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Abstract. Moddl's of the effects of atmospheric N deposition in forested watersheds have not
adequately accounted for the effects of aquatic and near-stream processes on the concentrations
and loads of NOj in surface waters. This study compared the relative effects of aguatic and
near-stream processes with those from the terrestrial ecosystem on the retention and transport
of NO3 in two contrasting stream reaches of the Neversink River, a forested watershed in
the Catskill Mountains of New York that receives among the highest load of atmospheric N
deposition in the northeastern United States. Stream water samples were collected every two
hours and ground-water and tributary samples were collected daily at base flow conditions
during four 48-hour periods from April to October 1992, and NO; mass balances were
calculated for each site. Results indicated diurnal variations in stream NO;  concentrations
in both reaches during all four sampling periods; this is consistent with uptake of NO3 by
photoautotrophs during daylight hours. Mass-balance results reveal ed significant stream reach
losses of NO3 at both sites during all sampling periods. The diurnal variations in NO3
concentrations and the retention of NO; relative to terrestrial contributions to the stream
reaches were greater downstream than upstream because physical factors such as the head
gradients of inflowing ground water and the organic matter content of sediment are more
favorable to uptake and denitrification downstream. The mass retention of NO3™ increased
as the mean 48-hr stream discharge increased at each site, indicating that the responsible
processes are dependent on NO3™ supply. Low stream temperatures during the April sampling
period, however, probably reduced the rate of retention processes, resulting in smaller losses
of NO3' than predicted from stream discharge alone. Water samples collected from the stream,
the hyporheic zone, and the aluvia ground water at sites in both reaches indicated that the
net effect of hyporheic processes on downstream NOj transport ranged from conservative
mixing to complete removal by denitrification. The relative effects of biologica uptake and
denitrification as retention mechanisms could not be quantified, but the results indicate that
both processes are significant. These results generally confirm that aquatic and near-stream
processes cause significant losses of NO3™ in the Neversink River, and that the losses by these
processes at downstream |ocations can exceed the NO;™ contributions to the stream from the
terrestrial environment during summer and fall base-flow conditions. Failure to consider these
aquatic and near-stream processesin model sof watershed responseto atmospheric N deposition
could result in underestimates of the amount of NO3™ leaching from forested ecosystems and
to an inability to unequivocally relate geographic differencesin NO3 concentrations of stream
waters to corresponding differences in terrestrial processes.
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I ntroduction

The Catskill Mountain region of New York State receives nitrogen (N) from
atmospheric sources at an annual rate of 10 to 15 kg/ha; this is among the
highest rates of atmospheric N deposition in the northeastern United States
(Ollinger et al. 1993). Increasing NO; concentrations in upland streams in
the Catskills during the past two decades suggest that upland watersheds
may be approaching N saturation, wherein inputs of N exceed the biological
demand (Murdoch & Stoddard 1993). Increases in NO; concentrations in
forested, headwater streams that receive large atmospheric N loads are of
concern because the accompanying acidity and attendant high aluminum
concentrations can adversely affect aquatic organisms (Stoddard 1994).
Nitrate concentrations in surface waters generally increase with increas-
ing atmospheric N deposition loads in watersheds that are not impacted by
urban or agricultural land uses (Stoddard 1994). Differences in stream NO3
concentrationsin watersheds receiving equal atmospheric N loads have been
attributed to differences in: (1) the N demand of forest vegetation (Ohrui &
Mitchell 1997), (2) hydrologic factors such as storage (Creed et al. 1996;
Burnset al. 1997), and (3) land-use history (Aber et a. 1997).

Most research on the effects of atmospheric N deposition on upland water-
sheds has failed to consider the role of aguatic and near-stream processes
(Aberetal. 1991; Stoddard 1994), as havethe most widely applied watershed-
acidification models (Christopherson et al. 1982; Cosby et al. 1985). This
paper addressesthis potential oversight by separating the NO3™ contributions
to surface waters from the terrestrial environment with those derived from
aguatic and near-stream processes through a mass balance analysis of NO3’
in a Catskill Mountain river.

Nitrogen is a macronutrient in aquatic ecosystems that is necessary for
structural synthesisin bacteria, fungi, algae, and macrophytes (Allan 1995).
Although phosphorus is generally considered the growth limiting nutrient in
freshwater (Allan 1995), nitrogen (Triskaet al. 1984; Holmes et al. 1996), or
nitrogen and phosphorus (Rosemond et a. 1993) can be growth limiting in
some aguatic ecosystems. Nitrogen demand is generally high relative to its
supply in atypical stream or river (Valentyne 1974); thus, N concentrations
in running waters are strongly affected by aguatic uptake and other biogeo-
chemical cycling processes. Nitrogen is retained in awide variety of stream
and river environments (Hill 1981; Cooper 1990; Christensen et al. 1990:
Triska et al. 1990a; Mulholland 1992), and one estimate is that about 40%
of riverborne N is lost through denitrification before it reaches the oceans
(Seitzinger 1988).

Thetransport of nutrientsin running watersisstrongly affected by the mix-
ing of stream water with ground water in the near-stream environment. The
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boundary between the terrestrial and aquatic ecosystemis frequently referred
to asthe hyporheic zone (Hynes 1983), where depl etion of oxygen can result
in a complex series of aerobic and anaerobic biogeochemical processes as
watersmix. Thehyporheic zone canvary inwidth from afew mm (Christensen
et a. 1990) to tens of meters (Triska et al. 1990b). The extent of N transfor-
mations in a stream and its hyporheic zone depends on several physical and
chemical factors, including: the duration and intensity of light (Triska et al.
1983; Nielsen et al. 1990), substrate grain size (Hill 1983), hydraulic gradient
(Valett et al. 1994; Findlay 1995), availability of labile carbon (Faafeng &
Roseth 1993), concentrationsof N species(Hill 1981; Holmeset al. 1996), and
stream velocity (Horner & Welch 1981). The hyporheic zone has been shown
to affect the downstream movement of N through (1) the physical storage and
release of water (Triska et al. 1989; Triska et al. 1990a), (2) denitrification
(Christensen et a. 1990), and (3) nitrification (Triska et al. 1990b; Holmes
et al. 1996). Denitrification and nitrification can occur in close proximity
within stream sediments and can shift at a given location in time; thus, the
hyporheic zone can serve as either a net source or sink for stream N, depend-
ing on which process is dominant at a given time or location. Many studies
have reported that denitrification, which results in a net loss of NO; from
the stream, is the predominant hyporheic process that affects downstream
trangport (Kaushik et al. 1975; Van Kessel 1977; Hill 1981; Christensen et
al. 1990), but others have shown that nitrification, which results in a net
addition of NOj to the stream, can be the predominant hyporheic process
(Triska et al. 1990a; Valett 1994). Nitrogen transport in streams can also be
affected by uptake in aquatic macrophytes (Casey 1977; Cooper 1990), or
uptake by autotrophic and heterotrophic epilithic communities (Kaushik et
al. 1975; Triska et al. 1989; Mulholland 1992). The relative importance of
these N cycling processesin stream ecosystems can be difficult to determine
because many transformations can occur simultaneously. The net effects of
these aquatic and hyporheic processes on stream N transport, however, can
be assessed from mass balances devel oped for individual stream reaches.
Most studiesof stream-N movement have not comparedthe N contribution
fromtheterrestrial ecosystem to the effectsof aquatic and hyporheic processes
on mass balances of N in the stream itself (Christensen et al. 1990; Triska et
al. 1990a, b). The availahility of N for processing in streams depends ulti-
mately onthe amount of N that istransported from terrestrial and atmospheric
environmentsto the stream, but the N-processing capacity of aguatic ecosys-
tems (including the hyporheic zone) relative to the rate of N supply from
the terrestrial and atmospheric sourcesis not well known. Failure to consider
the effects of the aguatic ecosystem on the temporal and spatial patterns
of NO3 concentrations could result in inaccurate models of watershed N
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cycling and incorrect classifications of the N-saturation status of watersheds.
The objective of this study wasto: (1) compare the relative effects of aquatic
and hyporheic processes with the contribution from the terrestrial ecosystem
through calculating mass balances of NO3' in two contrasting stream reaches
of the Neversink River at base flow during four different periodsin the grow-
ing season, and (2) identify the principal processes that affect downstream
NO3 movement in these reaches.

Study site

The upper Neversink River isaclear, high-gradient mountain river that flows
about 30 km aong two branches from its source on Slide Mountain (1274 m
elevation) to its mouth at the Neversink reservoir (445 m elevation), asupply
of water for New York City (Figure 1). Two stream reaches were chosen for
study on the West Branch — oneis a586 m-long upper reach beneath a closed
canopy of deciduoustrees; the other isa1022 m-long lower reach with mainly
meadow and open canopy. The reaches were chosen to represent the range of
light and stream-gradient conditionstypical of the Neversink River abovethe
reservoir. Additional characteristics of the two stream reaches are listed in
Table 1. The Neversink River generally has total phosphorus concentrations
of lessthan 0.01 mg/L, alevel below whichlakesare classified asoligotrophic
(Wetzel 1983; athough defining trophic status for streams and rivers may be
invalid (Hynes 1969). The low productivity of this river is reflected by the
high water clarity and the relatively thin epilithic community. A thin layer of
epilithon coats the rocks on the bottom of the upper reach, whereasthe lower
reach has a thicker coating of epilithon containing observable periphyton.
Additionally, the upper reach has submerged or partially submerged colonies
of liverwort growing on bedrock.

The Neversink River watershed isunderlain by nearly flat-lying Devonian
sandstone and conglomerate with interbedded shal e and siltstone, overlain by
till deposits and aluvium (Rich 1934; Buttner 1977). Thetill derived largely
from the most recent glaciation, isthicker in stream valleysthan on the steep
upper slopes. Sails in the Neversink watershed are classified as inceptisols,
and generally range from 0.1 to 1.5 m in thickness. Stream-channel material
consists of sand and gravel that has been reworked extensively by alluvial
processes. The aluvium is generaly only a few meters wide in headwater
streams, but widensto several hundred meters downstream. The stream flows
directly on exposed and submerged bedrock in parts of the upper reach, but
little bedrock is evident in the lower reach.

Vegetation below an elevation of 1000 m is primarily northern hard-
wood forest in which three tree species are predominant — american beech
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Figure 1. Locationsof the sampling sitesin the two stream reaches studied on the West Branch

Neversink River.

(Fagusgrandifolia), sugar maple (Acer saccharum), and yellow birch (Betula
alleghaniensis). The predominant species at higher elevations are red spruce
(Picea rubens) and balsam fir (Abies balsamea). The forests of the Neversink
watershed, like othersin the Catskill region, were cut extensively during the
1800’s, but those above 850 m elevation generally remain freefrom significant

human disturbance.
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Table 1. Physica characteristics of the two stream reaches on the West Branch
Neversink River. Values listed as ranges represent those measured during the four
mass balance experimentsin 1992.

Characteristics Upper streamreach ~ Lower stream reach
Length (m) 586 1021
Depth range at upstream end (m) 0.1-0.3 0.3-0.7
Width range at upstream end (m) 0.8-25 13.4-17.8
Velocity range at upstream end (m/s)  0.1-0.3 0.1-0.3
Drainage area at upstream end (km?)  1.67 54.6
Stream gradient 0.1 0.0095
Tree canopy Closed Open
Streambed sediment Sand and gravel Sand and gravel
(some bedrock)
Methods
Field

Samples of stream water were collected by automated samplersfor chemical
analysis at 2-hour intervals at the upstream and downstream ends of each
reach, and daily at tributaries, springs, and in wells during four 48-hour
periods in early spring (April 14-16, 1992), late spring (June 2—4, 1992),
midsummer (July 28-30, 1992), and fall (Sept. 29-Oct. 1, 1992). Samples
were removed from the automated sampler daily and stored at 4 °C until they
were returned to the laboratory. The sampling periods generally coincided
with base-flow conditions, except for July 29, when 1.1 cm of rain fell during
athunderstorm.

Water temperature was recorded by an automated system at 15-min inter-
vals during the four sampling periods. The instrument and thermocouple
probes were calibrated according to procedures described by Gordon &
Katzenbach (1983). Incident light energy flux was measured with a silicon
pyranometer placed in an open field near the upstream end of the lower reach.

Two wells were installed near the stream in each reach (Figure 1). The
wells were cased with 32-mm i.d. stainless steel, and had 430 mm long
screens at the bottom. The wells were placed far enough from the stream
to be outside the hyporheic zone, but close enough to obtain representative
samples of ground water before it entered the hyporheic zone. The wells in
the upper reach were placed so the bottomswere in sandy alluvium at depths
of about 600 mm, and a minimum of 1 m from the stream edge (although
this distance varied with flow conditions). The steep rocky slopes that rise
abruptly from either stream bank in the upper reach prevented the placement
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of wellsfarther than about 1 m from the stream. The wellsin the lower reach
were placed so the bottoms were in sandy alluvium at depths of about 1 m,
and 2 meters from the stream edge. Ground-water head was higher than the
stream level near the wells in both reaches, indicating that the stream was
gaining flow from the shallow ground-water system.

Samples of ground water and of stream water mixed with ground water in
the hyporheic zone were collected with aminipiezometer (Winter et al. 1988)
at depths of 10 to 400 mm below the streamwater/sediment interface. Each
set of 3to 6 sampleswere collected at two locationsin the lower stream reach
(one location was sampled twice), and at one location in the upper stream
reach on September 29 and October 13, 1994. Streambed sediment samples
were collected at the same three sites on October 13, 1994 for analysis of
denitrification potential.

Laboratory

Samples were filtered through 0.4-zm membrane filters upon arrival at the
laboratory and stored at 4 °C until analysis. Nitrate, CI—, and SO were
analyzed by ion chromatography, and NH; was analyzed by the phenolate
method in an automated spectrophotometric procedure according to methods
described in Lawrence et al. (1995). Data quality objectives for precision
and accuracy of these analyses are 10% (coefficient of variation), and these
objectives were met more than 95% of the time during the study period
(Lincoln et al. 1996).

The denitrification potential of stream sediment was measured in the
laboratory by the acetylene-block technique as described in Duff & Triska
(1990), except that alarger percentage of the headspacewasremoved from the
flasks during gas sampling, necessitating a head-space-volume correction to
calculate N,O concentration. Analyses reported herein are in nmol N,O/mL
sediment slurry/hr. Seven replicate samples from each site were analyzed,
and the mean values are reported here.

Mass-balance calculations

Mass balances of NO3', ClI~ (upper reach), and sof; (lower reach) were
calculated according to the following:

Mg = My + My + Mg + Am @
where

mg = mass of constituent at downstream end of reach
my mass of constituent at upstream end of reach
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my mass of constituent from tributaries
mg = mass of constituent from ground water
Am = gain or loss of mass along reach

For conservatively transported constituents such as Cl—, the following is
expected:

mg — (My + My + mg) =0,and Am=0 @)

whereas, for nonconservatively transported constituents the following would
be expected:

mg — (My + My + mg) = Am (©)]

The Am value was assumed to represent changes resulting from aquatic
and hyporheic processes, and this value was compared to the NO; contribu-
tion to the reach from the terrestrial ecosystem as follows:

[Am/(m + mg)] x 100 = M, 4
where

terrestrial contribution to stream reach

change in mass of constituent along stream reach, expressed
as a percentage of the terrestrial contribution.

Ma

The Am value was also compared to the mass of NO3' transported by the
stream at the upstream end of each reach asfollows:

Am/my x 100 = My, )
where

My = change in mass of constituent along stream reach expressed as a
percentage of the upstream contribution.

A stream may gain or lose NO; through the wide variety of biogeo-
chemical processes discussed previoudly. If these processes result in a net
removal of NO; from the stream, then Am will be negative, whereasif these
processes result in a net addition of NO; to the stream, then Am will be
positive. Mass balances of Cl~ were compared with those of NO; to assess
the accuracy of the water balance. Chloride is generally not in high demand
as anutrient and is not affected significantly by biogeochemical processes;
therefore, its Am value should be zero. This assumption was valid for the
upper reach, but not the lower reach because salt is applied to the road that
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follows the stream throughout the length of the reach (Figure 1). Inputs of
ClI~ to this reach could not be calculated because no wells were installed in
the area where the road is closest to the river; therefore, SO3~ was used to
check the accuracy of the water balancein this reach. Biological uptakeisnot
likely to significantly lower sof; concentrations becausethe supply of sulfur
from atmospheric deposition exceeds its biological demand in the Northeast
(Mitchell et al. 1992). Adsorption of SO3~ inthealluvial sand and gravel that
underlies the stream channel also is unlikely to affect SO5~ concentrations
because of the low surface areaand lack of oxide mineralsand organic matter
in this material. Sulfate may be lost by reduction to S>~ in the hyporheic
zone, but chemical profiles of stream-sediment pore water collected during
this study indicate that sof; reduction only minimally affects stream-reach
mass balances.

The stream load at the upstream (my) and downstream (mgy) end of each
reach was calculated at 15-min intervals throughout each 48-hr mass balance
period asthe product of stream concentration and stream volume. The concen-
tration of each sample collected was assumed to be equivalent to the concen-
tration of that constituent in the stream from 1 hr before sample collection
to 1 hr after sample collection. Stream stage from gages at the downstream
end of the upper reach and about 1500 m downstream of the lower reach
(Figure 1) was used to estimate discharge every 15 minutes. These estimated
discharges were assumed to represent the 15 min between the succeeding and
preceding 7.5 minutes and were multiplied by timeto obtain a 15 min volume
(vy = volume at upstream end of reach, and vq = volume at downstream end
of reach). A relation was devel oped between stream discharge measured by a
current meter (Rantz and others 1982) at the upstream end of the upper reach
and discharge from the gage at the downstream end of that reach based on 15
measurements taken during the study:

gaged discharge (m3/s) = 1.437 x measured upstream discharge —
0.000302; r? = 0.96,

and discharge was then estimated at the upstream end of the upper reach
for every 15 min interval. A corresponding relation for the lower reach was
developed between gaged discharge downstream of the reach and measured
discharge at both the upstream and downstream ends of the reach based on
12 measurements taken during the study at each site:

gaged discharge (m®/s) = 1.18 x measured upstream discharge +
0.121; r2 = 0.99,

gaged discharge (m?/s) = 1.08 x measured downstream discharge +
0.0918; r* = 0.99
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Discharges were then estimated for both ends of the reach for every 15 min
interval.

The mass contribution (my) to each reach from tributaries on 3 datesduring
each sampling period (each 48-hr sampling period occurred over 3 dates) was
calculated as the concentration in the daily tributary sample multiplied by
the tributary volume from 1 daily flow measurement (as close to where the
tributary entered the stream as the measurement could be made), by assuming
that flow and concentration were constant for each date. Most of thetributaries
entering either reach are ground-water seepsthat reach the land surface close
to the stream channel (especially in the upper reach, because stream banksare
steep). No perennial streams enter the upper reach, and two enter the lower
reach.

The ground-water mass contribution (mg) was calculated by multiplying
the volume of ground-water inflow by the mean daily concentration from
the two wells along each reach. The volume of ground-water inflow was
calculated asfollows:

Vg = Vg — (Vu + V1) (6)
where
Vg = volume of ground water inflow
vq = volume of stream water at downstream end of reach
vy = volume at of stream water at upstream end of reach
vi = volume of tributary inflow

Results and discussion

The two most likely causes of stream NOj3 retention at base flow in the
two reaches were: (1) denitrification and subsequent degassing of N in the
hyporheic zone, and (2) uptake by the epilithic communities (and by liverwort
in the upper reach). The most likely source of stream NOj increases at base
flow in the two reaches (in addition to the terrestrial contribution defined
previously) was mineralization and nitrification in the hyporheic zone. The
relative effects of these processes were inferred from diurna patterns in
stream NO; concentrations, mass balances for NO;', depth profiles of NO3
and NH; concentrations through the hyporheic zone, and incubations of
streambed sediment to measure denitrification rates.
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Table 2. Diurnal changes in stream NO; concentrations in the two reaches
from 4:00 PM to 4:00 AM for the eight 24-hour periods in which samples
were collected. The change is expressed as both an absolute difference in
concentration (mol/L) and as a percentage of the 4:00 PM concentration.

Change in concentration
First 24-hours Second 24-hours
Reach Month pmol/L Percent pmol/L Percent

Upper April 0.2 1.0 13 59
June 17 183 0.3 238
July 1.0 10.5 0.6 57
Sept. 0.7 10.1 1.0 133
Lower April 4.0 218 28 16.7
June 29 32.2 25 245
July 20 138 0.5 3.0
Sept. 13 13.7 21 214

Temporal changesin stream NO3' concentrations

Stream NOj" concentrations in both reaches generally showed diurnal fluc-
tuations, indicating that uptake by aquatic photoautotrophs has a significant
effect on NO3 concentrations in the Neversink River (Figure 2). Nitrate
concentrations were generally lowest in the late afternoon and highest in the
early morning before sunrise during the majority of the eight diurnal cycles
that were monitored in both stream reaches (increases in NO3 concentra-
tions late in the afternoon of July 29 were associated with arain storm). The
diurnal change, determined by subtracting the stream NO3' concentration at
4 am. (generally closest to the time when the maximum NO; concentra-
tion occurred) from the concentration at 4 p.m. (generally closest to the time
when the minimum NO3 concentration occurred) on the previous day, was
generally greater in the lower reach than in the upper reach. Diurnal fluctua-
tionsin NO; concentrationsin the upper reach were similar during all four
sampling periods, but those in the lower reach were greatest during April.
Diurnal variability in the upper reach ranged from 1.0to 18.3% (of the 4 p.m.
concentration), with a mean of 8.4% for the eight 24-hour sampling periods
(Table 2). The lower reach had greater variability, ranging from 3.0 to 32.2%
with amean of 18.4%. The greatest diurnal variability in the lower reach was
in June, and in the upper reach wasin September.

Diurnal fluctuations in stream NO; concentrations frequently differed
significantly on consecutive days. For example, stream NO; concentrationsin
the upper reach varied by 18.3% during the first 24 hours of the June sampling
period, but only 2.8% during the second 24 hours. Similarly, stream NO3
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concentrationsin the lower reach varied by 13.8% during thefirst 24 hours of
the July sampling period, but only 3.0% during the second 24 hours. The July
fluctuations in the lower reach were affected by a thunderstorm on July 29
that caused stream dischargeto nearly double and stream NO3' concentrations
to increase from about 15 to almost 18 pmol/L from 4:00 p.m. to 6:00 p.m.
(Figure 2c). Nitrate concentrations increased in the early morning hours of
July 30 but did not reach as high avalue as they had in the previous morning.
These data suggest that NO3” movement from the soil to the stream observed
during rainstormsin thisregion (Murdoch & Stoddard 1992; Wigington et al.
1996) disrupts the diurnal cycle of stream NOj3 concentrations characteristic
of base-flow conditions. Biological uptake of NO3' in the stream may have
contributed to the decreased NO5 concentrationsimmediately after the storm,
since rainstorms can promote new growth in the periphyton community by
scouring tissue from surfaces, resulting in rapid uptake soon after a storm
(Grimm 1987; Triska et al. 1989). A more likely explanation, however, is
flow cessation in shallow flowpaths that transmit NO; rich water to the
stream (Brown et al. 1997).

Mass balances

The mass balances generally indicate that a significant amount of NO3 was
lost during transport from the top to the bottom of each reach (Table 3; Figure
3). Theloss of NO3 from each reach (expressed as the massin kg, Am) was
greatest in the June sampling period and least in the April sampling period
(Table 3). In all sampling periods, NO3 losses in both reaches generally
increased as mean streamflow increased, but the NO3" losses during the April
sampling period were |less than would be predicted by asimplelinear relation
between Am and streamflow based on all data (Figure 4). Alternatively, the
mass losses in June can be interpreted as atypically high at both sites. These
results suggest that NO3' losses in the early spring, are limited by the rate
at which NO; can be removed from stream water through biogeochemical
processes, whereas NO; losses later in the spring and through the fall are
limited by the NO3 supply inthe stream. The downstream |ossesof NO; may
have been limited in April by low stream temperatures (mean = 2.8 °Cin the
upper reach and 3.7 °C in the lower reach). Seasonal differencesin available
light probably did not cause smaller stream NO; lossesin April than during
the other sampling periods. The total incident-light energy flux measured
by the pyranometer was 516 kW/m? during the April sampling period —
less than the 644 kW/m? measured during the June sampling period, but
greater than the 476 kW/m? measured during the July sampling period (loss
of power prevented data collection during the September sampling period).
Additionally, the canopy on deciduoustrees had not devel oped by mid-April;
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Table 3. Mass balances for NO; in the two reaches during the four 48-hr sampling
periods. The values are expressed by three methods: (1) as the residual of the mass
balance (Am), (2) as the residual divided by the sum of the mass that entered each
reach from ground-water and tributary flow expressed as a percentage (Ma), and (3)
as the residua divided by the mass transported by the stream at the upstream end of
the reach expressed as a percentage (My,). The negative values indicate a mass loss of
NO; through the reach.

Upper reach Lower reach
Month  Am(kg) Ma(%) My (%) Am(Kkg) Ma(%) My, (%)

April -0.31 -85 —3.6 -10.5 —22.5 -31
June —1.47 —26.7 -16.4 —34.6 -684 117
July —-0.54 —47.0 —29.0 —19.6 —1133 -186
Sept. —0.53 —-34.0 —26.1 —16.8 —1159 -243

thus, available light would have reached the stream (particularly in the upper
reach) more readily in April than during the other sampling periods.

The stream losses of NO; (M, and My,) were greatest during the July
sampling period at the upper reach and during the September sampling period
at the lower reach (Table 3). The values of Am generally decreased from the
June to September sampling periods in both reaches, whereas the values of
Mg and My, generally increased during the same periods, indicating that both
the terrestrial and upstream supply of NO3' to the stream reaches decreased
more than the stream losses of NO3 did for these sampling periods. The
mass losses of NO; (Am) and losses relative to terrestrial supply (Ma) from
stream water were greater in the lower reach than in the upper reach, but
were greater relative to stream supply (Mp) in the upper reach. The loss
of NO3 from stream water in the lower reach in the July and September
sampling periods was large enough to result in a decline in the total mass of
NO;3 transported from the upstream end to the downstream end of the reach,
despite a significant influx of NO3 from tributaries and ground water. The
differences in the mass balances (as expressed by M) for the conservative
constituents are small, indicating that the uncertainty in the water balance
was insignificant in relation to the values of M, for NO3 (Figure 3). The M4
values for SOF  in the lower reach were greater than those for CI~ in the
upper reach, possibly because SOAZ[ isnonconservativein the hyporheic zone
(data that support this hypothesis are presented in the next section).

The mass-balance results, together with the diurnal patterns in stream
NO; concentrations, indicate that assessing the relative effects of aguatic
and hyporheic processes in the two stream reaches is dependent on how the
mass balanceisexpressed. Stream NO; contributions, masslossof NO; ', and
masslossof NO3' relativeto terrestrial NO3 contributionsto the stream were
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A. Upper reach

APRIL JUNE JULY SEPTEMBER

B. Lower reach

Figure 3. Mass balancesfor (A) NO; and Cl~ in the upper reach, and (B) NO; and SOf{ in
thelower reach during the four sampling periods expressed asthe residual of the mass balance
divided by the sum of the mass that entered each reach from ground-water and tributary flow
and expressed as a percentage (Ma). Negative values indicate a mass loss of the constituent
through the reach; positive values indicate a mass gain of the constituent through the reach.
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Figure4. Residual of the mass balance for NO; (Am) for each sampling period as afunction
of mean stream discharge in (A) Upper reach, and (B) Lower reach.

greater in the lower reach than the upper reach. When the NO; mass balance
is expressed relative to the mass of NO; transported in the stream, however,
the effects of agquatic and hyporheic processes are greater in the upper reach
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Figure5. Profilesof NO; concentrations in the stream, through the hyporheic zone, and into
the aluvia ground water at three locations on the West Branch Neversink River on Sept. 29,
1994 and Oct. 13, 1994. The symbol GW indicates a sample collected from awell about 2 m
from the stream and 3-4 m from where the other samples were collected.

than the lower reach. This apparent discrepancy between the two reaches
may result from the competing effects of downstream changes in stream
volume/streambed surface and changes in stream gradient and streambank
steepness. In the upper reach, the stream is shallow and narrow (Table 1),
and therefore, the channel surface area is greater relative to stream volume
than in the lower reach. The greater relative area of rock and stream sediment
surface in the upper reach could result in a greater loss of NO3' relative to
the transported mass than in the lower reach. Nitrate losses relative to the
terrestrial NO3 contribution to the stream were likely greater in the lower
reach because streambanks are less steep than in the upper reach, resulting
in greater residence times in the hyporheic zone. Additionally, the stream
gradient was less in the lower reach, allowing a greater accumulation of
organic matter in streambed sediments, and therefore, a greater likelihood of
anoxic conditions conducive to denitrification in the lower reach (Figure 5).

Role of other N species

Nitrate was the only form of dissolved N for which mass balances were
calculated. Ammonium, measured in all samples collected during the study,
was typically below the laboratory reporting limit of 2 xmol/L (Lawrence et
al. 1995), indicating low NH; concentrationsrelativeto NO; concentrations
in the Neversink River. Dissolved organic N (DON) concentrations were
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not measured during this study, but are assumed to be low relative to NO3
concentrations because dissolved organic carbon (DOC) concentrations are
generally low in the Neversink River (100 to 200 xmol/L at base flow). More
recent analyses of dissolved N species in the West Branch Neversink River
indicated amean of 84% NOj, 7% NH; , and 9% DON in biweekly samples
collected from June 1993 through April 1995 at the downstream end of the
upper reach (G.M. Lovett pers. commun.). Thesedataindicatethat NO3 isthe
dominant dissolved N speciesin surface waters of the Neversink watershed,
and that NH; and DON are only minor componentsof N mass balances. The
role of particulate forms of N were not assessed in this study.

Relative effects of denitrification and N uptake

Evidence of denitrification was assessed through analysis of a series of water
samples collected from the stream through the hyporheic zone and into the
shallow ground water at two sitesin the lower reach and one sitein the upper
reach. Results indicate that as ground water mixed with stream water in the
hyporheic zone, the dominant processes varied from conservative mixing to
complete removal of NOj by denitrification (Figure 5).

Results from the downstream site on the lower reach differed on the two
sampling dates; no significant decreasein NO; concentrationswasevidentin
atransect from the stream through the hyporheic zone to the ground water on
September 29, 1994, whereasthe NO; concentration of asample collected at
adepth of about 70 mm below the stream-sediment interface in the hyporheic
zone on October 13, 1994 was less than that of the stream water and ground
water, suggesting potential NO3 removal from solutionin the hyporheic zone
(Figure 5). Results from the upstream site in the lower reach indicated large
losses of NOj3™ through denitrification during exchangein the hyporheic zone
at thislocation. Two of the samples— collected at depths of 180 and 290 mm,
respectively — had no measurable NO3 concentrations, but had measurable
NH; concentrations of 3.8 and 3.1 umol/L which are generally indicative
of reducing conditions. These two samples aso showed evidence of sulfate
reduction by the “rotten egg” smell of H»S, and had sof; concentrationsthat
were 10 to 30 pmol/L less than in stream water and ground water. Together,
these data are consistent with the characteristic transformations that occur
when oxygen, then NOj', become depleted, and alternative terminal electron
acceptorssuch as SO?( are utilized by microorganisms (Lovley et al. 1994).
This sampling location at the lower reach was chosen because it was in a
guiescent section of the reach, where the stream sediment wasrich in organic
matter and, therefore, alikely site for reduction processes. Most of the stream
sediment in the Neversink consists of sand and gravel, with a steep stream
gradient that provides little opportunity for settling of organic matter, which
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is generally necessary for oxygen depletion in hyporheic flowpaths. Results
from another study indicate that no losses of dissolved oxygen, DOC, or NO3
were evident in two hyporheic flowpaths that extend for 18 m in the West
Branch of the Neversink River (W.V. Sobczak pers. commun.). Therefore,
the site that provided strong evidence of denitrification probably represents
only asmall percentage of the upper Neversink River.

Laboratory incubations of stream sediment collected on October 13, 1994
had moderate denitrification potentials of 0.09 and 0.10 nmol N,O/ml/hr for
the sampling sites at the upper reach and the downstream site at the lower
reach, respectively, and agreater rate of 0.84 nmol N>O/ml/hr for the upstream
site on the lower reach. The results are generally consistent with those from
the water samples collected in the hyporheic zone at each of these sites. The
site at which the incubated sediment had the greatest rate of denitrification
coincided with NO3 absencein the hyporheic zone. The low but measurable
rates of denitrification from the sediment at the other two sitesindicates some
potential for denitrification when conditions are suitable.

Stream-reach mass bal ances cal cul ated for daytime periodswere compared
with those calculated for nightime periods to assess the relative effects of
denitrification and N uptake on the downstream movement of NOj . If uptake
by photoautotrophs is the dominant cause of NO; losses in a stream reach,
less NO; would be expected to move downstream during the day than at
night, but if denitrification is the dominant cause of stream NOj |osses, then
day and night downstream movement of NO; should be similar.

Mass balances (Mg) of NO3' inthe day were similar to thoseat night in the
upper reach during each sampling period (Table 4). Mass balancesof NO3 in
the lower reach showed greater differences between day and night than those
in the upper reach, but no consistent pattern was evident. The downstream
movement of NO; was more conservative in the day than at night during
the April and June sampling periods, and was the opposite in the July and
September sampling periods. The lack of aconsistent day-to-night difference
in the mass balances for NO;* may reflect that uncertainty in the method of
calculation was greater than any real day-to-night differences.

The lack of strong differences between day and night mass balances of
NO3 do not necessarily indicate that biological uptake is an insignificant
sourceof NO3' lossesfromthestream. Algal uptake of nutrientsinthedark has
been demonstrated in both the laboratory and marine environment (Collos &
Salwyk 1980), and significant uptake of NOj at night has been demonstrated
in the riverine environment and may be related to decomposition of detritus
by heterotrophs (Triska et al. 1989). Also, light has been shown to inhibit
denitrification becauseit enabl es photoautotrophic activity that causes oxygen
penetration into the hyporheic zone (Nielsen et a. 1990). Although evidence
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Table 4. Day and night mass balances of NO; in the two reaches. The
values are expressed as the residua of the mass balance (Am), and as
the residual divided by the sum of the mass that entered each reach from
ground water and tributary flow expressed as a percentage (Ma). Day
represents the period from sunrise to sunset.

Day Night
Reach Month  Am (kg) Ma (%) Am (kg) Ma (%)
Upper April -0.17 -85 —-0.14 -85
June —0.98 —28.2 —0.49 —-24.1
July -0.32 —47.1 —-0.22 —46.8
Sept. -0.26 —34.2 -0.27 -33.8
Lower  April —4.2 —16.6 —6.3 —29.6
June —20.9 —653 —-136 —-731
July —-120 —120.0 —-76 -104.1
Sept. -79 —125.2 -89 -118.7

from other studies suggests that the separation of NO; mass balances into
day and night periods is not a reliable method for quantifying the effects of
uptake on stream NOj concentrations, the diurnal changes observed provide
strong evidencethat the uptake of NOj is greater during the day than at night
in the reaches studied.

Conclusionsand significance

The results of this study have shown that NOj is generally not transported
conservatively at base flow within this upland stream environment in which
NOjy is the dominant dissolved N species. Mass balances of NO; for two
contrasting stream reaches revealed greater |osses relative to stream NO3
transport inthe upper reach, and greater lossesrel ativeto tributary and ground-
water contributions in the lower reach. During summer and fall base flow,
aguatic and hyporheic processes removed more NO; from the lower reach
than was added by tributaries and ground water; and thus, the downstream
load decreased. The mass-balance resultsindicate that the downstream losses
of NOj in both reaches were generally related to streamflow and thus, to
the NO3 supply, except during the April sampling period, when low water
temperatures may have slowed the rate of aguatic and hyporheic processes.
A diurna pattern of changes in stream NO; concentrations at base flow
in the two study reaches suggests that uptake by photoautotrophs was an
important cause of downstream losses of NO; , but the mass balance data do
not provide quantitative evidence of the relative roles of denitrificationand N
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uptake in the losses of NOj from the stream. Complete removal of NO3 was
observed in the hyporheic zone of a quiescent section of the lower reach of
the stream where organic matter had accumulated in the streambed sediment,
indicating that denitrification does occur in the Neversink River. Resolving
the relative importance of these two processes in the downstream movement
of NO3 warrants further study because of the long-term implications for the
N cyclein forested watersheds such as the Neversink that receive large |oads
of atmospheric N. Denitrification represents a permanent loss of N through
diffusion and degassing, but N taken up by stream biota can become available
again through mineralization and nitrification.

The results of this study indicate that the failure to include aquatic and
hyporheic processes in models of the effects of atmospheric N deposition
on stream NO; concentrations could result in erroneous predictions, even
in steep, headwater watersheds. Data presented here suggest that some of
the stream-to-stream differences in NO3 concentrations in watersheds that
receivesimilar rates of atmospheric N deposition could result from differences
in physical characteristics of the stream environment that affect the aquatic
and hyporheic processing of N.

Acknowledgements

This study was supported by funds from the New York City Department
of Environmental Protection and the Federal Cooperative Program of the
U.S. Geological Survey. The comments of D.H. Campbell, F.J. Triska, and
P.J. Phillips on an earlier version of this manuscript are appreciated. Thanks
are extended to JA. Ashby (Univ. of New Hampshire) for performing the
laboratory incubations of stream sediment, and L.A. Waldron (U.S. Geolog-
ical Survey) and PW. Brown (Frost Valley YMCA) for assisting with data
collection. Samples were collected on land owned by the Winnisook Club,
the Connell family, and the Frost Valley YMCA, and their cooperation and
support of thiswork are gratefully acknowledged.

References

Aber JD, MdlilloJM, Nadelhoffer KJ, Pastor J& BooneRD (1991) Factorscontrolling nitrogen
cycling and nitrogen saturation in northern temperate forest ecosystems. Ecol. Appl. 1:
305-315

Aber JD, Driscoll CT & Ollinger SV (1997) Modeling nitrogen saturation in forest ecosystems
in response to land use and atmospheric deposition. Ecol. Model. 101: 61-78

Allan, JD (1995) Stream Ecology: Structure and Function of Running Waters. Chapman and
Hall, New York, 388 pp



94

Brown VA, McDonnell JJ, Burns DA & Kendall C (1997) The role of event water, rapid
shallow flowpaths, and catchment size in summer stormflow. J. Hydrol. In review

Burns DA, Murdoch PS, Lawrence GB & Michel RL (1997) Hydrologic control of NO3
concentrations in Catskill Mountain headwater streams. Water Resour. Res. In review

Buttner PJR (1977) Physical stratigraphy, sedimentology, and environmenta geology of the
upper Devonian stream deposits of the Catskill Mountains of eastern New York state. In:
Wilson PD (Ed) Guidebook to Field Excursions (pp 1-29). 49" Annual Meeting, New
York State Geological Assoc., Trip A-7

Casey H (1977) Origin and variation of nitrate nitrogen in the chalk springs, streamsand rivers
in Dorset and its utilization by higher plants. Prog. Water Technol. 8: 225-235

Christensen PB, Nielson LP, Sorenson J & Revsbech NP (1990) Denitrification in nitrate-rich
streams — diurnal and seasonal variation related to benthic oxygen metabolism. Limnol.
Oceanogr. 35: 640-651

Christopherson N, Seip HM & Wright RF (1982) A model for stream chemistry at Birkenes,
Norway. Water Resour. Res. 18; 977-996

Collos Y & Salwyk G (1980) N uptake and assimilation by marine phytoplankton. In:
Flakowski PG (Ed) Primary Productivity in the Sea (pp 195-211). Plenum Press, New
York

Cooper AB (1990) Nitrate depletion in the riparian zone and stream channel of a small
headwater catchment. Hydrobiologia 202: 13-26

Cosby BJ, Hornberger GM & Galloway JN (1985) Modeling the effects of acid deposition —
Assessment of alumped parameter model of soil water and stream-water chemistry. Water
Resour. Res. 21: 5163

Creed IF, Band LE, Foster NW, Morrison IK, Nicolson JA, Semkin RS & Jeffries DS (1996)
Regulation of nitrate-N release from temperate forests: A test of the N flushing hypothesis.
Weater Resour. Res. 32: 3337-3354

Duff JH & Triska FJ (1990) Denitrification in sediments from the hyporheic zone adjacent to
asmall forested stream. Can. J. Fish. Aquat. Sci. 47: 1140-1147

Faafeng BA & Roseth R (1993) Retention of nitrogen in small streams artificially polluted
with nitrate. Hydrobiologia 231: 113-122

Findlay S (1995) Importance of surface-subsurface exchange in stream ecosystems: The
hyporheic zone. Limnol. Oceanogr. 40: 159-164

Gordon AB & Katzenbach M (1983) Guidelinesfor Use of Water Quality Monitors. U.S. Geol.
Surv. Open-File Rpt. 83-681, Reston, VA, 94 pp.

Grimm NB (1987) Nitrogen dynamics during succession in a desert stream. Ecology 68:
11571170

Hill AR (1981) Nitrate-nitrogen flux and utilization in a stream ecosystem during low summer
flows. Canad. Geogr. 25: 225-239

Hill AR (1983) Nitrate-N mass balances for two Ontario rivers. In: Fontaine TD & Bartell SM
(Eds) Dynamics of Lotic Ecosystems (pp 457-477). Ann Arbor Science

Holmes RM, Jones JB, Fisher SG & Grimm NB (1996) Denitrification in a nitrogen-limited
stream ecosystem. Biogeochemistry 33: 125-146

Horner RR & Welch EB (1981) Stream periphyton development in relation to current velocity
and nutrients. Can. J. Fish. Aquat. Sci. 38: 449-457

Hynes HBN (1969) The enrichment of streams. In: Eutrophication: Causes, Consequences,
Correctives (pp 188-196). National Academy of Sciences, Washington, DC

Hynes HBN (1983) Groundwater and stream ecology. Hydrobiologia 100: 93-99

Kaushik NK, Robinson JB, Sain P, Whitely HR & Stammers WN (1975) A quantitative study
of nitogen loss from water of asmall spring-fed stream. Proceed. Can. Symp. Water Pollut.
Res. 10: 110-117

Lawrence GB, Lincoln TA, Horan-Ross DA, Olson ML & Waldron LA (1995) Analytical
Methods of the U.S. Geological Survey’s New York District Water-Analysis Laboratory.
U.S. Geol. Surv. Open-File Rpt. 95-416, Troy, NY, 78 pp



95

Lincoln TA, Horan-Ross DA, Olson ML & Lawrence GB (1996) Quality-Assurance Data for
Routine Water Analyses by the U.S. Geological Survey Laboratory in Troy, New York.
U.S. Geol. Surv. Open-File Rpt. 96-167, Troy, NY, 22 pp

Lovley DR, Chapelle FH & Woodward (1994) Use of dissolved H, concentrationsto determine
distribution of microbially catalyzed redox reactions in anoxic groundwater. Environ. Sci.
Technol. 28: 1205-1210

Mitchell MJ, David MB & Harrison RB (1992) Sulphur dynamics of forest ecosystems.
In: Howarth RW, Stewart JWB & lvanov MV (Eds) Sulphur Cycling on the Continents
(pp 215-252). SCOPE, John Wiley & Sons Ltd, New York

Mulholland PJ (1992) Regulation of nutrient concentrationsin atemperate forest stream: Roles
of upland, riparian, and instream processes. Limnol. Oceanogr. 37: 1512-1526

Murdoch PS & Stoddard JL (1992) The role of nitrate in the acidification of streams in the
Catskill Mountains of New York. Water Resour. Res, 28: 27072720

Murdoch PS & Stoddard JL (1993) Chemical characteristics and temporal trends in eight
streams of the Catskill Mountains, New York. Water Air Soil Pollut. 67: 367-395

Nielsen LP, Christensen PB Revsbech NP & Sorensen J (1990) Denitrification and photosyn-
thesis in stream sediment studied with microsensor and whole-core techniques. Limnol.
Oceanogr. 35: 1135-1144

Ohrui K & Mitchell MJ (1997) Nitrogen saturation in Japanese forested watersheds. Ecol.
Appl. 7: 391401

Ollinger SV, Aber JD, Lovett GM, Millham SE & Lathrop RG (1993) A spatial model of
atmospheric deposition for the northeastern U.S. Ecol. Appl. 3: 459472

Rantz, SE et al. (1982) Measurement and Computation of Streamflow: Volume 1. M easurement
of Stage and Discharge, U.S. Geol. Surv. Water-Supply Paper 2175, Washington, DC,
284 pp

Rich JL (1934) Glacia geology of the Catskills. New York State Museum Bull. 299, 180 pp

Rosemond AD, Mulholland PJ & Elwood JW (1993) Top-down and bottom-up control of
stream periphyton: Effects of nutrients and herbivores. Ecology 74: 1264-1280

Seitzinger SP (1988) Denitrification in freshwater and coastal ecosystems: ecological and
geochemical significance. Limnol. Oceanogr. 33: 702-724

Stoddard JL (1994) Long-term changes in watershed retention of N. In: Baker LA (Ed)
Chemistry of Lakes and Reservoirs (pp 223-284). ACS Advancesin Chemistry SeriesNo.
237, American Chemical Society

Triska FJ, Kennedy VC, Avanzino RJ & Reilly BN (1983) Effect of simulated canopy cover
on regulation of nitrate uptake and primary production by natural periphyton assemblages.
In: Fontaine TD & Bartell SM (Eds) Dynamics of Lotic Ecosystems (pp 129-159). Ann
Arbor Science, Ann Arbor, Ml

Triska FJ, Sedell JR, Cromack K Jr, Gregory SV & McCorison FM (1984) Nitrogen budget
for asmall coniferous forest stream. Ecol. Monogr. 54: 119-140

Triska FJ, Kennedy VC, Avanzino RJ, Zellweger GW & Bencala KE (1989) Retention and
transport of nutrients in athird-order stream: Channel processes. Ecology 70: 1877-1892

TriskaFJ, Kennedy VC, Avanzino RJ, Zellweger GW & BencalaKE (1990a) In situ retention-
transport response to nitrate loading and storm discharge in a third order stream. J. North
Amer. Benth. Soc. 9: 229-239

Triska FJ, Duff JH & Avanzino RJ (1990b) Influence of exchange flow between the channel
and hyporheic zone on nitrate production in asmall mountain stream. Can. J. Fish. Aquat.
Sci. 47: 2099-2111

Valett HM, Fisher SG, Grimm NB & Camill P (1994) Vertical hydrologic exchange and
ecological stability of adesert stream. Ecology 75: 548-560

Vallentyne JR (1974) The algal bowl — lakes and man. Miscellaneous Special Publication 22.
Ontario Dept. Environment. Ottawa

Van Kessel JF (1977) Removal of nitrate from effluent following discharge on surface water.
Water Res. 11: 533-537

Wetzel RG (1983) Limnology. Second Edition, Saunders, New York, 753 pp



96

Wigington PJ Jr, DeWalle DR, Murdoch PS, Kretser WA, Simonin HA, Van Sickle J & Baker
JP (1996) Episodic acidification of small streams in the northeastern United States: lonic
controls of episodes. Ecol. Appl. 6: 389-407

Winter TC, LaBaugh JW & Rosenberry DO (1988) The design and use of a hydraulic
potentiomanometer for direct measurement of differences in hydraulic head between
groundwater and surface water. Limnol. Oceanogr. 33: 1209-1214



