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Abstract. Spatial dynamics of solute chemistry and natu- ysis indicated that N© was microbial with primary source

ral abundance isotopes of nitraf@N and180) were exam-  in upper watershed soil, from where it was flushed to stream
ined in seven locations and at the watershed outlet in 200Linder high discharge-conditions, or drained to groundwater
and 2002 in a forest watershed in the Adirondack Moun-which became its secondary source when discharge was low.
tains of New York State, USA. Temporal dynamics were Watershed outlet did not exhibit specific solute levels found
examined during five discharge periods: winter, snowmelt,at source-areas, but represented solute dynamics in the rest
spring, summer, and fall, based on discharge levels at thef the watershed well.

watershed outlet. Solute concentrations were variable across
space and time with significanp £0.05) interaction effects.
Year*period was significant for pH, I\LH NOj, total N, 1 Introduction

DOC, and total Al suggesting that inter-annual variability in

discharge levels was more important for these solutes thasolute concentrations in streams draining forested water-
intra-annual variability. Period*sampling point was signifi- sheds are important indicators of ecosystem health. A no-
cant for pH, Mg ", C&*, sum of base cations, Si, and total table example of that is the export of nitrate (NOfrom

Al suggesting that the differences in concentration of theseforests impacted by elevated atmospheric deposition of ni-
solutes among sampling points were moderated by discharggogen (N) (Stoddard, 1994; Aber et al., 1989, 1998, 2002).
levels. In general, groundwater sources located in upper waNitrate and sulfate exports are associated with the losses of
tershed controlled stream chemistry at higher elevations withC&2+ and Mg with possible increases in soil acidity and
highest pH, C&+, sum of base cations, Si, and $Concen-  potential decreases in forest productivity. Pristine forests ex-
trations, with higher values in summer, and dilution effects hibit more dissolved organic N (DON) than polluted forests
during snowmelt. Two low elevation wetlands had a substan{Perakis and Hedin, 2001), while more extreme hydrologic
tial influence over stream chemistry at those locations contegimes that are predicted for a changing climate may im-
tributing lowest N@Q and highest DOC. Snowmelt exhibited pact transfer of dissolved organic C (DOC) between systems
among the lowest pH, sum of base cations, amﬁS(and (Eimers et al., 2008; Harrison et al., 2008).

highest NG, total N, and total Al; snowmelt appeared to di- Spatial dynamics of stream chemistries seem to be mostly
lute groundwater, and flush stored soil-derived solutes. Sumdetermined by topographic positions of sources (Creed et al.,
mer discharge, composed mainly of groundwater, exhibitedl996; Boyer et al., 1997; Welsch et al., 2001; Inamdar et al.,
the lowest flow, among the highest Kty C&*, and low-  2004). Surface water at the base of a watershed integrates
est DON, DOC, and total Al concentrations. Isotopic anal- the chemical response of the entire watershed; whether or
not the base of the watershed provides sufficient resolution
of the spatial variation of surface water chemistry within the

Correspondence tdK. B. Piatek watershed has not been confirmed (Ogawa et al., 2006; Ito et
BY (kathryn.piatek@mail.wvu.edu) al., 2007).
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Temporal dynamics of solute concentrations are a complex Our understanding of the sources of DOC during high-
result of differing patterns of solute production and consump-discharge events of summer and fall is that near-surface soil
tion integrated via hydrologic pathways. High solute concen-water, and runoff from wetlands are the primary sources,
trations in surface waters may be present when net generawith isolated saturated areas contributing when soil moisture
tion is high and under soil moisture conditions conducive toconditions facilitate their connectivity with stream (Inamdar
transport of solutes from the source of generation to streamst al., 2004; Mitchell et al., 2006). Wetlands were a source
(Creed and Band, 1998; Buffam et al., 2001; Welsch et al.of sof; during consecutive fall storms which followed an
2001; Inamdar et al., 2004; Piatek et al., 2005; Mitchell et al.,unusually dry summer; the processes responsible were de-
2006). Low solute concentrations may be due to low rates ocomposition and S mineralization of wetland organic matter
production when microbial activity or weathering rates arein unusually dry conditions, followed by runoff (Mitchell et
low, relatively high rates of consumption, or lack of hydro- al., 2006).
logical connection between source and stream. Finally, high-flow events result in increases in acidity in

Changes in hydrology and resultant changes in surface wastream water, with potential consequences for aquatic habi-
ter chemistry provide insights on solute sources. For examtat. This is especially acute during snowmelt, but was also
ple storm events often exhibit a shift in hydrologic flowpaths observed during consecutive fall storms that followed an un-
from ground water to soil horizons, and result in dilution of usually severe dry spell (Mitchell et al., 2006).
base cation and silica concentrations at peak flow (Harriman We now explore how these earlier observations focusing
et al., 1990; Hill, 1993). On the other hand, solutes gen-on the watershed outlet at high discharge periods extrapolate
erated in mineral soil peak with increasing discharge (Hill, across the watershed and across different discharge volumes.
1993). The largest ND fluxes from forested watersheds in This will shed light on the generality of the mechanisms de-
the US occur with large runoff events, especially during earlyscribed for high discharge events, and facilitate future model-
spring snowmelt when vegetation and microbial uptake ofing efforts to determine possible effects on solute generation
inorganic N is low (Mitchell et al., 1996; Baron and Camp- during extreme weather predicted under climate change sce-
bell, 1997; Brooks and Williams, 1999; Park et al., 2003; narios. Our primary objective was to identify the spatial and
Inamdar et al., 2004; Piatek et al., 2005). The presence ofemporal dynamics of solute chemistry in a stream draining
wetlands and changes in vegetative cover from coniferous, forested watershed to better understand factors responsible
to deciduous may be related to the generation and loss rate®r solute expression at the watershed outlet. We hypothe-
of organically-bound elements, such as DOC, DON, and Alsjzed that an extensive wetland present in the lower part of
(Campbell et al., 2002; Mitchell et al., 2003; Ito et al., 2005). the watershed will have an important effect on stream chem-

The Archer Creek watershed in the central Adiron- jstry. Our analysis included two years, one of which had
dack Mountains of New York State, USA, has been aa very high discharge at snowmelt, and one with a summer
site of extensive hydrobiogeochemical studies since theirought followed by several late summer/early fall storms;
early 1990s. The area receives atmospheric N and S ahese hydrologically-distinct periods allowed us to test their
rates of 10.1kgNhatyr~ and 6.3kgShatyr=! (Park  particular effects on stream water chemistry.
et al., 2003), and generates stream J;N@xports of
4.2kgNhalyr-1 (Mitchell et al., 2001). Previous studies
in this watershed increased our understanding of the regula2 Methods
tion of solute fluxes during high-discharge hydrologic events.

Snowmelt and storm activity, for example, flush N@o 2.1 Site description

stream from sites of nitrification in upland soils (Ohrui et

al., 1999; McHale et al., 2002; Inamdar et al., 2004; PiatekThe study was conducted in the 135-ha Archer Creek catch-
et al., 2005; Mitchell et al., 2006; Christopher et al., 2008). ment of the Arbutus Lake Watershed near the town of New-
During these events, groundwater table rises to the upper soffomb (4358 N, 7414 W) in the Adirondack Park of New
horizons and establishes connectivity with the stream chanYork State, USA (Fig. 1). Elevation of the watershed ex-
nel (Inamdar et al., 2004; Christopher et al., 2006). Posttends from 550 to about 700 ma.s.l. The areaincludes ridges,
event draining of NQ@ to groundwater, facilitated by steep rocky hillsides, and wetlands. The Arbutus Lake watershed
S|opeS, probably serves to recharge groundwateg ml@_ is within the Anorthosite Massif, a |al’ge igneous intrusion
amdar et al., 2004). In this system, groundwater appears t§0mposed of up to 90% calcium-rich feldspar. Upland soils
become the primary source of Qo stream during periods ~are coarse loamy, isotic, frigid, oxyaquic Haplorthods of the
of high N demand by biota (summer), low rates of nitrifi- Becket-Mundal association, and are generally less than 1 m
cation, or lack of water movement through the soil profile thick. Wetlands consist of Greenwood mucky peats from 1
(under the snowpack) (McHale et al., 2002; Inamdar et al.to 5m thick (Somers, 1986; McHale, 1999). Boulders and

2004; Piatek et al., 2005; Mitchell et al., 2006). stones dominate the soil profile, originating from glacial till
deposits from the continental glaciation that retreated 10 000

to 15000 years ago. High sand (75%) and low clagf %)
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content of the parent material provide for good drainage. C 748m
Climate is characterized as continental. Mean annual tem- ' &_i
perature is 4.4C and mean annual precipitation is 1010 mm =
(mean from 1951 to 1980; Shepard et al., 1989). /
Vegetation consists of mixed hardwood-conifer stands typ-
ical of the northern hardwood foregtagus grandifoligEhrh.
(American beech) anficer saccharunMarsh. (sugar maple)
dominate the overstory at mid- and higher elevations, while
Tsuga canadensifl..) Carr. (eastern hemlock) arfdicea
rubensSarg. (red spruce) dominate at lower elevatidkises \

balsamegL.) Mill. (balsam fir) andPinus strobud.. (east-
ern white pine) are scattered throughout the watershed. Som

of the wetlands suppo#linus incana spp. rugosgbu Roi) Wetlands [_] '

Clausen (speckled alder), an N-fixing species (Bischoffetal., g, ... \__ 6 5 5 s,

2001; Hurd et al., 2001). \ ———
ARBUTUS LAKE

Archer Creek has several tributaries (Fig. 1). One of them,
chated ?t elevation o.f about 650 m (S14), exhibits L.musua”yFig. 1. Arbutus Lake Watershed in the Adirondack Mountains of
high NQ concentrations throughout the year, and is fed byNew York, USA with locations of sampling points and elevations.
deep groundwater (McHale et al., 2002; Christopher et al.,

2006, 2008). At low elevations, another tributary forms an
extensive conifer wetland (S11) before it resumes channel

ized flow int field. Archer Creek also f S9 are nested mixing points. Due to their substantially dif-
1zed Tlow Into an open grassy field. Archer LTeEK aiso NoWSt oy chemistry, stream points S11, S14, and S15 were sam-
through a small alder wetland about 30 m before it emptie

. Spled for parts of the year in 2002 with autosamplers approxi-
into Arbutus Lake. mately biweekly during baseflow, hourly during summer/fall
storms, and daily during snowmelt. These more frequent data
were also averaged to obtain daily values.

Stream discharge was monitored on Archer Creek during Silica concentration was first measured in January 2002.
2001 and 2002 at an H-flume located 10 m away from theAfter collection, samples for chemical analyses were shipped

lake inlet. The flume was enclosed, and equipped with au" ice to the Biogeochemistry Laboratory at SUNY-ESF in

tomated stage-height recording at 15-min intervals. In win-SYracuse, NY, where they were analyzed as follows:3NO
ter, a heater kept the water inside the flume enclosure abovénd SG~ on a Dionex IC, DOC on a Tekmar-Dohrmann
freezing point. Fifteen-minute data were averaged to obtairPhoenix 8000 TOC analyzer," Nat, c&t, Mg?t, total
daily values. Discharge exhibits substantial variability over Al and dissolved Si on a Perkin-Elmer ICP-AEC Div 3300
a course of a year, and we identified specific discharge perinstrument, NIj]L by continuous flow colorimetry, total dis-
ods. These periods were: winter, snowmelt, spring, summersolved N (TDN) by persulphate oxidation, pH by glass elec-
and fall. Specific dates which correspond to these periods artfode potentiometry, and DON was calculated by subtracting
listed in Table 1. For comparison, the length of correspond-dissolved inorganic N (N§+NO3) from TDN. All DOC
ing discharge periods in both years was adjusted to the samgamples were filtered with 0,6m glass fiber filter prior to
number of days (Table 1). analysis. Potassium and Nare not reported here; however,
Stream water was sampled weekly at the H-flume by authey were included with M™ and C&" in the calculation
tosamplers, and every two hours during storms in fall 20020f the sum of base cations,C The biogeochemistry labo-
by “grab” samples. Stream water elsewhere in the catchratory is a participant in the US Geological Survey perfor-
ment was sampled monthly by grab samples. For that purmance evaluation program to ensure data quality. A system
pose, seven sampling locations, spanning the elevation rang@f calibration QC, detection QC, analytical blanks and repli-
of the Archer Creek catchment, were established (S15, S14;ates is used with every set of samples (Mitchell et al., 2001).
S13, S12, S10, S11, S9) (Fig. 1). The difference in eleva-
tion between the highest- and lowest-lying stream sampling2.3 Sample collection for natural abundance isotopes
locations is about 61 m, stretching over about 6 km. All but
two of the sampling locations are separate tributaries to theStream water was sampled at the H-flume for natural abun-
main stream channel (S15, S14, S13, S12, S11, S10), andance isotopes of ND(**N and*80) bi-weekly during the
their solute concentrations are thought to be spatially indesnowmelt of 2001 and 2002, every four hours during fall
pendent (Legendre and Fortin, 1989; Wagener et al., 1998storms of 2002, and monthly the rest of the time. Stream wa-
Dent and Grimm, 1999). Further, parts of the Archer Creekter in all other locations was tested once a month during the
system are steep and fast-flowing. Watershed outlet (S2) anstudy period, except when snow hindered access. Reported

2.2 Stream discharge and water chemistry

www.hydrol-earth-syst-sci.net/13/423/2009/ Hydrol. Earth Syst. Sci., 1348232009
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Table 1. Discharge periods (based on flow level), discharge diagnostics, and corresponding dates for 2001 and 2002. Data adjusted to reflec
equal number of days in both years (actual number of days given).

2001 2002
Adjusted  Adjusted cumulative Dates included  Adjusted cumulative Dates included
# of discharge in mm (actual # days) discharge in mm (actual # days)

days (actual discharge; (actual discharge;

% of annual total) % of annual total)
1 Jan-3 Apr 1 Jan-28 Mar
Winter 120 142.3 (147; 25%) 1-31 Dec (124) 173.2 (170; 24%) 1-31 Dec (117)
Snowmelt 30 252.1 (269; 46%) 4 Apr-5 May (32) 191.3 (191; 26%) 29 Mar-27 Apr (30)
Spring 60 129.3(121;1%) 6 May—30 Jun (56) 121.3(131; 18%) 28 Apr—30 Jun (65)
Summer 80 16.7 (17; 3%) 1 Jul-19 Sep (81) 3.0 (3; 0.4%) 1 Jul-21 Sep (83)
Fall 70 31.7 (33;6%) 20 Sep—30 Nov (72) 64.8 (65; 31%) 22 Sep-30 Nov (70)
TOTAL 586 561

isotopic values fos80 of NO; of throughfall, bulk pre-  where
cipitation, and snow in this region (Northeastern US) have a[C]=observed solute concentration
seasonal variation of only 2—4%. (Pardo et al., 2004); there-w=overall mean observation
fore, atmospheric ND values from this watershed reported Y;=fixed effect of yeari=1, 2)
earlier by Piatek et al. (2005) were used as comparisons. S;=fixed effect of stream sampling pointg<2—-15)
Samples for natural abundance isotopic analysis of nitratér'S;=fixed effect of interaction of year and location of sam-
were prepared using the microbial denitrifier method (Sig-pling point
man et al., 2001; Casciotti et al., 2002) at the USGS IsotopicP,=fixed effect of discharge period£1-5)
Laboratory in Menlo Park, CA, USA, and analyzed on a Mi- YP;;=fixed effect of interaction of year and discharge period
cromass IsoPrime stable isotope mass spectrometer. The r&P;;=fixed effect of interaction of sampling point and dis-

ported values are defined as: charge period
YSR;=fixed effect of a three-way interaction of year, loca-
8P N=("*N/"Nsampi9 / (**N/**Nstandard-1) * 1000 %] tion, and period, and

e;jk=random error term.
8180=(*80/*%0gampia / (*20/*®Ostandard-1) * 1000 %o]

2.5 Relationships among solutes across space and time
Procedural quality was controlled. First, most of the samples
collected at the H-flume were collected, processed, and anaAle performed linear regression analyses of solute concentra-
lyzed in duplicate, except in very few cases where nitrate levtions at their individual locations and at different discharge
els were too low. Duplicate isotopic determinations on eachperiods against key source indicators of groundwater (Si),
sample were averaged. Second, USGS Isotopic Laboratorghineral soil (Total Al), and forest floor or wetland (DOC)
uses internationally accepted standardeﬁé@—NOg , With to better understand sources of the solutes. Further, rela-
815N of 15.96%. relative to air nitrogen, and wit#80 of tionships of specific solute with NDconcentrations were
19.6%o relative to SMOW. Analytical precision for our sam- also explored. Nitrate could be thought of as an indicator

ples wast+0.6%o for $1°N and-+0.7%. for§180. of N saturation in the system; with a decreasing capacity of
ecosystem to retain atmospheric N inputs, watersheds leak
2.4 Statistical analysis more NG; (Stoddard, 1994).

We tested differences in the concentration of solutes amon@.6 Relationships of solutes to discharge

years (2001, 2002), stream sampling locations (S2 to S15),

and discharge periods (winter, snowmelt, spring, summerWe performed linear regression analyses of solute concen-
and fall) with analysis of variance in SAS (SAS Institute®). trations at each location against daily, current-period cu-
We used the “weight” statement to adjust for unequal samplemulative, and previous-period cumulative discharge to bet-

number across locations. Our model was: ter understand how these relationships change across space.
Daily discharge was discharge on a given day in mm per
[Clije=n+Yi+S;+(Y $)ij+ P+ (¥ P)ix+(SP) jk day, current-period cumulative discharge was total discharge
+(YSP)iji+eijk, added for adjusted number of days per period in mm per

Hydrol. Earth Syst. Sci., 13, 42339, 2009 www.hydrol-earth-syst-sci.net/13/423/2009/
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Table 2. Anova table for all solute concentrations (Type Ill SS). All values are weighted on the frequency of observations. DON and
8180-NO§ were not significant for any effect in the model. Blank cells indicate non-significant effegtsa05. n.a.=data not available to
evaluate effect.

pH NHy Mg Ca &G Si  SG~ NO; TotalN DOC TotalAl §5N-NOZ

Year n.a.

Sampling point (S) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Period 0.006 0.001 0.000 0.000 0.000 0.000 0.003 0.040
Year*S n.a.

Year*Period 0.004 0.000 n.a. 0.000 0.000 0.000 0.040

Period*S 0.004 0.000 0.000 0.000 0.000 0.032

1¢y, is the sum of basic cations: K Nat, Mg+, and C&+.

period, and previous-period cumulative discharge was cumu- 250 4 Sulfate - 1000
lative discharge for the period immediately precedingthe one ,, | 5~ j5e* 800
tested, in mm per period. o / \
Q 150 \ 600
= Q
~ =]
%5 100 - / \ T 400 ©
50 B—— = 200
3.1 Stream discharge 04 : : : , , ,

-

2 9 10 11 12 13 14 15
The adjusted length of discharge periods ranged from 30 Sampling point
days for snowmelt to 120 days for winter (Table 1). Adjusted
cumulative discharge ranged from 3 mm in summer of 2002Fig. 2. Average concentrationg«mol L~1) of NO3, Soﬁ* and
to 252 mm during snowmelt of 2001 (Table 1). DOC (+ standard error) at individual sampling locations within the
Archer Creek watershed.
3.2 Spatial dynamics in solute concentrations and isotopic
composition
centrations, and for pH (Table 2). These interactions indi-

There were no statistically significant differences in concen-cate that period had a moderating effect on stream sampling
trations between sampling year 2001 and 20p2@.05).  location. Ammonium did not exhibit a significant pair-wise
There were no statistical differences for DOI\B&')*?O_Nog comparison, despite an overall significance of the interaction.
(Table 2). The average concentration of DON for the periodThe largest across-period variation in f#gwas observed at
of study was 8.@umol L~ (SE£3.0). The average value of S15 (Fig. 3); snowmelt and spring exhibited among the low-
8180—NO§ for the period of study was 2.7%. (SR.9). est levels of Mg, and summer and fall among the high-

The main effect of stream sampling location was signif- est. Calcium had a similar concentration pattern to*Mg
icant for Sd*, NO;, total N, and DOC (Table 2, Fig. 2); At S2to S11, snowmelt had among the lowest and summer
interactions, significant for other solutes, are discussed beamong the highest Ga concentrations. Highest &alev-
low. At an average of 21@mol L1, sofl— concentrations  €ls were observed at S14 regardless of period, and in summer
were significantly higher at S14 and S15 than at S2, S10, an@nd fall at S15; winter, spring, and snowmelt’Cdevels at
S11, at an average for these three locations of,dr861 L 1. S15 were comparable to those elsewhere in the watershed
Other locations were comparable to each other (Fig. 2). Ni{(Fig. 3). Sum of base cations followed dynamics observed
trate concentrations were highest at S14 at ZomslL~1,  for Mgt and C&* (Fig. 3).
and lowest at S11 at J4mol L=1 (Fig. 2). Total N followed Some of the highest pHs were consistently detected at S14
the trend for N@ with highest concentrations at S14. Dis- and S15, and among the lowest at S11 during snowmelt and
solved OC had substantial variability at S12 and S13, probspring. However, S14 in summer had somewhat lower pH
ably due to a low sample size. At 87Z#nolL~%, S11 gen- than it did at snowmelt, and that was opposite of all other
erated 29Qumol L~! more DOC than the next highest at S2, locations (Fig. 4). Due to insufficient data, interactions for
and both S11 and S2 discharged significantly more DOC tharsi could not be evaluated to the same degree as for the rest
any other sampling location (Fig. 2). of the elements (Fig. 4). Total Al exhibited a large variabil-

The interaction effect of sampling location and period wasity among sampling locations and periods. In general, S2,
significant for NI—[{, Mg?t, C&*, Cp, Si, and total Al con-  S11, and S13 exhibited the highest Al concentrations during

www.hydrol-earth-syst-sci.net/13/423/2009/ Hydrol. Earth Syst. Sci., 1348232009
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Fig. 3. Average concentrationgnol L-1) of Mg2+, C&+, and  Fig. 4. Average pH and concentrationsrfol L~1) of Sit, and total
sum of base cationsydCp, includes K-, Nat, Mg2*, C&) for Al for individual sampling locations during five discharge periods
individual sampling locations during discharge periods within the Within the Archer Creek watershed. Standard errors (+) shown for

Archer Creek watershed. Standard errors (+) shown for snowmelnowmelt and summer onlySi concentration not available for sev-
and summer only. eral interactions.

snowmelt and spring, and S11 additionally during fall. Sum-¢entration with Si was slower at S14 than elsewhere (Fig. 5),
mer and fall also exhibited among the lowest Al at S9 and@"d the decrease in NOwith increasing Si was over much
S12 at nearly 0. Both S14 and S15 exhibited consistently@rger concentrations of both NCand Si than elsewhere.
low Al throughout the year (Fig. 4). Concentrations of Mg, C&*, Cp, and SG~, and pH
were negatively related to total Al (Table 3, Fig. 6). Ammo-
3.3 Relationships among solutes across sampling locationsium was highly positively related to total Al at S2, weakly
positively related at S11, negatively related at S14 and S15,
Increases in Si concentration coincided with increases in th%_nd not related elsewhere (Table 3). Nitrate was positively
concentration of M§", C&*, Cp, and SG~. Decreases related to total Al in most of the mid to upper locations, such
were observed for ND, DOC, DON, and total Al (Table 3, as S10, S13, S14, and S15, but not related elsewhere (Ta-
Fig. 5). Silica concentrations ranged from 50—2500l L1 ble 3, Fig. 6). Dissolved OC was positively related to total
in most sampling locations but at S14, where it ranged fromAl, with some of the highest? values (Table 3).
about 200 to 75@mol L1, changing these relationships to  Magnesium, C&", Cp, and Scﬁ‘ exhibited no relation-
some degree at S14. For example, the increase,ino@- ship with DOC at S2, S11, and S15, and were negatively

Hydrol. Earth Syst. Sci., 13, 42339, 2009 www.hydrol-earth-syst-sci.net/13/423/2009/
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Table 3. Significant (1150.05)r2 values for regression analyses of individual solute concentrations with Si (groundwater indicator), total Al
(mineral soil indicator), DOC (forest floor indicator), and §l@t each sampling location at the Archer Creek watershed (Adirondack Moun-

tains, New York, USA). ++ sign indicates the direction of the relationship. Blank cells indicate non-signifr’r@aralues. i.d.=insufficient
data to evaluate.

pH NH; Mg Ca G so Si  NO; DON TotalN DOC Total Al
—Si—

2 +0.14 +0.22 +0.26 +0.24  +0.20 1-0.11 —0.12 -0.24

9 i.d. i.d. i.d. i.d. i.d. i.d. 1 id i.d. i.d. i.d. i.d.

10 +0.46 +0.86 +0.86 +0.88 +0.96 1 —-0.90 -0.85

11 +0.43 +0.71 +0.48 +0.63 +0.66 1 -0.11

12 id. i.d. i.d. i.d. i.d. i.d. 1 id i.d. i.d. i.d. i.d.

13 id. i.d. i.d. i.d. i.d. i.d. 1 id i.d. i.d. i.d. i.d.

14 —025 +0.21 +0.59 +0.56 +0.83 1-038 -014 -0.34 -039 -0.13

15 +0.30 +0.27 +0.83 +0.87 +0.86 +0.76 1-0.66 -0.17 —0.52 -0.58
— total Al -

2 -032 +070 —025 -0.16 -0.26 —0.24 +0.29 +0.42 1

9 i.d. +0.41  +0.24 +0.30 1

10 055 —-0.68 —0.69 -0.70 —0.61 -0.85 +0.31 +0.28  +0.84 1

11 -0.22 +0.20 —0.08 -0.21 +0.09 +0.62 1

12 -0.92 -0.37 -0.74  id. +0.60 1

13 —0.80 —0.56 -058 -0.83  id. +0.37 +0.35  +0.67 1

14 +0.08 -0.12 -0.12 -0.12 -0.13 +0.18 +0.15  +0.12 1

15 -0.26 -0.15 -055 —056 —-057 -040 —058 +0.29 +0.29  +0.36 +0.43 1
-DOC -

2 -005 +0.07 +0.08 -0.13 +0.15 1 +042

9 -038 —-059 -036 -045 —0.49  id. 1 +0.30

10 -0.42 -0.69 -070 -0.71 —-0.57 —0.90 1 +0.84

11 —0.08 +0.24 —-0.19 -011 -0.16 +0.12 1 +062

12 —0.49 -0.42 i.d. 1 +0.60

13 -0.43 —0.44 -046 -055 -055  id. 1 +067

14 —-0.10 -0.07 —0.41 -040 -0.20 —039 +0.12 +0.14 1 +0.12

15 +0.17 1 +0.43
- NO3 -

2 -018 -0.15 -0.15 -0.14 —0.09 -0.1 1 +0.89 —0.13

9 -064 -0.35 -0.25 i.d. 1 +0.86

10 -0.22 —0.49 -050 -049 -0.25 1 +0.91 +0.31

11 -0.12 1 +0.52 —0.16

12 -043  id. 1 +0.97

13 —-0.40  id. 1 +0.97 +0.37

14 +0.05 —-034 -033 -022 -038 1 +0.76  +0.12  +0.18

15 -0.16 —0.66 1 +0.77 +0.29

1¢y, is the sum of basic cations: K Nat, Mg+, and C&*.

related to DOC elsewhere, wittf ranging from 0.1 to 0.7 Magnesium, C&", Cp, pH, SG, and Si concentration
(Table 3, Fig. 7). Concentrations of DOC spanned a muchdecreased in response to increases i Gmany locations,
wider range at S2 and S11 than elsewhere in the watershedr were not related (Table 3, Fig. 8). Ammonium was weakly
Increases in N@ were independent of DOC, except at S2, related at S11 only, DON was not related, while total N was
S11, and S14 where the two were weakly negatively relatechighly positively related to NQ concentrations at each sam-
(Fig. 7). Dissolved ON was weakly positively related to pling location (Table 3).

DOC at S14 only. pH decreased with increases in DOC con-

centration (Table 3).
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Fig. 5. Spatial relationships between concentratigns¢l L~1) of Fig. 6. Spatial relationships between concentrationmél L—1)
sum of base cations (J, NO; , DOC, and Si at severabampling  of sum of base cations ({, NO3, DOC, and total Al at sampling
locations in the Archer Creek watershedDther locations had in-  locations in the Archer Creek watershedy, @cludes K-, Na*,
sufficient data to evaluate ,Gncludes K, Nat, MgZt, C&+. Mg?t, C&t.

3.4 Temporal dynamics in solute concentration andNOj concentrations. Spring and fall had similar N@on-

isotopic composition centrations in both years and periods (Fig. 9). Total N fol-
lowed the N@ pattern closely. Dissolved OC peaked in

The main effect of period was significant f82°N—NO;  spring and fail of 2001, and dipped in summer 2002, other-

only. All other solutes had significant interactions describedyise it stayed fairly consistent (Fig. 9). There was more total

below. Averages’>N—NOj values ranged from a low of Al in spring, summer, and fall of 2001 than during those pe-

+1.4%o during snowmelt to +4.1%o. during fall. Period inter- riods in 2002, with winter and snowmelt exhibiting similar

acted with year for pH, and for the concentrations oijH values for both years (Fig. 9).

NO3, total N, DOC, and total Al (Table 2).

Snowmelt in 2001 exhibited the lowest pH among the 3.5 Relationships among solutes across periods

studied period*year interactions. Summer during both years

exhibited the highest pH, but it was not significantly differ- Magnesium, C&", and G increased with Si; the high-

ent than pH in winter, spring, or fall (Fig. 9). Nitrate concen- est regression coefficients?(values) were observed during

trations peaked during snowmelt of 2001~889 umol L1, snowmelt and spring (Table 4, Fig. 10). Ammonium was not

Snowmelt 2002, and both winters exhibited next highestrelated to Si, but N& was positively related, with highest
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sum of base cations ({, NO; , and DOC at sampling locations in
the Archer Creek watershed,@cludes K-, Nat, Mg2+, C&+.

3
("]
' ﬂ_ —* X‘.
r2 values during spring, summer, and fall (Table 4, Fig. 10). o
Sulfate was positively related to Si in all but fall period, with 0 20 40 €0 80 100 120
the highest2 in snowmelt (Table 4). pH was positively re- NO5™

lated to Siin all periods but summer. Dissolved OC and total
Al were negatively related to Si with highesf in spring Fig. 8. Spatial relationships between concentrations6l L~
(Table 4, Fig. 10). Dissolved ON was not related to Si ex-of C&*, sum of base cations SO., and NQ; at sampling
cept in spring, when the relationship was weak and negativéocations in the Archer Creek watershedy, @cludes K", Na™,
(Table 4). Mg?*+, c&+.

Total Al concentrations were negatively related to most so-
lutes, except NEﬂ, DON, and DOC, which increased with and spring only, and DON additionally in fall. Dissolved OC
increasing Al during most periods (Table 4, Fig. 11). Springand total Al were negatively related to NGall year around
exhibited highest2 values for most solutes with Al, fol- (Table 4).
lowed by fall (Table 4).

Concentration of DOC was not as strongly related to solut

concentrations as Sior total Al (Table 4, Fig. 12). Except for y;oqt solutes exhibited significant regressions with daily dis-
NH;, DON, and total Al, all other solutes were negatively charge at S2, S10, S11, S14, and S15:;N@d daily dis-
reIated'to DOC (Table 4). . ] _ charge had significant? in every sampling location (Ta-
Calcium, G, SO, and Si concentrations, and pH in- pje 5). Most solutes had significant regressions with adjusted
creased with increases in NOn all discharge periods;?  cumulative discharge per period at S2, S10, S14, and S15,
ranged from 0.14 for Sﬁj in summer and fall, to 0.90 for Si  and NG; was significant in every sampling location. Most
in spring (Table 4, Fig. 13). Magnesium also increased withsolutes had significant regressions with previous period’s cu-
NOj from winter through spring, but these two solutes were mulative discharge at S2, S10, S11, and S14;;N&as
not related in summer or fall. Total N increased in snowmelthighly positively related to previous cumulative discharge at
through fall, but was not related in winter. Weakly nega- S9, not related at S14 or S15, and could not be evaluated at
tively related to NQ were Nl—[f and DON during snowmelt S12 or S13 (Table 5).

by

e3.6 Relationships of solutes to discharge
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Fig. 9. Average pH, and concentrationsriol L—1) of NO3, DOC, where. The importance of a smaller, alder-supporting wet-
and total Al in two years at five discharge periods, with standardland at S2 (watershed outlet), and shallow groundwater at
errors (+) shown. S15 was moderated by discharge levels. We also identified
discharge-dependent source areas for individual solutes, in-
cluding total Al at S13 and N at S14 during snowmelt.

4 Discussion We discuss these and other observations in detail below.

4.1 Spatial patterns in solute concentrations are driven by The wetland draining to S11 exerted its dominance over
solute sources and may be moderated by discharg&tr€am water chemistry through highest DOC, and some of
levels the lowest NQ concentrations observed in Archer Creek.

Further, S11 exhibited discharge-dependent peaks in total
Archer Creek watershed has a complex topography whickAl and troughs in pH (Table 2; Fig. 4). High DOC and
includes two wetlands and two groundwater sources. Thdow NOj; are consistent with incomplete and slow organic
forested wetland at S11 and deep groundwater at S14 exnatter breakdown in conditions of low oxygen in wetlands.
erted dominant influence over stream water chemistry at theikow NOj concentrations may be additionally due to deni-
respective locations. That dominance was attenuated elsdrification. A trend toward depleted values &}PN—NO:; ,
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Table 4. Significant (»<0.05)r2 values for regression analyses of individual solute concentrations with five discharge periods at the Archer
Creek watershed (Adirondack Mountains, New York, USA}-&ign indicates the direction of the relationship. Blank cells indicate non-
signiﬁcantr2 values. i.d.=insufficient data to evaluate.

pH NH4 Mg Ca C% sof( Si NO,OT DON TotalN DOC Total Al
—Si—
Winter +0.63 +0.54 +094 +0.93 +0.52 1 +0.59 +0.49-0.14 —-0.30
Snowmelt  +0.72 +0.90 +0.98 +0.98 +0.80 1 +0.76 +0.740.41 —0.68
Spring +0.66 +0.79 +0.98 +0.98 +0.68 1 +0.90-0.22 +0.90 -0.65 -0.81
Summer -0.37 +0.67 +0.33 +0.12 1 +0.85 +0.71-0.14 -0.21
Fall +0.21 -0.21 +0.72 +0.47 1 +0.93 +0.79 —0.27 -0.41
— total Al —
Winter -054 +0.19 -043 -029 -033 -0.35 -0.30 -0.13 +0.21 +0.48 1
Snowmelt —0.66 -0.67 -057 -059 -056 -0.68 -0.28 +0.15 -0.23 +0.46 1
Spring -0.66 +0.19 -0.76 -066 -0.68 -0.72 -081 -0.62 +0.13 -0.49 +0.65 1
Summer -0.29 -0.12 -0.24 -053 -0.60 -0.31 -0.21 -0.20 -0.13 +0.74 1
Fall —-0.63 +0.15 —-0.38 -0.38 —-0.41 -0.31 +0.66 +0.89 1
- DOC -
Winter —-0.40 -031 -0.17 -0.19 -0.38 -0.14 -0.13 +0.15 -0.05 1 +0.48
Snowmelt -0.67 +0.12 -051 -032 -0.34 -044 -041 -062 +0.30 -0.49 1 +0.46
Spring -0.45 +040 -050 -040 -0.42 -0.65 -0.65 -043 +0.22 -0.26 1 +0.65
Summer —-0.18 -0.18 -0.39 -0.43 -0.14 -0.10 +0.11 1 +0.74
Fall —-0.45 +0.20 -0.21 -0.22 -0.27 -0.22 +0.74 1 +0.89
— NO:; —

Winter +0.37 +0.06 +0.56 +0.51 +0.07 +0.59 1 -0.11 -0.13
Snowmelt +0.62 -0.15 +0.58 +0.51 +0.52 +0.38 +0.76 1-0.12 +0.95 -0.62 —-0.28
Spring +0.58 -0.10 +055 +0.86 +0.84 +0.50 +0.90 1-0.12 +0.90 -0.43 —-0.62
Summer +0.11 +0.55 +0.36 +0.14 +0.85 1 +0.83-0.09 -0.20
Fall +0.24 +0.55 +0.36 +0.14 +0.93 1-0.12 +0.87 -0.22 -0.31

1¢y, is the sum of basic cations: K Nat, Mg+, and C&+.

observed at both wetland-influenced sampling locations, has Groundwater at S14 clearly exerted a major influence over
been associated with low rates of organic matter turnover irstream chemistry at upper elevations, providing high pH
water-logged conditions (Kendall, 1998). through high concentrations of Mg, C&* and Si, and low
Our observations support earlier work in this watershedAl. Water at S14 originates from deep groundwater sources
by Inamdar et al. (2004), who noted that wetlands controlled(McHale et al., 2002). Calcium, 30 and Si were nega-
DOC concentrations during a summer storm at the watershetively related to daily, cumulative, and previous cumulative
outlet. Our data indicate that wetlands control DOC concen-discharge (Table 5) suggesting dilution of groundwater by
trations in the lower reaches of this watershed throughout th@tmospheric solutions mostly during high discharge.
year, with S11 contributing more than S2. The positive rela-
tionships between DOC and total Al in all discharge periods, Groundwater at S14 was also an apparent source gf.NO
and strong relationship between DOC and Al at S10, S12However, the negative relationship across §ampllng points
and S13 (Fig. 6; Tables 3 and 4) indicate that soil horizonstetween NQ and Si — the groundwater indicator — and a
in some of the mid elevations also contribute DOC. ForestPositive one between NDand Al — the mineral soil indi-
floors constitute the largest sources of DOC across temperateator — suggest that the source of N@ soil rather than
forests (Michalzik et al., 2001), but it is not clear how that groundwater. Soil source of NDis further supported by
changes when wetlands are present. In our watershed, thgositive relationships of NDwith daily and cumulative dis-
relative contribution of wetlands to DOC appears to be farcharge levels indicating that when more of the soil profile is
more important than that of the forest floor (Fig. 2 this study; flushed, stream responds with higher N@vels. Forma-
Park etal., 2003; Inamdar et al., 2004; Piatek et al., 2005). tjon of NO; in S14 was attributed in earlier studies in this
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likely includes the flushing-draining mechanism described
O by Creed et al. (1996), in which once produced in soils;NO

© movement may be to stream or to groundwater, depending
, , on hydrologic connectivity at the sampling location. Thus,
16 20 groundwater is probably recharged with N@uring periods
Total Al when connectivity between soil and stream may be lost due
_ i _ ___toinsufficient saturation in that location, which can still sup-
Fig. 11. Temporal relationships between concentrations

port draining. Groundwater serves as the secondary source of
NO3 when soil nitrate sources are likely to be disconnected
from stream due to low soil saturation during the growing
season.

Two sources of N@ are consistent with several earlier
watershed to vegetation composition, and linked to Ca level®bservations in this watershed. First, a combined isotopic
in soils (Christopher et al., 2006; Page et al., 2008). Sugaand chemistry analysis showed that the main source of NO
maple @cer saccharury in high proportion in the S14 sub- during snowmelt was soil (Piatek et al., 2005). Second, the
watershed, is known for its association with high soil NO  source of NQ during summer storms determined by hydro-
(Lovett etal., 2002; Lovett and Mitchell 2004; Christopher et graph separations appeared to be groundwater (McHale et
al., 2006) probably due to fast decomposition of sugar mapleal., 2002). Further, isotopic values &0—NOj3 in stream
foliar litter. Upper soil horizons were hotspots for nitrifi- water in this study were well below those for atmospheric
cation in the Catskill Mountains of New York, which have NOj of +72.0%. at this site (Piatek et al., 2005), showing
similar topography to the Adirondack Mountains (Welsch et that nitrification, not atmospheric deposition, was the source
al., 2001). of NOj in stream water; both ground and soil water have

Therefore, two sources of NDare evident in the Archer  similar isotopic values of N© (Kendall, 1998; Piatek et al.,
Creek watershed. One source is discharge-independer®005). This study extends the evidence for lack of pres-
and originates in groundwater (at S14), while the other isence of atmospherically-derived NOn creek water from
discharge-dependent and is flushed directly from the soil prosnowmelt and fall storms to other parts of the year in our wa-
file in upper watershed. The actual functioning of this mosttershed and elsewhere (Burns and Kendall, 2002; Pardo et

(umolL=1) of sum of base cations & NO,, DOC, and

total Al across discharge periods., @cludes K-, Nat, Mg2t,
cat.
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al., 2004; Piatek et al., 2005; Mitchell et al., 2006; Hales et 1200
al., 2007) and indicates high level of atmospheric)N®©ten-
tion by forests with long-term atmospheric N deposition and
symptoms of N saturation (Aber et al., 1989, 1998; Stoddard,
1994). § 600
S15, located in close proximity to S14, exhibited contrast- 400
ing stream chemistry to S14. Nitrate concentrations were on
average 60% lower at S15 than at S14, andMgas almost
twice as much at S15 in summer and fall than at S14. Chem-
istry at S15 varied with discharge levels clearly indicating a
potential influence of soil water when discharge levels were
high. This supports earlier studies on the sources of water
in these two sampling locations; S15, discharging shallow
groundwater, most likely has a more immediate connectiv- 1000 1
ity with soil water than S14, the source of deep groundwater
(McHale et al., 2002). 7501
In the current analysis, ﬁo concentration, highest at S14 °© 500 -
and S15, was highly positively related to Si, and negatively
related to Al or DOC, suggesting that groundwater in upper
elevation is an important contributor of this solute. An inter- 0
nal source of Sﬁ)‘ in this watershed was also clearly shown
using isotopic analyses (Campbell et al., 2006). Temporal
patterns of S(ﬁT versus Si also indicate that groundwater

1000

1250 -

b

was the source of this solute (Table 4). The high concen- 400
trations of S(ﬁf in fall and low during snowmelt (Table 5)
reflect the addition of wetland-derived $Oin fall 2002 to 300

soﬁ* normally present in this watershed from groundwa- <,

ter (Mitchell et al., 2006), and dilution of groundwater and g *°

groundwater-related solutes during snowmelt. 100

Wetland source of Sﬁ), observed during fall storms fol-
lowing an unusually dry summer (Mitchell et al., 2006) now 04 , , ; ; ; ‘
appears to be episodic. In fact, both wetland-draining sam- 0 20 40 60 80 100 120
pling locations, S2 and S11, had significantly lower average NO3°

sof; concentrations than the groundwater sources. Mod-

els of climate change predict an increase in extremes irfig. 13.  Temporal relationships between concentrations

weather patterns such as droughts (Meehl et al., 2000; KharifemolL™) of C&", sum of base cations SO, and

and Zwiers, 2005), therefore, Wetland—derivediSOnay NOj across discharge periods. , @ncludes K, Na*, Mg?*,

be found more commonly under changing climatic condi- C&*.

tions. Drought-induced oxidation of previously-reduced and

wetland-stored sulfur was also described in catchments in

Eastern Canada (Schiff et al., 2005). 4.2 Does_ chemistry at the outlet adequately represent
S13 contributed the majority of Al to the Archer Creek chemistry in the watershed?

system, with smaller amounts added by wetlands. Contri- . o . .

butions were highly dependent on discharge, except at Slfrewous stud|e§ in this and in many other watersheds fo-

where specific conditions may change the way discharge afcUS€d on chemistry at the watershed outlet only. As the

fects Al and how the two are related. At S13, the extensiveMXing area, it is assumed that the outlet reflects the vari-

subwatershed area of 41.9 ha (31% of total watershed) woul§ ©f sources and processes within the watershed. Our study

be expected to contribute a large proportion of soil-derivedSneds some light on the validity of this assumption. In this

solutes under conditions of hydrologic connectivity with the Study, we have detected much spatial variation in surface wa-

stream. A substantial decrease in Al between S13 and S&T chemistry. The main effect of sampling location was sig-

may be indicative of dilution or a presence of an Al sink. S9, Nificant for DOC, SG ., NO3, and total N, while for many

as a mixing area for S13, S14, and S15 (Fig. 1), receives higﬁ)ther solutes, the effect of sampling location was dependent

levels of Si, C&", Mg?*, and S, making Al complexa- 2" discharge period. _ S
tion and precipitation possible. Pair-wise comparisons (each sampling location with every

other one) indicated that most consistent differences in DOC,
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Table 5. Significant (p<0.05)r2 values for regression analyses of daily, cumulative, and previous cumulative discharge on solute concentra-
tions at sampling locations 2—15 in the Archer Creek watershed (Adirondack Mountains, New York, USAjgr/indicates the direction
of the relationship. Blank cells indicate non-significa%tvalues. i.d.=insufficient data to evaluate.

pH Mg Ca C% 80421’ Si NGOz DON Total N DOC Total Al
— daily discharge (mm day") —
2 -013 -031 -0.32 -0.32 -0.10 -0.57 +0.29 +0.32
9 id. id. id. id. id. id. id. id. id. id. i.d.
10 -0.88 -0.88 -0.88 -0.87 -0.89 +0.46 +0.88 +0.84
11 -0.17 -0.28 -0.16 -0.24 -0.15 -0.47 +0.30 +0.19
12 id. id. id. id. id. id +0.36 id. id. id. id.
13 —0.33 +0.36
14 -0.07 -0.60 -0.58 -0.23 -0.41 +0.28 +0.16 +0.36 +0.26 +0.07
15 -0.27 -058 -059 -059 -0.60 -0.70 +0.65 +0.39 +0.49
— cumulative discharge (mm periﬁa) -
2 -017 -0.68 -0.56 -—-0.66 +0.54 +0.15 +0.27
9 id. i.d. id. id. i.d. id  +0.66 id. i.d. i.d. id.
10 -0.68 -0.67 -0.68 -0.73 -0.72 +0.73 +0.66 +0.65
11 +0.39 +0.41 -0.15
12 id. i.d. id. i.d. id. id  +0.59 id. id. i.d. id.
13 id. id. id. id. id. id. +0.80 id. id. id. i.d.
14 +0.19 +0.06 -0.36 -0.34 -057 -0.69 +0.39 +0.10 +0.39 +0.37 +0.16
15 -0.26 -0.81 -0.87 -0.86 -0.69 -0.82 +0.49 +0.21 +0.44 +0.52
— previous cumulative discharge (mm periddl—
2 +0.10 -0.28 -0.31 -0.27 -049 -0.15 +0.10 -0.21 -0.26
9 id. id. id. id. id. id. +0.80 i.d. i.d. id. i.d.
10 —-0.68 -0.67 -0.68 -0.73 -0.72 +0.66 +0.65
1 -034 -033 -040 -0.38 -0.46 -0.30 -0.10 —-0.10
12 id. id. id. id. id. id. id. id. id. id. i.d.
13 id. id. i.d. id. id. id. id. id. id. id. id.
14 +0.9 +0.25 -0.37 -0.18 -0.7
15 —0.24 —0.15

1¢y, is the sum of basic cations: K Nat, Mg+, and C&*.

SO, NO3, and total N were between watershed outlet andlower levels of solutes than their source areas, and individual
S14, the deep groundwater source, S15, the shallow groundsource areas may be differently affected by discharge levels.
water source, and S11, the extensive wetland, and related to

specific solute levels. However, discharge-related changes if-3 Temporal patterns in solute concentrations are driven
concentrations at the source areas were well reproduced at by discharge dynamics

the watershed outlet. Chemistry at the outlet was compara- i , o 5 B
ble to stream chemistry elsewhere in the watershed outside ofN® main effect of period was limited 8°N-NO3, prob-

the source areas, both in terms of specific concentrations anﬂbly rEfleCt'”g_'”5Uff|C_|ent_data In some of the (_)bserv_ed pe-
discharge-related dynamics. Interestingly, linkage of;NO ”Odzi' Othirwse, period interacted with sampling point for
with DOC that has been suggested in earlier studies (Park €19 C&*, Gy, Si, pH, and Al, and with year for N,

al., 2003; Piatek et al., 2005), has not been confirmed herd®t@l N, DOC, and Al (Table 2).

as evidenced by weak or no relationships betweer M6d Snowmelt diluted solutes originating in groundwater &?.t.
DOC across both space and time (Tables 3 and 4). Laclol4 and 81'5 an.d flushed'to stream those solutes which origi-
of consistent relationships between N@nd DOC across nated in soil hprlzons. This effect of snowmelt was §trongest
studies in this watershed is not surprising given that previougt the respective solute sources. Snowmelt, spanning at most

studies focused on watershed outlet, which has significantly© days around mid-April, carries the largest percentage of
the annual discharge in the shortest amount of time (Table 1).
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This effect of high discharge is related to the steep topograsurprisingly similar to other periods. Therefore, whether

phy of this watershed and illustrates that large volumes othigh-discharge events adequately represent stream chemistry

water have the capacity to explore and flush a large percentat average discharge levels depends on solute and discharge

age of the upland contributing areas which results in flushingevel. It appears that an understanding of watershed-specific

of higher amounts of soil-derived solutes. temporal context of solute expression will be important in
By contrast, periods with low discharge such as summetthis regard.

and fall were generally characterized by higher pH,2¥Mg

cat, Cp, and among the lowest Al and DOC concentrations .

(Figs. 3and 4). Low-discharge periods reflect maximum con—5 Conclusions

tributions from groundwater in our creek system (McHale ®l\we have refined our understanding of solute generation in

al,, 2002) and decreasing contributions of soil water as Waihe Archer Creek watershed to include a multi-dimensional

tershed saturation decreases and hydrologic connectivity I%0saic of space and discharge periods. In this mosaic, base
gradually lost. In extreme cases, water ceases to flow be- '

: ; ; cations are derived from groundwater discharging in upper
tween sampling locations, as we observed at S12 during th 9 ging bp

d ht of 2002. A ol dwat h : fatershed, and DOC primarily from wetlands. In the ab-
) rtc_)ug fo S“mmfjf h - AS ma|n¥|gr?;1hn \éva er, ¢ tatrac er'fsence of unusual climatic events such as drought%,‘S@

IStics of summer discharge may refiect the dominant type ol 5, oontriputed by groundwater. Nitrate produced in soils
parent materials in the watershed, one high in Ca (subwater:

L ~1s flushed to stream when catchment saturation allows hy-
shed 814)’_ and one high in Mg (subwatershed $15). De5plt‘c?irologic connectivity between source-areas and stream, oth-
a dry spell in one of the two observed summers (2002), and

. . rwise NG apparently drains to groundwater at S14 which
series of storms in one of the two observed autumns (zooz)discharges it to stream when nitrification is likely to be lim-

these two periods did not result in stream water chemistry

- ) ited or when soil source-areas are hydrologically discon-
that stood out as statistically different (@t0.05) from oth- 510 from stream. Individual source-areas (S13) contribute
ers. Most likely, this reflects variability in solute concentra-

. S . . most of the Al at high discharge. Watershed outlet does not
tions in this topographically-diverse catchment. appear to reproduce high concentrations typical of source-
areas in the watershed. Similarly, observations at high-
discharge events alone do not characterize solute dynamics at
all other discharge levels. However, watershed outlet repre-

Unusual weather patterns may be representative of more eSents relative solute dynamics quite well, and high discharge
gvents are responsible for the largest solute fluxes. There-

treme weather predicted for climate change scenarios (Mee . . .
P g ( r}ore, whether the spatial or temporal resolution obtained at

et al., 2000; Kharin and Zwiers, 2005). We had a unique torshed outlet t hiah disch ¢ ively i
opportunity to evaluate whether differences in biogeochemi—wa ershed outiet or at high discharge events respectively 1S
ufficient or not must be dictated by research objectives.

cal patterns among periods with unusually low and unusuallyS
high discharges are still representative of patterns observe@cknowledgementsie thank P. Hazlett and an anonymous
during average discharge. Specifically, we compared solut@eviewer for helpful comments on an earlier version of this
concentrations for snowmelt 2001, summer 2002, and fallmanuscript.
2002 with all other discharge periods. Snowmelt 2001 had
the highest discharge of any period in the two years of studyEdited by: N. Verhoest
Summer 2002 brought an unusually long drought, while fall
2002 featured several storms which followed the prolonged
summer drought. _ References
In general, snowmelt 2001 stood out as the most biogeo-
chemically different among all other periods, with among the aper, J. D., Nadelhoffer, K. J. Steudler, P., and Mellilo, M. J.: Ni-
lowest pH and M§&*, highest NQ@ and total N, and among trogen saturation in northern hardwood forest ecosystems, Bio-
the highest total Al (Fig. 9). Discharge in snowmelt 2001  science, 39, 378-386, 1989.
constituted 46% of total that year, and it was 61 mm moreAber, J. D., McDowell, W., Nadelhoffer, K., Magill, A., Berntson,
than in 2002 (Table 1). Highest NOand lowest pH during G., Kamakea, M., McNulty, S., Currie, W., Rustad, L., and Fer-
snowmelt 2001, and among the lowest total Al and DOC dur- "andez, 1.: Nitrogen saturation in temperate forest ecosystems:
ing drought in summer 2002 suggest that, with an increase in  YPotheses revisited, Bioscience, 48, 921-934, 1998.
extreme weather patterns, we could expect issues with streaf"S" J- D Ollinger, S. V., Driscoll, C. T., Likens, G. E., Holmes, R.
- . . . T., Freuder, R. J., and Goodale, C. L.: Inorganic nitrogen losses
acidity and the presence of high levels of N@uring high-

. . ) from a forested ecosystem in response to physical, chemical, bi-
discharge snowmelts, and low DOC and AL inputs, during otic and climatic perturbations, Ecosystems, 5, 648-658, 2002.

droughts. Baron, J. S. and Campbell, D. H.: Nitrogen fluxes in high elevation
Fall 2002, despite several storms and an additional source Colorado Rocky Mountain Basin, Hydrol. Process., 11, 783-799,
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4.4  Are high or unusual discharge periods representative 0
average solute levels?
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