a Varian gas chromatograph,
and Henry’s Law was useéd calculate dissolved GGOn the original ground water

sample (Hope et al. 1995).

Reciprocal Ground Water Incubation

A reciprocal ground water incubation was urtdikeen to determmif differences
in groundwater chemistry could be responstblethe observed differences in field €O
concentrations. | chose two sampling lomas based on groundwater chemistry data
from 2000 (Bailey, 2004). One location {dB) was chosen assuming its hydrology was
dominated by the lateral flow zone, priortbe upwelling of deeper ground water. The
other location (JP8.5) was assed to be located in the upwelling zone, and thus assumed
to experience different groundwater chenyistran JP7.5. However, the close proximity

of these sites and more recent hydrologic datgests that these sites may not be seeing
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large differences in their groundter nitrate, sulfate, andhar ions examined in this
study.

In an attempt to determine if groundwat@emistry or peat characteristics were
influencing soil respiration rates, | incubageeht samples from eatdcation in vitro in
ground water from both sample locations.r&éhcores were taken from each sample
location in 14 cm long, 5.2 cm diameter ®@¢ores, minimizing air exposure, and were
transported to the laboratory in a cold dark cooler. The bottom centimeter was cut off
each core and discarded. | then carefullyofithe next centimet (from ~13cm below
the peat surface) and divided it into four gatd to be used in the incubations, noting if
there were visible differencesihe peat composition. | measd the wet weight of each
section for later conversion to dry weigtdditional samples from the centimeter above
the section sampled for incubation wereighed and dried to determine percent
moisture. The volume of peat used in theuimations was chosen based on the size of the
incubation jars, the estimated €@roduction rates, and the sensitivity of the gas
chromatograph.

Two sections from each core then wergceld on a sieve and washed with 2 mL
of the water in which they would be incuéd (either from JP7.5 or JP8.5). Water from
each of the two locations were taken freB0 cm below the peat surface using
piezometers. Each soil section was placeal @355 L mason jar with 15mL of treatment
water with no pre-incubation. Theagawere sealed and flushed with &ight times to
create an anaerobic environment. The\egse incubated in a dark, temperature-
controlled room at approximately 23°Che headspace was subsampled via syringe

(after light swirling to n the gasses) at regulatervals for 24 hours, and carbon
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dioxide concentration was determineddas chromatography. | approximated soil
respiration by measuring G@hcrease in each incubation jar over time, assuming that
this increase would be proportional to #raount of carbon respired by microbes in the
peat. | then performed an aysik of variance to determine if the effects of soil and water

significantly impacted C@accumulation rates.

Sulfate Amendment Experiment

To investigate the effect of sulfate@ carbon dioxide production, cores were taken
with a peat corer at either two or thregtles at each location along the transect (JP2,
JP6, JP7.5, JP8.5, and JP10). If the total gheyath was shallow (less than 1m), two
cores were taken, one from 5-20 cm belowsindace and one at the bottom of the peat,
including some of the adjacent mineral s&here the peat was >1m deep (JP2) three
cores were taken, one from 5-20 cm below/gbrface, one from the bottom of the peat
layer (~1.5 m), and one from an intermedidépth, of approximately 50 cm, to compare
to the same depth as the deep cores from the other sample locations.

| took subsamples from the middle of eacinface core (below the water table),
and from 2-5 cm above the mineral soil boundary for deep cores. One subsample was
used to determine percent moisture in each core, and other subsamples of approximately
the same wet weight (~20 g) were placed mtson jars along with 30 mL of distilled
water. The jars were evacuated and fluskigtit times each with nitrogen gas and set in
the dark for five days to allow the microb@mmunity to utilize the sulfate originally
present in the peat. After the five daygok an initial sample of the headspace and

analyzed it on a gas chromatograph for,€@ncentration. | then added the treatments;
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to the control | added 2 mL DI, the sulfur treatment | added $Csolution to bring the
sulfate concentration in therjio 1 mM, to the carbon treaémt | added 2 mg glucose per
gram dry peat (Joe Yavitt, Cornell Uensity, personal communication), and to the

“both” treatment | added SO to 1 mM and glucose to 2 mg/g. | sampled the headspace
regularly over 48 hours and analyzed theggmples on a gas chromatograph. | used a
linear regression to determine the £f@cumulation rate in eaahcubation jar, and ran

an analysis of variance and Tukey multivegianalysis using the S-Plus statistical

software package to examine differences among treatments.

Results
Groundwater Flow Data

The JPF ground water system is dortedaby two major flowpaths (Figure 2,
Bailey 2004). The first is just below thenthsurface, with flows from the upland end of
the transect (by JP1) toward the pond jusoine JP11. | refer to this flowpath as the
subsurface flow. A second flowpath appearBaw from deeper within the peat, below
JP1 and JP2, toward the surface in the middteefen, in the vicinity of JP6 and JP7,
where this ground water presumably mixes witter from the subsurface flow. | refer
to this flowpath as the deep flow. Pi@mys groundwater chemistry analysis (Bailey
2004) indicates that ilhdeep flow might be influemug local groundwater chemistry by
supplying sulfate-rich watdo surface peat.

In general, groundwater flow patternsJ&F are similar over time (Bailey 2004).
The hydraulic head data gathered in June 2b@8ved the same general flowpaths as in

2002, and substantiate the idea tigdrologic flow is relativelyconstant in this system.
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The water table as measured in 2003 vdeed than 5¢cm from the average water table
data taken by Bailey (2004) which inporated 9 sampling dates between May and
December 2002, so these average values werktasnterpret chemical data in this

study.

Dissolved carbon dioxide analysis

Groundwater-dissolved carbon concetinas for 2002 generally were greater
near the surface, and decrease with depthu(€ig). The largest concentrations were
found at JP6 (158 mg C/L),lfowed by JP7 (111.5mgC/L). G@oncentrations farther
back along the deep groundwater flowpathr{frdP2 to JP5) and are much lower than the
concentrations at JP6 and JP7, indicatingttiede large surface valsiare not likely to
be a result of greater G@elivery from groundwater flowDissolved carbon dioxide
measurements taken in June 2003 show arpaifecarbon dioxide concentration similar
to the 2002 data, with the highest valuethatsurface and lower values with depth
(Figure 4). Thehighest observed C@oncentration remained at JP6 (97.06 mgC/L), and
was less than the value obserwethe previous year, whiahay be due to differences in
climate during the time the samples were taken. Also, there was an unusually low €O
concentration at JP7.5 in 2003 (14.04 mgC/L)chidoes not fit theverall pattern of

highest CQ concentrations in water near the fen surface.

Groundwater sulfate concentrations

The highest concentration of sulfateground water in 2003 was found at the

surface at JP6 (70.3 mg/L) (Figure 5). Thaegal pattern was one of greater sulfate
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concentrations 50 cm or more below the peat surface and lower concentrations nearer the
surface. Surface concentrations directly dgradient from JP6 are much lower. In

2002, sulfate concentrations are similar, wité highest values at JP6, JP7, and JP9 and
generally lower values with géh (Bailey 2004). The lack @ clear spatial pattern in

sulfate concentration suggeshat something in addin to groundwater flow is

controlling dissolved sulfatpool size across the transect.

Other groundwater chemistry

Groundwater ammonium analysis showedy low levels of ammonium across
the fen. Most samples were below detatlimits, with the highest concentration
reaching 0.5mg/L N-NH4. Nitrate analysis aldmwed very low nitrate levels across the
transect (Figure 6). Thedhest level was found at JP6 (0.3mg/L N-NO3), with most
below 0.2mg/L. Levels were higher withgdle at JP2, suggesting that groundwater flow
might be partly responsible for thégher values at the surface at JP6.

The pH was circumneutral across the,sitith highest valueslosest to the pond
and the lowest value at site JP6 (FigureTMis is not surprising considering the high
values of dissolved CGat JP6 and the interconnectesimef carbon equilibria and pH.

A plot of pH against the measured £0 ground water shows a negative correlation,
which explains 65% of the variability wbserved pH across the fen (Figure 8).

Dissolved organic carbon concentratigp©C) are higher near the surface and
generally decrease with depthidére 9). They also seem to decrease with proximity to
the pond. Dissolved inorganic carbon (DIC) centrations show a similar pattern as the

DOC, with concentration generally decreaswith depth (Figure 10). However, DOC
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begins to greatly increase near the surfad®8t5 and continues to do so toward the end

of the transect at JP10.

Ground water influence on soil respiration

Carbon dioxide accumulation rates frone tontrol incubations with both soil
and water from the same site (either JP7.3R&.5) showed statistically higher rates of
CO, accumulation for incubations from JP8.5 than incubations from JP7.5 (Figure 11).
Regardless of peat origin, rates of Z@cumulation were higher in incubations
conducted with ground water from JP8.5, thath ground water from JP7.5 (Figure 11,
Table 1). Origin of the peat did ngi@ear to have a sigicant effect on CQ
accumulation rate. Analysis of variance indicateat there was a ststically significant

effect of water type on CQaccumulation rate (P=0.01), but ratsoil origin (P=0.97).

Sulfate amendment incubation

Carbon dioxide concentrations in theubation jars of all treatments increased
linearly in the beginmig of the incubation, and contirdi&o increase over the remainder
of the incubation. The rates of g&ccumulation for each jar were found by conducting
a linear regression analysis using the leastregu#é model, to obtaithe rate of change
of CO, over the first approximately 8 hours. Rates o, @&cumulation in the jars
ranged from 0.1 to 0.4 umol G/ dry soil/hour (Figure 12).

Peat from sampling location JP2 was tiest responsive to incubation treatment
(Figure 12a). At all three depths samplee, dlddition of glucose aneased the rate of

CO, accumulation in the headspace. Also, shallow peat incubations showed an increase
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in CO, accumulation rate in glucose and sulfate amendments compared with the glucose-
only treatments. At JP8.5 and JP10, rates of &0Oumulation at both depths did not

differ significantly from the control undeng treatment (Figures 14c, 14d; Table 2).

Peat from sampling locations JP6 and JP7.5 showed increasdhixC@nly with

glucose amendment to surface peat (Figures 12a, 12b; Table 2).

Within each of the five sampling locatis, there was a distinct difference in.CO
accumulation rate between surface and degp gamples (Figures 12a-e). Rates of
accumulation in surface samples were highernmoat all instances than in deeper peat
samples from the same location. Within esitd, there were differences in the response
of peat slurries to the various treatmererall, there was a larger response to
incubation treatment on surface peat samples and in samples from sites that were closer

to JP2 (Table 3).

Discussion:
Interaction between hydrologic gradients and groundwater chemistry

There appears to be a correlation ket hydrologic gradients and groundwater
chemical pool sizes. The hydrologic profilesd patterns of groundwater flow, as well as
water table levels, have stayed relativalyble between 2002 (Bzy, 2004) and 2003.
This stable flow of water appears ftifeat electron acceptor pools and groundwater
chemistry in surface peat at Junius Ponds Fen.

Location JP6 has unusually high centrations of many measured
hydrochemicals, including carbon dioxide, swdfatitrate, and DI€ompared to other

locations in the fen. It seems likely thaitstis a result of groundwater flow and the
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interface between peat and midesail. At JP5 there is an abrupt decrease in peat depth,
forming an interface between peat and mahsoil that slopes toward the surface
between JP5 and JP6. Because the underlyingralisoil has a greater bulk density than
the peat (Bailey 2004), ground water likely via# deflected upward toward the surface
where it encounters this intade. The hydraulic head contours and position of the water
table indicate that there alsoa significant flow of groungvater in the peat near the
surface of the fen, intersectitime water table around JP6. Fréme sulfate data, we see
that the deeper ground wateeisriched compared to surface water, so deep ground water
upwelling at JP6 would contributerther to the sulfate supply from lateral flow at this
location. This would cause a concentration of ground water at JP6, and an accompanying
concentration of ions carried ground water. Location 2Ralso has higher sulfate pool
concentrations than other Idgmas along the transect. Indlcase, its position near the
interface with the upland would cause ietperience a larger influx of sulfate in
laterally flowing ground water from the adjacent upland.

Nitrate concentrations shotlve same spatial patteras sulfate, although the
concentrations are below 0.5 mg/L, and aot likely large enough to provide a
significant source of alternate electron ad¢oepunless they are being consumed too
quickly to maintain a larger pool size. Higbmpetition for nitrate as a plant nutrient
makes it likely that rapid uptake as an electacceptor would be limited. Similar results
have been found in many other studieteof hydrochemistry, showing that groundwater
flow is a major factor in supply and cyaj of nitrate, phosphatind sulfate within a
wetland (e.g., Hill et al., 2000; Carlyle andlH2001; Devito and Hill, 1997). The

similarities between the spatial patternsitfate and sulfate, in conjunction with the
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hydrologic contours, provides evidence thatugrdwater flow patterns are a major factor

controlling electron accept@ool sizes within the fen.

Implications for dissolved carbon dioxide

Understanding the processes that influence dissolvectc@@entrations is
important to understandingetecological function of a fen. From a geochemical
perspective, dissolved G@hfluences speciation @farbonate minerals and the
availability of nitrogen and phpiorus to wetland plants. Thgparticularly important
in the rich fens of New York because specde®rsity has been shown to relate to the
availability of nitrogen and phosphorus (Bed and Bailey, unpublished data). Another
potential impact of high dissolved G@vels is that high levels can decrease local pH
values, which in turn could contribute to ttiesolution of calcite minerals. An increase
in the partial pressure of G@as been shown to inhibit cak precipitation, causing an
increase in phosphorus mobilization (Kermi994, Boyer and Wheeler 1989). Thus, by
better understanding the controls on (p@duction, and spatial patterns of £O
concentrations in ground water within a ferg can gain insight into the controls on
phosphorus availabilitin rich fens.

Preliminary groundwater sulfate data sugdkeat sulfate mighibe responsible for
the high CQ concentrations observed at JP6. Cotred¢ions in the surface peat at sites
other than JP6 within theept layer are low enough to linnates of sulfate reduction.
Generally, rates of sulfate reduction are thaugtbe limited at concentrations below
200uM (19.2mg/L) (Joseph Yavitt, Cornell University, personal communication), which

suggests that the high sudatoncentration at JP6 (70.8fh) has the potential to
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overcome sulfate limitation and stimulate atdfreduction. Previous studies have shown
that sulfate reduction rates can be posiyiaarrelated with sulfate pool size under
certain site conditions (such lagh labile carbon), which sugsts that sulfate reduction

could be limited by sulfateoncentration (Wieder et al., 1990; Lamers et al. 1998).

Hydrochemical effect on soil respiration

The reciprocal ground water incubatiortadauggest that groundwater chemistry
can be important in stimulating rates of g&@oduction in peat from JPF. If ground
water were not an important factor in €@oduction, we would expect either no
difference in CQ@ production rate, or higher rates for egpeat when incubated in its own
ground water (in control treatments). Wwkwver, ground water from JP8.5 stimulated
higher CQ production rates in peat from botkes, which suggests that groundwater
chemistry is affecting C&production in the field.

However, the analyses of groundwatkemistry conducted after the incubation
indicated that the only sidiicant difference in measured chemical species between the
sites is in dissolved inorganic carbon @), which varied from 17.8 mg/L at JP7.5 to
39.1 mg/L at JP8.5, and paralleled the,@&dient between theswo sites (Figures 3,
10). Repeating this experiment with saespfrom more locations with distinctly
different groundwater chemistries along greundwater flow path, including JP6, would
provide more insight into thielationship. Also, to accoufdr variations in dissolved
CQO; in the ground water during the incubationbbling with an inert gas would remove
any differences in degassing from the watdumn during the expenent, giving a more

accurate measurement of £€@yoduction.
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Sulfate effect on soil respiration

Data from the sulfate amendmentubation do not support the hypothesis that
sulfate supply is gponsible for high C@concentrations in ground water at JPF. If
sulfate supply was responsible for higher field,@@ncentrations, we would expect
fertilization of peat cores with sulfain the laboratory to result in higher €@roduction.
This result was not obtained frdaboratory incubations. Onlfyeat from the surface at
JP2 showed a response to sulfate and glucosadments. This may be because this site
is closest to the upland in a more heavilgetated area, and receives higher input of
fresh organic matter to support higher miceblpopulations. Thisuggests that at JP2,
sulfate may play a significant role in @@roduction, however, the lack of surface O
and sulfate concentration data from this location makes it difficult to substantiate this
result in the field. Based ondldata obtained in this expeent, it does not appear that

sulfate supply is responséfor the large dissolved G@ool found at JP6.

Patterns of sulfate reduction along the groundwater flow path

Data from the sulfate amendmentubation do not support the hypothesis that
sulfate reduction will be restted to areas with high gandwater sulfate supply. If
sulfate reduction is only ocoung in areas of the fenith high sulfate ground water
input, we would expect to see the greatespoase to sulfate additions in incubations
with peat from areas with high field suatoncentrations. We would expect higher
populations of sulfate reducerstie present in the peat sde® thus supporting a larger
base population to respond to sulfate amendinethe laboratory. Thus, we also would

expect peat taken from JP6 to respond maomngty to sulfate additions than peat from
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locations with low field sulfate concenti@ns. The incubation data, however, do not
show this expected patternralsponse. Although rates of €@roduction in control
incubations were highest iregt samples from JP6 and J&f locations with highest
sulfate delivery), incubations from JP6 fdil® show any stimulation with addition of
sulfate and glucose as would be expectéubifi populations of sulfate reducing bacteria
were present. One reason may be that paetiekidation of sulfur is required for sulfate
reduction, since some bacteria use other fornssikfdir to fuel reduton, including thiols
and elemental sulfur. This would explaie tlack of response that | predicted assuming

sulfate was the principal form of sulfur utilized.

Implications for the role of sulfate

Sulfate supply does not appear taésponsible for the very high dissolved £O
found at JP6, despite the vdmgh sulfate concerdtion found at this site. Based on the
magnitude of the dissolved carbon dioxidand there, and the assumption that two
moles of carbon are mineralized for each nudlsulfate reduced (Conrad, 1989), we can
calculate roughly how muctulfate would be required produce a pool of this
magnitude. To produce 97 mg &éntirely by sulfate reduion, 106 mg of sulfate
would be necessary, which is larger thandhkate pool at thisite. Sulfate could be
entering in groundwater flux and cycling aeliy within the peat to maintain a high
enough viable supply to produttés much carbon dioxide, ia@ver reduction of this
much sulfate would produce 70.5 mg of sudfidHydrogen sulfideeleased in this
amount would be highly toxignless oxidized rapidly, and vaéd not smell sulfide above

the peat surface. We did detect sulfide in the ground water from some piezometers,
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suggesting that some sulfate reduction istgldlace. Nonetheless, the incubation data
show that it is not likely the dominantrfa of anaerobic decomptisn. Experimentally
determining the actual rate$ sulfate reduction along ttsgte could povide insight

toward the quantitative role of sulfate reduction in total anaerobic metabolism, and
examination of iron dynamics (and possibP precipitates) and alkalinity (and
possible marl formation) could provide insigbtvard the potential fate of sulfide in the

system.

Implications for labile carbon availability

An interesting outcome of the glucose anh@ent incubations is that not all peat
samples responded to glucose addition. Galypples from JP2 and the surface of JP6
and JP7.5 showed increased @duction with glucose addition. One explanation for
the lack of response to glucose amendments by the microbial community in some cases is
that microbial populations in the field may wery low. When the lability of carbon in
the field is considered, this appears to lvéahle explanation. Faexample, rates of GO
production in the laboratory were higher sarrface peat samples than for deep peat
samples from the same sampling location. We would expect this, because higher labile
carbon is usually present in sugoeat that is not as decomposed as deeper peat. This
higher availability of labile carbon walisupport higher microbial populations which,
when brought into the laboratory, would shoWigher respiration ratper weight of dry
soil and would show more response to indigvaconditions. However, the failure of
surface peat from sites JP8.5 and JP10 fmorebto glucose amendments suggests that

factors other than labile carbsapply in the field might bavolved. It is unlikely that
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these surface locations had microbial poporet that were too low to respond to
laboratory incubation. One poBsity is that during there-incubation the microbial
community exhausted the supply of avaiéablectron acceptors, so that upon glucose
addition the community did not have thneans to carry out anaerobic carbon dioxide
production. Repeating the expaant with nitrate addition would allow a more in-depth
look into the impact of electron accepéwailability compared to carbon quality.

Peat samples taken from along the teahst JPF had bulk densities that ranged
from 0.24 g/cr (at JP5) to 0.77 g/chfat JP1) (Bailey 2004), which is much higher than
typical values for wetlandgat (Mitsch and Gosselink, 1993). These substantiate the
field observation that the peat at JPF appeans decomposed. According to the ranges
in bulk density reported for peat of vangidecomposition stagey Verry and Boelter
(1978), the observed bulk densttief peat samples collectatiJPF fall in the range for
sapric peat, which is charaat®sd as having at st two-thirds of the organic material
decomposed (Mitsch and Gosselink, 1993). In factch of the peat at JPF is well above
the minimum bulk density for sapric peat, indiog that it is much more than two-thirds
decomposed, and likely has very ltabile organic carbon content.

DIC values at JPF (12-Aig/L) were generally in the same range found in bogs
by Yavitt (1994) (6-30mg/L) despite the differexsan site pH. Concentrations of DOC
found at JPF were lower than irhet peatlands. Yavitt (1994) found DOC
concentrations in bogs of West Virgiraad Maryland to be between 4000 and 12000uM
(48-144 mg/L), which was higher than refaal values in similar ecosystems (24-
59mg/L). The DOC numbers found in JREre between 1 and 13 mg/L, much lower

than the low range of these values. Thithier suggests that carbamailability may be

Page 23



limiting in this fen, or that aerobic decomyiam at the very surface of the peat is
causing conversion directly to GQvith no accompanying DOC production.

Other studies have showratlrates of sulfate reduction in wetlands can be limited
by the supply of labile organic matter. Lamset al. (1998) showed that in a mesocosm,
sulfate availability was initially limiting theate of sulfate reductig over time the supply
of labile organic matter became limiting asstgpply was depletedVile et al. (2003)
found in a freshwater bog fertilized maimic increased sulfate from atmospheric
deposition that initial sulfateeduction rates were limited bylfate availability, but over
time labile carbon availabiyi became limiting. A similar result has been found in
coastal marine sediments where sulfaie sbundant supply. Berner and Westrich
(1985) found that factors associated witgaoric matter availability are the primary

factors limiting rates of sulfate reduction in a coastal wetland.

Implications for ecosystem function

Peat from JPF has a higher bulk density than most surface peat samples from
other rich fens across ceritew York (Bedford and Bailey, unpublished data). The fen
also is the only of these fens to be situated calcium-sulfate teane rather than the
more typical calcium-carbonate geology df tiegion. This suggés a tentative link
between catchment geology and decomposition in fens. Since the vast majority of the
peat surface at JPF, and manfiyhe other fens in central New York, is below the water
table (Bedford and Bailey, unpublished datajaerobic decomposition is the primary
pathway of carbon mineralization. Thuscdmposition typically takes place slowly,

allowing for the accumulation of carbon-rich peat JPF, high sulfate delivery rate as a

Page 24



result of groundwater flow could be imasing anaerobic decomposition of new organic
matter in comparison with other fens, explamthe highly decomposed peat at JPF.
Since much of the labile ganic carbon has been utilzgurther sulfate amendment
likely would not significantly stimulate anaerahiespiration rates in the field, potentially
explaining how high sulfate posizes at the site. Also, poptibns of microbes may be
able to sustain moderate rates of sulfatiiction in the field fed by a continuously
replenishing supply of labilearbon, even though theyddit respond to short-term
laboratory incubations. Thigould support the field obseation that tlere is hydrogen

sulfide present in ground water.

Alternative explanations for trends in carbon dioxide

Another interesting pattern emerges whensidering iron concentrations in the
ground water across the site. At tite svith the highest sulfate and @@alues,
concentrations of dissolvedin also are much higher thas@lvhere in the site (Hayn,
unpublished data). There also is lower totahin the peat at thiscation than in the
immediately surrounding area. This suggeke possibility thadissolved iron is
accumulating in this area as a resulthef groundwater flow paths and could be
participating in redox chemistry. Iron is a ra@nergetically favordé alternate electron
acceptor than sulfate (Mitsch and Gosselink,3)@hd can be re-oxidized and recycled
within the loop in situations with very low dissolved oxygen conditions (William
Ghiorse, Cornell University, personal commication), such as those found around plant
roots. Iron reduction may be the reason why sulfide can be smelled in ground water

samples, but not above the peat surface, satheced iron may precipitate with sulfide.
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Further study into iron cycling and traamst at JPF would elucidate its effect on

anaerobic metabolism within the fen.

Conclusion:

Groundwater chemistry is influencihgth surface groundwater chemistry and
dissolved CQlevels across Junius Pond Fen, ansl plattern persists over time.
However, it does not appetirat the pattern in C{xoncentrations is a result of sulfate
delivery stimulating anaerobic dissimilat@sylfate reduction, degp the substantial
delivery of sulfate derived from the logfpsum catchment geology. This experiment
suggests that carbon lability may be more ingoarin regulating field levels of soil
respiration, although further study would be neagsgadetermine if this is occurring at

JPF.
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Figure Legends:
Figure 1. Junius Ponds Fen location @& gftound water transect, shown in gray.

Figure 2. Vertical cross-sten along the transect, showg piezometer slot zone
(diamonds) and equipotential lines of hydi@ahead contoursver 2002 (Bailey 2004)
and 2003. Arrows show general directiorgodundwater flow, which is perpendicular to
equipotential lines.

Figure 3. Dissolved CO2 concentrations (InGO2) in ground water along the transect
in late July 2002. Lines are contours glial carbon dioxide concentration. The highest
concentration is at the surface at JP6.

Figure 4. Figure 4. Dissolved CO2 concentragigmg/L CO2) in ground water along a
section of the transect in late Jun®20Lines are contours of equal carbon dioxide
concentration. The highest concetiton is at the surface at JP6.

Figure 5. Sulfate concentrati (mg/L SO4) in ground watatong the transect in mid-
August 2003. Lines are contowsequal sulfate conceuatiion. The highest sulfate
concentration is at the surface at JP6.

Figure 6. Nitrate concentration (mg/L N-NG8)ground water along the transect in mid-
August 2003. Lines are contoursezfual nitrate concentration.

Figure 7. pH values along the transeamia-August 2003. Lines are contours of equal
pH.

Figure 8. pH values of soil water at variait®s across Junius Pond Fen plotted as a
function of the amount of dissolved @@ the ground water at each site.

Figure 9. Dissolved organic carbon (DOC) centration (mg/L C) in ground water in
August 2003. Lines are contours of equal D€@centration. There is very little
variation in surface DO@alues across the site.

Figure 10. Dissolved inorganic carbon (DIChcentration (mg/L C) in ground water in
mid-August 2003. Lines are contowfsequal DIC concentration.

Figure 11. Results from recigwal ground water incubatiorBars represent the average
CO2 accumulation rate for each treatmdntubations with water from JP8.5 show
higher CO2 accumulation rates than incubatiweits water from JP7.5Error bars show
twice the standard error for each set of meaments. S=location from which soil core
was taken. W=location from which ground wates taken. Stars and bullets identify
statistically significant differences baken analysis of variance (Table 1).
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Figure 12a-e. Carbon dioxide accumulation rates in sulfate and glucose amendment
incubations. Figures a-e represent daimn sites JP2, JP6, JP7.5, JP8.5, and JP10,
respectively. Higher rates weeobserved in surface peatubations, and the most
consistent response was o¢ thurface peat to glucose-paimendments. At JP2 peat
from the mid depth corresponds with the degptlidérom the other sites. For the "both”
treatment, the three replicates have beemaged, and their SE jadted accordingly.
Error bars represent two standard err@tatistically significant differences are
summarized in Table 3 based on analysis of variance (Table 2).
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Table 1. Summary of analysis of variance, examining @0@duction as a function of
treatment. Pr(F) values lower than Oil8icate significance to 95% confidence.

a. Reciprocal ground water experiment; qi@oduction as a function of soil and water

type used in the incubation

Df Sumof Sq Mean Sq

soll 1 0.000327 0.000327
water 1 2.401000 2.401000
soil:water 1 0.048167 0.048167
Residuals 6 1.254867 0.209144
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0.00156 0.9697571
11.48010 0.0147077
0.23030 0.6482923



Table 2. Tukey multivariate analysis test results for comparison of

significance of treatment effects on £€&xcumulation rates for peat samples
from each of 11 sampling locations (JP2 through JP10, s=surface, m=mid, and
d=deep). Treatment comparisons tthanot include zerare significantly

different. The numbers (e.g. 1-2, B®.) indicate comparisons between
treatments, where treatments &+é assigned as control, +80+sugar, and
+sugar and S§J, respectively.

1-2 — & ———— )

1-3 — & —— )
H 14 - o -
Site o DG,
JP2-d 24 e ——

34 -t —————— )

T T T T T T
025 020 05 010 0.5

. -0.15 -0.10 -0.05 0.00 0. .
simultaneous 95 % confidence limits, Tukey method

1-2 ———@———9

1-3 ——— *——————— )

1-4 ——— @———
Site 23 - - 1

24 ————
JP2-m 34 R .

T T T T T T T T T
-0.6 04 05

1-2 ———— — )
1-3 - -
Site 4 L e )
2-3 - - — —— ——)
JP2-s 2-4 ——————— —— )
34 - ————— —9
T T T T T T T T T T T T T

-0.60 -0.50, -0.40 -0.30 -0.20  -0.1Q 0.00 0.10
simultaneous 95 % confidence limits, Tukey method

12 ——— - b
13 - —— )
. 14 — @)
Site 23 ————————— - )
24 -7 *— )
JP6-d T P
T T T T T T T
-0.5 0 -0. -0. -0.1 00 0. .2 .3 0.4
simultaneous 95 % confidence limits, Tukey method
1-2 —————— o
i 1-3 ——— — b
Site 14 ———>
2-3 - ———————A =9
JP6-s 24 —————— - 5
34 ———— — - ——— -
T T T T T T
-0.5 0.3

-0.4 0.3 -0.2 0.1 0.0 0.1 0.2
simultaneous 95 % confidence limits, Tukey method
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Site
JP7.5-d

Site
JP7.5-s

Site
JP8.5-d

Site
JP8.5-s

Site
JP10-d

Site
JP10-s

Table 2. Continued.

1-2 -t ——————— )
1-3 —— *————— —)
1-4 - *Q—r———— k)
2-3 ————— —— Bl
2-4 —— o—————— 9
34 ——r—*—————— )
T T T T T T T
05 -04 -0. 0.2  -0.1 0 0 . 0.3 0.4
simultaneous 95 % confidence limits, Tukey method
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34 ——— T
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simultaneous 95 % confidence limits. Tukev method
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simultaneous 95 % confidence limits, Tukey method
1-2 - - — )
1-3 - *4— )
14 — - -
2-3 - —t—————— 9
2-4 - ——F B
34 & T ————)
T T T T T T T T T T
-0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30
simultaneous 95 % confidence limits, Tukey method
12 - - )
1-3 - —— )
14 - o — )
2-3 — *—F—————) )
24 - *r— )
34 - o -
T T T T T T T T T T T T
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Table 3. Summary of treatments tipapduced significant increases in
CO2 accumulation rate in incubatinggdrom five sites in Junius Pond
Fen. Boxes indicate an increase in accumulation rate compared to the
control jars from the same peat soufie single treatments) or compared
to the glucose only for the multiple treatment (both SO4 and glucose
addition). Significance was determinasing analysis of variance/Tukey
multicomparison tests found in Table 2. It was hypothesized that peat
from JP6 would be influenced by both SO4&glucose based on the
hydrologic flow regime.

SO4 onl lucose onl both SO4&glucose
JP2-s n n
JP2-m n
JP2-d n
JP6-s n
JP6-d
JP7.5-s n
JP7.5-d
JP8.5-s
JP8.5-d
JP10-s
JP10-d
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