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Longitudinal and seasonal variation of stream N uptake
in an urbanizing watershed: effect of organic matter, stream
size, transient storage and debris dams
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Abstract We examined seasonal and spatial link-
ages between N cycling and organic matter for a
suburban stream in Maryland and addressed the
question: How do longitudinal NH," uptake patterns
vary seasonally and what is the effect of organic
matter, stream size, transient storage and debris dams?
We applied a longitudinal (stream channel corridor)
approach in a forested stream section and conducted
short-term nutrient addition experiments (adapted to
account for the effect of nutrient saturation) covering
14-16 reaches, and compared two distinct seasons
(late fall 2003 and late summer 2004). Longitudinal
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NH," uptake rate patterns had a distinct seasonal
reversal; fall had the highest uptake rates in the upper
reaches, while summer had the highest uptake rates in
the lower reaches. This seasonal reversal was attrib-
uted to organic matter and evidenced by DON
patterns. Transient storage did not have an expected
effect on uptake rates in fall because it was con-
founded by leaf litter; litter produced higher uptakes,
but also may have reduced transient storage. In
summer however, uptake rates had a positive corre-
lation with transient storage. Debris dams had no
distinct effect on uptake in fall because of their recent
formation. In summer however, the debris dam effect
was significant; although the debris dams were
hydraulically inactive then, the upstream reaches
had 2-5 fold higher uptake rates. The seasonal and
longitudinal differences in NH,* uptake reflect inter-
actions between flow conditions and the role of
organic matter. Urbanization can alter both of these
characteristics, hence affect stream N processing.
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Introduction

Streams and riparian zones play an important role in

reducing nitrogen loading from upland areas. Pro-
cesses in riparian zones remove nitrogen before it
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enters surface waters and typically dominate on a
watershed basis (Fenessy and Cronk 1997). Small
headwater streams can be important as well (e.g.,
Alexander et al. 2007) and there is evidence of
significant (in some cases more than half of in-stream
nitrogen) uptake (Peterson et al. 2001). Numerous
studies have shown that there are multiple controls on
in-stream uptake, including both biotic and abiotic
factors. Most of these controls vary in space and time.
Within headwater streams, spatial-temporal variation
in channel form, discharge and other characteristics
may lead to hot spots and hot moments of nitrogen
cycling and uptake (McClain et al. 2003). The
question that arises is: where and when does nutrient
uptake occur and what are the critical controls? This
geographical question becomes important when tar-
geting stream restoration efforts and land-use man-
agement practices, particularly given that nutrient
processing in small headwater streams can be
affected by urban and suburban development (Paul
and Meyer 2001; Walsh et al. 2005). Headwater
streams in these settings receive increased loads of
nitrogen. In addition, increases in peak discharge and
flashiness of flow (Leopold 1968) lead to increased
rates of stream incision (Hammer 1972) which can
result in upland flows bypassing the riparian zone and
changes in channel form and in-stream flow charac-
teristics (Groffman et al. 2003).

Numerous studies have been conducted on in-
stream nitrogen processing, with relatively few
studies in suburban streams (e.g., Mulholland et al.
2008). When applied at a whole-stream scale these
studies are often based on the concept of nutrient
spiraling (Webster and Patten 1979; Newbold et al.
1981; Elwood et al. 1983) (see Ensign and Doyle
2006, for review). The associated field experiments
typically involve isotopic tracer or nutrient additions
and adopt a stream reach as the defining spatial unit.
Most studies have focused on comparing reaches with
distinct characteristics (hydrological, geomorpholog-
ical and biological) across a range of sites. However,
few studies have examined nitrogen processing
through a stream channel corridor. Such longitudinal
studies are considered essential for understanding the
downstream fate of nitrogen (Alexander et al. 2007),
as well as the associated ecological linkages with
organic matter and biological communities (Wipfli
et al. 2007). Within this spatial context, temporal
examinations can further elucidate changes in
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endogenous and exogenous controls on in-stream
nitrogen cycling (Valett et al. 2008).

Stream size is an important factor in the down-
stream fate of nitrogen (Alexander et al. 2000;
Peterson et al. 2001; Wollheim et al. 2001), as it
influences both physical and biological stream char-
acteristics (Vannote et al. 1980). Smaller streams
have larger surface area to volume ratios, hence more
contact between water column and streambed. Also,
smaller streams tend to have lower velocities, hence
more contact time between water column and
streambed. Both effects typically result in smaller
streams having high uptake relative to transport,
forming the basis for empirical regional-scale models
of nitrogen uptake and retention (e.g., Howarth et al.
1996; Smith et al. 1997; Seitzinger et al. 2002).

Much in-stream processing of nitrogen is thought
to take place in the hyporheic zone, the subsurface
flowpaths along which stream water mixes with
subsurface water. This zone is considered a biogeo-
chemical hot spot (McClain et al. 2003) and hypor-
heic exchange and its importance for biogeochemical
transformations has received increased attention (e.g.,
Jones and Mulholland 2000). Urbanization and
associated changes in stream channel morphology
likely reduce hyporheic exchange (Paul and Meyer
2001), while urban stream restoration can signifi-
cantly increase hyporheic nitrogen processing (Kau-
shal et al. 2008). At the reach-scale, hyporheic
exchange is typically characterized with transient
storage (TS) models (e.g., Bencala and Walters 1983;
Runkel 1998); note however, that TS includes both
hyporheic exchange and surface storage. Interest-
ingly, single site studies relating TS and nutrient
uptake have been equivocal (Hall et al. 2002; Roberts
et al. 2007). In the most extensive study, Hall et al.
(2002) found that ammonium uptake was strongly
related with TS in summer only.

In small streams, organic debris dams can play an
important role in regulating the export of particulate
organic matter (Bilby and Likens 1980) and can serve
as hot spots of biogeochemical cycling (Valett et al.
2002; Groffman et al. 2005). The reduction in flow
velocity when debris dams are hydraulically active
enhances both organic matter accumulation and
water/sediment contact time. Therefore, debris dams
can have an important controlling function on
watershed nutrient export. The formation and bio-
geochemical functioning of debris dams is affected
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by both long-term processes (e.g., forest succession,
Valett et al. 2002) and episodic events (e.g., ice-
storm, Bernhardt et al. 2003).

We conducted several studies to examine the role
of small streams in controlling nitrogen export from
a suburbanizing watershed in Maryland. In this
study we examined seasonal and spatial linkages
between nitrogen cycling and organic matter and
addressed the following question: How do longitu-
dinal ammonium (NH,") uptake patterns vary
seasonally and what is the effect of organic matter,
stream size, transient storage and debris dams? We
applied a longitudinal (stream channel corridor)
approach in a forested stream section and conducted
short-term nutrient addition experiments adapted to
account for the effect of nutrient saturation (Claes-
sens and Tague 2009). We compared two distinct
seasons (late fall 2003 and late summer 2004).
Although nitrate (NO3™) is the dominant nitrogen
species of concern in our study area, in this paper
we focused on NH4' because it is cycled more
rapidly which facilitates the detection of controlling
relationships at relatively fine spatial scales. In a
separate paper (Claessens et al. 2009a) we examine
longitudinal variation in NO5;~ uptake and how it is
affected by concentration.

Study area

The study was conducted on the main stem of
Baisman Run (BARN), located in Baltimore County
in Maryland, about 15 kilometers north of the city of
Baltimore (Fig. 1). The 3.8 km? BARN watershed is
one of several watersheds monitored as part of the
Baltimore Ecosystem Study Long Term Ecological
Research program (BES-LTER). Land-use in the
BARN watershed is characterized by low-density
residential in the upper portion and forested in the
lower portion (Fig. 1). All developments in the
headwaters are on septic systems. The forested lower
watershed is part of Oregon Ridge, a Baltimore
County park that has been subject to logging and
agriculture in the past. Currently, the forest vegeta-
tion is dominated by 80-100 year old chestnut oaks
(Quercus prinus) on the hill slopes and divides, and
tulip poplars (Liriodendron tulipifera) on the flood-
plains (Groffman et al. 2006). BARN is particularly
suited for investigating in-stream processing, as it has
a step change in nitrate loading, with high loadings
from the upper, developed portion and low loadings
from the lower, forested portion. The BARN
watershed has been the focus of several studies to
examine nitrogen fluxes (Groffman et al. 2004) and
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Fig. 1 Baisman Run watershed with stream network (false color image using EMERGE digital aerial imagery). Lighter colored
areas in the headwaters indicate development. Numbered sections correspond to location of nutrient addition experiments

@ Springer



48

Biogeochemistry (2010) 98:45-62

the role of small streams in controlling nitrogen
export from suburban land-use (Claessens et al.
2009a, 2009b).

The BARN watershed lies in the eastern Piedmont
and is underlain by metasedimentary rocks (schist).
The topography varies from gently sloping to hilly,
with locally steep slopes near drainage channels. The
stream geomorphology is generally characterized by
locally incised cross sections in the upper watershed
(because of development-induced erosion); meanders,
floodplains and relic streambeds in the mid-watershed;
and occasional bedrock outcrops and rapids in the
lower watershed. The streambed is dominated by sand
and cobble substratum in the upper watershed; sand,
pebble and cobble substratum in the mid-watershed;
and even distribution of sand, gravel, pebble and
cobble substratum in the lower watershed (based on
10 m survey). The stream is predominantly heterotro-
phic; high-stature riparian vegetation reduces auto-
trophic production by shading and produces inputs of
allochthonous organic matter. In September 2003,
Hurricane Isabel (degraded to a tropical storm)
produced heavy winds that knocked down many trees.
This led to the formation of numerous debris dams.
Evaluating the effect of debris dams played an
important role in the design of our study.

Methods

The nutrient addition experiments reported here were
conducted in late fall 2003 and late summer 2004. To
estimate NH, " uptake we used OTIS-MM (Claessens
and Tague 2009), a transport-based nutrient addition
approach adapted to account for the effect of nutrient
saturation. We specifically designed the field exper-
iments for this new field-modeling approach. We
used transient storage (TS) as a surrogate for the
hyporheic zone, while acknowledging that TS
includes both hyporheic exchange and surface stor-
age. We used short-term additions of a conservative
solute (bromide) to estimate transport and TS char-
acteristics, using the One-dimensional Transport with
Inflow and Storage (OTIS) solute transfer model
(Runkel 1998).

The fall 2003 experiments were conducted
~1 month after leaf fall. Leaf litter affects biotic
NH,* uptake because of increased immobilization
(e.g., Tank and Webster 1998) and hence can
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confound the relationship between NH,t uptake
and stream size. Fortunately, due to major storm
events large amounts of leaf litter had been purged
from the stream prior to the experiments and the
amount of leaf litter during the fall experiments was
similar to winter conditions (based on visual obser-
vation). Less leaf litter was present in summer 2004
due to ensuing downstream transport and biological
and physical breakdown. Also, the fall experiments
were conducted ~2 months after the formation of
numerous organic debris dams. Depending on flow
conditions, debris dams are hydraulically active or
inactive. They were active in fall, slowing down flow
and trapping sediment and particulate organic matter,
but were inactive in summer when flows were lower.

Nutrient addition experiments

We conducted two seasonal sets of short-term nutrient
addition experiments in the main stem of BARN. The
first set of experiments (16 reaches) was performed in
late fall 2003, several weeks after leaf fall. The second
set of experiments (14 reaches) was performed in late
summer 2004; experiments were repeated for all but
two of the same reaches. The reaches were selected
based on the presence of distinct stream characteris-
tics (e.g., debris dams), the location of confluences,
and ease of access. Reaches ranged in length from 20
to 100 m and had travel times of ~0.2-0.4 h in fall
2003 and 0.3-0.8 h in summer 2004. All 14-16
reaches were covered in 4 days of experiments, with a
single addition covering 3-5 sequential reaches.
Hereafter, we refer to all the reaches that were
covered in one single addition as a “section.” The first
day addition was at the most upstream section,
moving downstream in the following days.

Prior to the experiments we estimated stream flow
and travel time. Streamflow was measured with a
propeller-type flowmeter (Swoffer) and travel time for
each reach was estimated by timing the front- and tail-
end of a fluorescent dye plume (Rhodamine WT).
From these measurements we determined the injectate
concentration, the injection duration and the sampling
times at each station. The injectate concentration was
aimed at raising Br~ background by 2-3 mg L™
(background was 0.003-0.12 mg L") and NH,"
background by 180 pg N L™ (background was 2—16
ng N L™"). For NH," this increase in background
concentration is higher than what is typical in
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traditional short-term nutrient additions; this allowed
us to cover multiple, sequential reaches in one
addition. For the injection duration we aimed for at
least %2 h (fall 2003) or 2'> h (summer 2004) plateau
duration for the most downstream reach. The OTIS-
MM nutrient addition approach involved sampling
over the rising part of the breakthrough curve (solute
concentration curve). Sampling times at each station
were specifically designed to reduce uncertainty in
estimating transport, TS and uptake parameters and to
improve calibration convergence of the OTIS-MM
model (i.e., samples were concentrated in parts of the
breakthrough curve that most strongly relate to
dispersion, advection, dilution, TS and uptake).

Sodium bromide and ammonium chloride were
dissolved in DI water in the lab, transported in
carboys to the field and injected using a peristaltic
pump (Wheaton) powered by a marine battery. The
pump was calibrated before each injection and
checked post-injection (flow rate deviations were
less than 1%). The solute was injected at a natural or
temporary artificially constructed flow constriction,
followed by a 20-25 m mixing reach. Sampling
stations were located at upstream and downstream
reach boundaries. Water samples for bromide and
nutrients were collected as grab samples in the
thalweg, always in the same spot. Station operators
were equipped with synchronized watches and col-
lected samples at specified times. At each station 13
samples were collected in fall 2003 and 18 samples in
summer 2004. The grab samples were collected using
250 ml plastic sample bottles that had been acid-
washed and rinsed with stream water, and were
immediately filtered (0.7 pm Whatman GF/F) using
syringes and filter holders into 20 ml plastic scintil-
lation vials that had been rinsed with filtered sample
water. The samples were placed on ice and upon
return from the field were kept either refrigerated
(bromide) or frozen (nutrients).

Both sets of experiments were conducted during
baseflow conditions. The additions started early in the
morning and sampling was completed by early
afternoon. Diurnal fluctuations in flow (because of
evapotranspiration) were substantial in summer 2004
(~10% decrease during the experiment) and were
accounted for during the calibration of the OTIS
model parameters (Claessens and Tague 2009).
Stream temperatures were measured over the course
of the experiments in fall 2003. Wetted stream widths

were measured every 10 m for a representative cross-
section and visual stream surveys were conducted
every 10 m to record streambed substratum, flow
type, habitat and debris.

Bromide samples were analyzed on an ion chro-
matograph (Dionex DX-120) at the MBL Ecosystems
Center in Woods Hole, MA. Nutrient samples were
analyzed on a Lachat autoanalyzer at the Cary
Institute of Ecosystem Studies in Millbrook, NY.
Samples were run out of sequence to reduce analyt-
ical artifacts introduced by instrument drift and
changes in standards and reagents.

Data analysis
Transport and transient storage

Transport and TS parameters for each reach were
estimated from the Br™ concentrations using the OTIS
solute transport model (Runkel 1998), which is based
on the Bencala and Walters (1983) TS model. The
following parameters were estimated: stream channel
cross-sectional area (A), storage zone cross-sectional
area (Ay), dispersion coefficient (D) and storage zone
exchange coefficient (o). Parameters were estimated
using a semi-automatic, nonlinear least square algo-
rithm as part of OTIS-P. After model calibration we
calculated several transport and TS metrics. We
calculated reach travel time (7) over water depth (h),
T/h, which is inversely related to specific discharge
(discharge per unit width). 7/h is an approximate
measure of contact between water column and stream-
bed and is commonly used in estimating nitrogen
removal (e.g., Seitzinger et al. 2002). We calculated
the relative size of the TS zone (AJ/(A + Ay)). We also
calculated the fraction of median reach travel time due
to TS (F,..q), a transport-based TS metric introduced
by Runkel (2002). Because we were interested in
comparing reaches with distinct flow characteristics
(e.g., debris dam reaches), we calculated F,,., by
adopting a standardized median reach travel time of
18 min (FZ1%) (18 min was the average value of the
median reach travel times for all the reaches).

Ammonium uptake
NH," uptake parameters for each reach were esti-

mated using OTIS-MM. See Claessens and Tague
(2009) for governing equations and method details.
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The following OTIS-MM parameters were estimated:
lateral inflow reactive solute concentration (Cp),
maximum uptake rate (Un.x) and half-saturation
constant (K;). Note that Cp is different from the
background concentration, which is affected by
uptake. Parameters were estimated using a semi-
automatic, nonlinear least square algorithm built into
OTIS-P, as well as through manual calibration. For
each experiment, iterative calibrations were per-
formed until convergence was achieved for all
parameters in all reaches.

Ammonium uptake metrics

We calculated the following interrelated uptake
metrics (Stream Solute Workshop 1990):

u
Tk,
U = hK.C (1)
Vi = hK,

where K, is first-order uptake rate constant [T='1,
which describes uptake on a volumetric basis; S,, is
uptake length [L], which is the average travel distance
of nutrients before removal; U is uptake rate
[M L™2 T7'"], which describes uptake rate per unit
area of stream bottom; V/is uptake velocity [L Tfl],
which describes the vertical velocity of nutrients
towards the benthos; C is concentration [M L73]; uis
velocity [L T !; and & is water depth [L]. Funda-
mental units are mass [M], length [L] and time [T].
These basic uptake metrics are based on first-order
kinetics and are not transport-based. To calculate
these metrics, we used a simulation approach using
OTIS-MM. First, we estimated median velocity (u)
from OTIS. Next, we calculated uptake lengths (S,,)
for a sequence of OTIS-MM simulations. Similar to
empirical methods (e.g., Webster and Ehrman 1996),
we determined S, by regressing plateau concentra-
tions against distance, after correcting for background
and dilution. A total of 6 simulations were performed
with increasing levels of solute addition, from which
we estimated S,, at background concentration through
extrapolation (similar to the approach suggested by
Dodds et al. 2002). Uptake rate constant (K,.), uptake
rate (U) and uptake velocity (V,) were calculated
subsequently using Eq. 1.

The OTIS-MM approach solves for lateral inputs,
which allows for -calculating reach-scale mass
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balances, hence uptake. Proportional uptake over
the reach (R) was calculated by mass balance:
(M;+ M) — Mo

M+ M,

R= (2)
where R = proportional uptake over the reach; M; is
mass of NH, ' input at top of reach; M, is mass of
NH," output at bottom of reach; and M is mass of
NH, " input along reach as lateral input. Lateral input
includes both NH,* input in lateral flow as well as
recycling of NH, " uptake (remineralization). The latter
constitutes the major portion of lateral input (typically,
remineralization is assumed to be equal to uptake).

Most of the reaches (except a few debris dam
reaches) were similar in length (80—100 m). Through
model simulations we determined that the slight
differences in reach lengths had only a minor effect
on relationships with reach length dependent vari-
ables, including travel time (7) and uptake (R).
Therefore, instead of adopting a uniform reach length
and using model simulations, we calculated 7 and R
based on the actual reach lengths.

Statistical analysis

We tested for statistical correlations between seasons
for the various hydrologic, TS and uptake terms. We
also tested for correlations between uptake terms, and
hydrological and TS terms. We used a rank-based
nonparametric test, Kendall’s fau (Kendall 1975).
Because debris dam reaches differed in physical and
biological characteristics, we performed separate
statistical analyses using all the reaches, and using
a subset of non-debris dam reaches only.

Results
Physical and hydrologic characteristics

Physical and hydrologic characteristics for the fall
2003 and summer 2004 experiments are presented
(Table 1; Fig. 2a—) and were tested for seasonal
correlation (Table 2). Discharge was about twice as
high in fall compared to summer (Table 1). Cross-
sectional areas (solved by OTIS) were larger in fall,
partly because of active debris dam reaches. Both
measured wetted stream widths and water depths
were also larger in fall, while median velocities were
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Fig. 2 Seasonal comparison (summer 2004 vs. fall 2003) of various hydrologic terms and NH," uptake terms for each reach. Open

symbols are debris dam reaches. Dotted line is 1:1 line

similar between seasons. Travel time over water
depth (7/h) was larger in summer (Fig. 2a), reflecting
a combination of lower velocities (i.e., longer travel
time) and smaller water depths. Spatial (between
reach) patterns of 7/h correlated between seasons
(p < 0.001).

The relative size of the TS zone (AJ/(A + Ay)) was
smaller in fall (Fig. 2b), indicating that with higher

flows the relative size of TS diminished (likely
because of stronger groundwater gradients towards
the stream). AJ/(A + Ay) had a larger range when flow
was low and spatial (between reach) patterns did not
correlate between seasons. The relative time that
water spent in TS (F ,%fl) was similar between seasons
(Fig. 2¢) and again spatial patterns did not correlate

TI8
between seasons. In summer only, F,,.; generally
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Table 2 Nonparametric correlations between seasons for
hydrologic, TS and uptake terms (Kendall’s t and probability)

Variables All reaches Subset reaches
T p T p

(0] 0.89 <0.001 0.89 <0.001
T/h 0.71 <0.001 0.78 <0.001
AJ(A + Ay) 0.03 0.43 —0.16 0.24

Fri8 —0.03 0.43 —0.02 0.47

Unnax —0.03 0.43 0.27 0.12

R 0.58 <0.01 0.56 <0.01

Sy 0.47 <0.01 0.49 0.02

K. 0.03 0.43 0.20 0.20

Ve 0.71 <0.001 0.64 <0.01

U 0.21 0.15 0.13 0.29

Note subset excludes debris dam reaches; bold indicates
significance (p < 0.05)

20+

s

20 (b)

15

Wi

*%

NHs (ugN L")

104

0 500 1000 1500 2000 2500 3000 3500
Location (m)

Fig. 3 a Background NH,* concentrations for reach sampling
locations; b Background NH,t concentrations for detailed
synoptic (40 m) for fall 2003. Circles are fall 2003; triangles
are summer 2004; open symbols are debris dam reaches

increased downstream (results not shown). The debris

dam reaches in summer had the lowest values for
TI8 (1

F.ca (Fig. 2c).

Chemical characteristics
Background NH," concentrations in fall 2003 were

generally lower compared to summer 2004 (Fig. 3a).
There was a slight downstream decrease in NH,"

@ Springer
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Fig. 4 DON concentrations for detailed synoptic: a November
25, 2003; b March 5, 2004; ¢ September 6, 2004

concentration in fall. Detailed synoptic (40 m resolu-
tion) NH,* patterns (Fig. 3b) illustrate that tributaries
can shift the baseline concentration (e.g., increased
concentrations downstream of the confluence of Pond
Branch at 2,140 m), but the overall pattern was a
general downstream decrease in NH, " concentration.
While fall 2003 had a downstream decrease in NH, "
concentration, summer 2004 had a slight increase
(Fig. 3a). This increase can be attributed to some
extent to tributary inputs. Dissolved organic nitrogen
(DON) concentration profiles had a distinct seasonal
reversal (Fig. 4): in fall, DON rapidly decreased
downstream (particularly over the upper and middle
reaches); in winter, DON had no downstream trend;
and in summer, DON gradually increased downstream.

Ammonium uptake

Debris dams can change transport, TS and uptake
characteristics. When reporting patterns we refer to
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the subset of non-debris dam reaches only, except
when we specifically address the debris dam reaches.

Seasonal comparison

Umax» Kc, Vyand U behaved similarly in terms of
seasonal comparison between fall and summer. They
were larger in fall compared to summer (Table I;
Fig. 2); had a larger range in fall (Fig. 2); and between
reach patterns did not correlate between seasons,
except for V; which correlated (p < 0.01). R was
similar in summer compared to fall (Table 1; Fig. 2);
had a similar range in fall and summer (Fig. 2); and
between reach patterns correlated between seasons
(p < 0.01). S,, was also similar in summer compared to
fall (Table 1; Fig. 2); had a similar range in fall and
summer (Fig. 2); and between reach patterns corre-
lated between seasons (p = 0.02).

Correlation with hydrologic and TS terms

Umax> K¢, Vy and U behaved similarly in terms of
correlation with hydrologic and TS terms (Table 3).
They had a negative relationship with discharge in
fall (»p < 0.01) and no relationship in summer; a
positive relationship with 7/h in fall (p < 0.02)
and no relationship in summer; and a negative

relationship with FZ.% in fall (p <0.02) and no
relationship in summer, except for U which had a
positive relationship with F %‘Z in summer (p = 0.05).
Figure 5 illustrates the distinct seasonal relationships
between U and stream size, transport and TS. R had a
negative relationship with discharge in both fall
(» < 0.001) and summer (p < 0.01); a positive rela-
tionship with 7/k in both fall (p < 0.001) and summer
(p < 0.01); and a negative relationship with F2.3 in
fall (»p = 0.05) and no relationship in summer.
Figure 5 illustrates the distinct seasonal relationships
between R and stream size, transport and TS. S,, had a
positive relationship with discharge in both fall
(» <0.001) and summer (p = 0.01); a negative
relationship with 7/h in both fall (p < 0.01) and
summer (p = 0.04); and a positive relationship with
FII8 in fall (» = 0.02) and no relationship in
summer.

Debris dam reaches

Compared to other reaches in longitudinal proximity,
debris dam reaches had similar values for U,.y, KL,
Vyand U in fall; in contrast, they had higher values in
summer (Fig. 2 and 3). When relating U to F..%
(Fig. 5¢), in fall the debris dam reaches were not

distinct from other reaches; they were distinct in

Table 3 Nonparametric correlations between uptake terms, and hydrologic and TS terms (Kendall’s t and probability)

Variables Q T/h Fr8
All reaches Subset reaches All reaches Subset reaches All reaches Subset reaches
T 14 T 4 T 4 T p T 4 T 14
Fall 2003
Unnax —-0.67 <0.001 -=0.79 <0.001 0.55 <0.01 0.58 <0.01 -0.33 0.04 —0.45 0.02
R -0.55 <0.01 —-0.82 <0.001 0.67 <0.001 0.79 <0.001 —0.28 0.06 —0.36 0.05
S, 0.72 <0.001 0.85 <0.001 —0.30 0.05 —-0.64 <0.01 048 <0.01 0.45 0.02
K. -0.68 <0.001 -—=0.79 <0.001 0.53 <0.01 0.58 <0.01 -0.32 0.04 -0.52 <0.01
\Z —-0.38 0.02 —-0.61 <0.01 0.13 0.24 0.45 0.02 -0.52 <0.01 —-0.58 <0.01
U —048 <0.01 —-0.61 <0.01 0.23 0.10 0.45 0.02 —-0.58 <0.001 -0.58 <0.01
Summer 2004
Unnax —0.10 0.31 —0.24 0.16 —0.08 0.35 0.27 0.12 —0.30 0.07 0.09 0.35
R —-0.60 <0.01 —-0.60 <0.01 0.69 <0.001 0.71 <0.01 0.03 0.43 —0.20 0.20
S, 049 <0.01 0.53 0.01 —0.23 0.13 —-0.42 0.04 0.30 0.07 0.20 0.20
K. —-0.25 0.10 —0.35 0.07 0.08 0.35 0.38 0.05 —0.23 0.13 0.05 0.41
Vr —-0.23 0.13 —0.38 0.05 —0.03 0.43 0.27 0.12 —-0.38 0.03 —0.13 0.29
U 0.14 0.24 0.13 0.29 —0.27 0.09 —0.02 0.47 —0.14 0.24 0.38 0.05

Note subset excludes debris dam reaches; bold indicates significance (p < 0.05)
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Fig. 5 NH," uptake terms vs. hydrologic and TS terms. Circles are fall 2003; triangles are summer 2004; open symbols are debris

dam reaches

summer, when they had high values for U and low
values for F1I% Note that debris dams were hydrau-
lically active in fall, but inactive in summer when we
observed this pattern.

Discussion
Concentration profiles and leaf litter

The difference between fall and summer concentra-
tion profiles likely reflects the effect of leaf litter. In
fall, immobilization by leaf litter biotic communities
is associated with high NH," uptake (e.g., Tank and
Webster 1998), hence low NH4 ' concentrations. In
summer, mineralization of decomposed leaf litter
likely resulted in higher NH," concentrations (as
evidenced by debris dam reaches). The downstream
increase in NH, " concentrations in summer can be
attributed to a likely increase in allochthonous

@ Springer

organic matter (e.g., leaf litter), due to downstream
transport and enhanced deposition because of down-
stream decrease in channel gradient. While we did
not take actual measurements of organic matter, we
did collect DON. DON profiles had a downstream
decrease in fall, a flat profile in winter and a
downstream increase in summer. This distinct sea-
sonal reversal in DON profiles provides evidence for
the seasonal pattern in organic matter distribution.

Effect of stream size, transient storage and debris
dams

NH," uptake is controlled by various physical/
hydrologic, chemical and biological factors, and their
relative importance varies with stream size and across
seasons. These factors are related, which complicates
evaluating their relative importance. Distinct uptake
patterns emerged in our study, which can be broadly
attributed to a stream size effect and a TS effect but
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Stream Size Effect
Fall Summer

High U in upper reaches;
Litter & transport dominated

High U in lower reaches;
Biotic dominated

- -

Distance downstream

Distance downstream

Transient Storage Effect
Fall Summer

No TS effect;
Confounded by litter -]

Transient Storage

TS effect;
Biotic dominated

Transient Storage

Debris Dam Effect
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Debris dam effect;
uUT&TS

Transient Storage

No debris dam effect;

\ AU=0&ATS=0
-]

Transient Storage

Fig. 6 Summary of the effect of stream size, transient storage
and debris dams on NH," uptake rate

also illustrate the importance of debris dams and leaf
litter. We summarize these effects through a seasonal
comparison (Fig. 6), as discussed below.

Because Upax, K., Vyand U covaried and behaved
similarly in terms of their seasonal comparison and
correlation with transport and TS terms, in the
discussion below we discuss U only. Also, because
S, is largely controlled by advection and to a lesser
extend by uptake, we do not discuss this metric. In
the discussion below we refer to the subset of non-
debris dam reaches only, except when we discuss the
effect of debris dams.

How important was the effect of stream size?

In fall, even though stream temperatures were lower,
U was higher. This may be attributed to high rates of
biotic immobilization by leaf litter biotic communi-
ties and reduced shading by the forest canopy. Also,
in fall the positive relationship between U and T/h
indicates that transport affected U; the more contact
there was between water column and streambed (i.e.,
higher 7/h) the higher U was. Over the same range of
T/h in Fig. Sb, fall had a larger range in U (steeper
slope). Also, the upper reaches had higher U com-
pared to summer (the middle and lower reaches were

similar) (Fig. 5a). For fall, this greater response of U
to T/h may be explained by relatively more leaf litter
trapped in the smaller cross sections of the upper
reaches (i.e., relative to the size of the cross section).
For summer, this difference between upper and lower
reaches was less pronounced, perhaps because of the
breakdown and downstream transport of leaf litter
over the course of the year.

Summarized in Fig. 6, the stream size effect in fall
reflects the consequences of more leaf litter in upper
reaches (biotic control) and increasing discharge in
lower reaches (abiotic-transport effect). Uptake rate
patterns were mainly controlled by the distribution of
leaf litter and associated biotic assimilation, such that
uptake rates were higher in upper reaches with
greater leaf litter. Lower contact time (as illustrated
by T/h) downstream, also contributed to the lower
uptake rates in downstream reaches in the fall. In
summer, the stream size effect reflects a biotic
dominated rather than transport dominated system;
uptake rate patterns were probably controlled by
mineralization of decomposed leaf litter coupled with
biotic assimilation and nitrification. In summer,
hydrologic measures such as 7/h and discharge were
less important as controls on uptake rate patterns.

R had a strong seasonal correlation. From a
systems perspective, this seasonal correlation is
intriguing. After all, fall had higher flows, higher
velocities and hence less contact between water
column and streambed (i.e., lower 7/h). In addition,
stream temperatures were lower. Also here, the high
R for fall, while having lower contact times and lower
stream temperatures, can be explained by the pres-
ence of leaf litter. By treating 7/h as the dominant
physical factor (i.e., water—sediment contact), we can
evaluate the effect of leaf litter graphically (Fig. Se).
The relationships are similar to those found for U: for
the same range of 7/h, fall had a larger range in R and
this effect was primarily due to elevated R in the
upper reaches in fall relative to summer. Hence, even
though summer and fall had distinct hydrologic and
biologic conditions, there was a strong seasonal
correlation in spatial patterns of R between summer
and fall. This downstream pattern is similar to
patterns of proportional nitrogen removal determined
by regional-scale analysis (Howarth et al. 1996;
Seitzinger et al. 2002) and reach-scale analysis
(Claessens et al. 2009b), which show that nitrogen
removal decreases with the inverse of travel time
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over depth. In our longitudinal study of NH, " uptake,
examination of the mechanisms involved showed
important distinctions between summer and fall and
the underlying causes of the stream size effect.

How important was TS on ammonium uptake?

In fall, the negative relationship between U and FI8
suggests that TS reduced uptake rate. This is opposite
from what one would expect, as TS exchange (used
here as a surrogate for hyporheic exchange) is
generally thought to be positively related to nitrogen
uptake. Leaf litter is thought to enhance surface TS,
which combined with high uptake should exhibit a
positive relationship between TS and uptake rate (JL
Tank, personal communication; also see Argerich
et al. 2008). Our results show the opposite effect. The
expected TS effect was absent in fall because it was
confounded by the litter dominated system; litter
produced higher uptakes, but also may have plugged
the streambed, hence high uptake rates were corre-
lated with reduced hyporheic exchange. The inverse
relationship in fall between U and TS provides
evidence that the leaf litter with its high immobili-
zation rates was the dominant control on uptake and
was correlated with reduced hyporheic exchange.

In summer, the TS effect was present as U had a
positive relationship with F..%; mineralization in the
hyporheic zone may have produced higher NH,"
concentrations which stimulated biotic uptake (assim-
ilation and nitrification). In summer, biotic processes
dominated uptake patterns and were related to co-
varying physical factors. We verified that this rela-
tionship was not affected by co-variation between
FII8 and discharge (results not shown). Therefore,
compared to fall, summer TS and its associated biotic
activity played a larger role.

This seasonal difference is similar to findings from
an extensive study on TS and nutrient uptake by Hall
et al. (2002), who reported a positive relationship
with V, for summer only (in our study we found a
positive relationship of TS with U only; the relation-
ship with V,; was not significant). Hall et al. (2002)
also addressed the effect of surface water pools on TS
estimates (in contrast to true hyporheic exchange);
our results showed a similar effect where leaf litter
reduced hyporheic exchange, but also created some
local pooling of water (based on visual observations).
Other studies relating TS and nutrient uptake have

@ Springer

been equivocal (Hall et al. 2002; Roberts et al. 2007),
showing negative (Valett et al. 2002), neutral (Marti
et al. 1997; Butturini and Sabater 1999; Simon et al.
2005) and positive effects (Valett et al. 1996;
Mulholland et al. 1997; Argerich et al. 2008). Our
results suggest that the effect of TS on NH," uptake
was confounded by leaf litter and debris dams
(discussed below). It would be worthwhile to assess
whether other studies relating TS and nutrient uptake
were similarly affected by the confounding effect of
organic matter and other fine particulates, which
might have increased uptake rates but reduced
hyporheic exchange.

Overall, in our study TS had only a small but
significant effect on uptake rate and only during the
summer. The TS values were moderately high (e.g.,
see Runkel 2002), but had a small range of variation,
which could explain their small effect on uptake. Our
results are consistent with Boulton et al. (1998) who
argue that hyporheic exchange is generally consid-
ered least important in headwater streams and tends
to peak in intermediate streams.

How important were debris dams on ammonium
uptake?

In fall, debris dams had no distinct effect on uptake or
TS, although the debris dams were hydraulically
active. This may reflect their recent formation
(2 months prior) and thus limited trapping of sedi-
ment and particulate organic matter. In summer, the
debris dam effect was significant; although the debris
dams were hydraulically inactive then, the upstream
reaches had significantly higher uptake rates (2-5
fold) and lower TS exchange. Higher uptake rates in
the debris dam reaches indicate high rates of biotic
activity (including both mineralization and uptake),
that may be stimulated by additional availability of
organic matter. Two of the three debris dam reaches
had higher NH," concentrations, which suggests
higher rates of mineralization. High rates of miner-
alization and uptake can be coupled, reflecting overall
high rates of microbial activity (Jones et al. 1995).
This provides evidence that the debris dams’ relic
function in trapping particulate organic matter had
transformed the upstream reaches into transient hot
spots of biogeochemical cycling. This was also
shown by Groffman et al. (2005), who compared
different geomorphic structures within Baisman Run
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and other suburban streams; using sediment samples
and laboratory incubation they found that debris dams
had two orders of magnitude larger denitrification
potential than riffles. In summer, the debris dam
reaches also reduced TS, which may reflect increased
plugging of streambed associated with accumulated
(through year) slowing and trapping of material by
the debris dam. The summer debris dam effect is
similar to the leaf litter effect in the fall, where the
availability of organic material increases uptake rates
but also correlates with reduced TS.

Thus, for reach scale studies on biogeochemical
cycling it is necessary to account for the temporally,
transient functioning of debris dams and other
episodic geomorphic structures. For watershed scale
studies, additional aspects that have to be considered
are the temporal and spatial frequency of debris dams
and their upstream hydraulic influence. Valett et al.
(2002) examined the spatial frequency of debris dams
and their effect on phosphate uptake within the
context of forest succession, and found that debris
dam frequency increased uptake. Interestingly, they
also found an inverse relationship between Vyand TS,
which in our study we relate to the above described
confounding effect from the deposition of fine
organic particulates. While one could argue that the
net effect of debris dams on NH, " uptake is perhaps
negligible (they serve as both source and sink), their
importance for other biogeochemical processes, in
particular denitrification, may be substantial. In fact,
accounting for the effect of debris dams and other
organic debris can be essential for elucidating
temporal patterns of watershed nitrogen export, as
was illustrated by Bernhardt et al. (2003, 2005).

Conclusions

Our results showed distinct seasonality in longitudi-
nal NH, " uptake patterns and important differences
in how these uptake patterns were affected by organic
matter influences, stream size, TS and debris dams.
There was a distinct reversal in uptake patterns, with
fall having the highest uptake rates in the upper
reaches and summer having the highest uptake rates
in the lower reaches. And while proportional uptake
patterns were similar in fall and summer, the
controlling mechanisms were different. This seasonal
shift in the relative importance of litter processing

and subsequent microbial heterotrophic production
on NH, " uptake patterns suggests longitudinal biotic
adjustments that conform to the river continuum
concept (Vannote et al. 1980), which describes a
longitudinal gradient in physical conditions resulting
in a continuum of biotic adjustments and associated
uptake patterns.

Nutrient spiraling theory is inherently spatial.
However, the common approach for deriving spiral-
ing metrics (i.e., nutrient addition experiments on
single reaches) is aspatial, and most (comparison)
studies do not necessarily address the spatial con-
nectivity of stream networks as conduits of organic
matter and nutrients. Similarly, current practices in
scaling nutrient cycling across large-scale stream
networks are based on a static interpretation of uptake
patterns, because they do not necessarily scale the
causal factors of nitrogen uptake (e.g., organic matter
dynamics), but rather base the scaling on derived
uptake/removal rates or other spiraling metrics.
Recent examples of scaling studies include Wollheim
et al. (2006) (using Vy) and Ensign and Doyle (2006)
(using U). These integrative analyses can be useful
for understanding nutrient cycling at large temporal
and spatial scales. The results from our study,
however, show that to examine nitrogen spiraling or
removal along the stream size spectrum, or within a
larger spatial/network context, it is critical to address
spatial linkages between carbon cycling and nitrogen
cycling, including seasonal and longitudinal differ-
ences in organic matter availability, and the effects of
stream size, hyporheic functioning and debris dam
activity. Scaling these drivers of nitrogen uptake is
difficult, because of limited empirical observations
(Wipfli et al. 2007) and a lack of quantitative
modeling frameworks. Our study is one of few
empirical studies that examined nitrogen processing
along a channel corridor. To our knowledge, no
empirical study has addressed aspects of nitrogen
cycling within a larger, stream network perspective.
Such experiments are necessary to advance our
understanding of landscape and waterscape linkages
between hydrology, nitrogen and carbon cycling, as
to elucidate the critical controls on watershed nitro-
gen export.

Finally, in our study stream, the seasonal and
longitudinal differences in NH4 ' uptake reflect
interactions between flow conditions and the role of
leaf litter and other organic debris. Urbanization can
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alter both of these characteristics. Development can
change the delivery of organic particulates to streams
(Belt et al. 2007) and can also produce flow
characteristics that alter the downstream transport
and deposition of organic matter, both spatially and
temporally (Wipfli et al. 2007). Our research suggests
that interpreting the impact of these changes requires
characterizing seasonal shifts in the longitudinal
patterns and dominant controls on in-stream nitrogen
cycling processes. The role of debris dams and
transient storage, for example, were significantly
different for summer and fall conditions and illustrate
the limitations of static interpretations of the role that
these channel features play. Understanding and
characterizing these patterns and dynamics are par-
ticularly important for targeting stream- and/or
watershed restoration efforts.
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