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Abstract Nutrient enrichment threatens river eco-
system health in urban watersheds, but the influence
of urbanization on spatial variation in nutrient
concentrations and nutrient limitation of biofilm
activity are infrequently measured simultaneously.
In summer 2009, we used synoptic sampling to
measure spatial patterns of nitrate (NO3), ammo-
nium (NH,4 1), and soluble reactive phosphorus (SRP)
concentration, flux, and instantaneous yield through-
out the Bronx River watershed within New York City
and adjacent suburbs. We also quantified biofilm
response to addition of NO5~, phosphate (PO,*"),
and NO;~ + PO,*~ on organic and inorganic sur-
faces in the river mainstem and tributaries. Longitu-
dinal variation in NOj3~ was low and related to
impervious surface cover across sub-watersheds, but
spatial variation in NH,* and SRP was higher and
unrelated to sub-watershed land-use. Biofilm respi-
ration on organic surfaces was frequently limited by
PO,>~ or NO;~ + PO4*~, while primary production
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on organic and inorganic surfaces was nutrient-
limited at just one site. Infrequent NO;~ limitation
and low spatial variability of NO3~ throughout the
watershed suggested saturation of biological N
demand. For P, both higher biological demand and
point-sources contributed to greater spatial variabil-
ity. Finally, a comparison of our data to synoptic
studies of forested, temperate watersheds showed
lower spatial variation of N and P in urban water-
sheds. Reduced spatial variation in nutrients as a
result of biological saturation may represent an
overlooked effect of urbanization on watershed
ecology, and may influence urban stream biota and
downstream environments.

Keywords Nitrogen - Phosphorus - Stream -
Biofilm - Synoptic sampling

Introduction

The addition of anthropogenically-derived nutrients
such as nitrogen (N) and phosphorus (P) to the
environment threatens the water quality and ecosys-
tem function of rivers and estuaries worldwide
(Carpenter et al. 1998; Vitousek et al. 1997). Streams
influenced by agricultural and urban watershed land
use can have particularly high nutrient concentrations
(Mulholland et al. 2008; Paul and Meyer 2001).
Although lotic ecosystems have the potential for high
rates of biological nutrient uptake (Alexander et al.
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2007), the capacity of stream biota to absorb excess
nutrients can be exceeded at the highest concentra-
tions (Bernot et al. 2006; Newbold et al. 2006).
Saturation of uptake by stream biofilms increases the
likelihood that excess nutrients will be transported
downstream to estuarine ecosystems, where nutrient
enrichment can cause nuisance algal blooms, changes
in algal community composition, hypoxia, and impact
fisheries (Kennish 2002). Quantifying factors which
control the ability of stream biota to remove nutrients,
especially in nutrient-enriched ecosystems such as
urban streams, is of major interest for managing the
health of riverine and coastal environments.

Multiple interacting environmental drivers control
river nutrient concentrations including uptake by
aquatic biofilms (Arango et al. 2008), terrestrial
vegetation (Bormann and Likens 1979; Roberts et al.
2007), wetlands (Likens and Buso 2006), and hyp-
orheic processes (Valett et al. 1997). In contrast to
relatively pristine watersheds, land use patterns in
urbanized catchments also contribute to spatial var-
iability of nutrient concentrations from point-source
(e.g., waste water effluent) and non-point source (e.g.,
lawn fertilizer, impervious surface runoff) inputs of
anthropogenic solutes (Marti et al. 2004; Paul and
Meyer 2001; Zambrano et al. 2009).

As physio-chemical descriptors of water quality
(i.e., ecosystem structure), nutrient concentrations do
not always indicate biological activity (i.e., ecosystem
funtion; Lake et al. 2007). Similarly, water quality
categories based on “high to low” nutrient concentra-
tions are useful for classifying ecosystem trophic
status (Dodds 2006), but they do not measure the
ability of stream biofilms (i.e., bacteria, fungi, and
algae in an extracellular mucilaginous matrix) to
remove nutrients from the water column. For example,
stream biofilms can transform biologically reactive
nutrients into inert compounds (e.g., denitrification),
or incorporate nutrients into biomass and stream food
webs (Hall et al. 2000; Mulholland et al. 2008), and
either pathway can attenuate downstream nutrient
delivery. Understanding how nutrient concentrations
influence the ability of biota to remove nutrients from
the water column requires measuring the activity of
biofilms under ambient and experimentally-enriched
conditions (Scrimgeour and Chambers 2000; Tank and
Dodds 2003; von Schiller et al. 2007). Manipulation of
nutrients available for biofilm growth under in situ
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conditions at multiple locations in a single watershed
could help identify where (i.e., river tributaries or
mainstem) and under what conditions (i.e., open or
closed canopy) biofilms can most effectively process
nutrients at high concentrations.

This research was designed to address the fol-
lowing questions: (1) What is the magnitude of the
spatial variation in nutrient concentrations and flux
in an urban watershed? (2) How do land-use patterns
drive spatial variation in nutrient concentrations
throughout an urban watershed? and (3) How does
biofilm nutrient limitation vary across multiple sites
in an urban watershed? We predicted that urban
land-use intensity would increase both the magnitude
and spatial variation of nutrient concentrations. We
also predicted that biofilm nutrient limitation should
decline at locations with high concentrations, and the
magnitude of biofilm response to enrichment would
decrease with increased metrics of urbanization such
as watershed impervious surface cover.

Methods
Study site

The Bronx River watershed is approximately 144
km?, and flows south from suburban Westchester
County (Valhalla, NY) through the Bronx in New
York City (NYC) before draining into the East River
(a tidal straight; Fig. 1). One major tributary, Grassy
Sprain Brook, contributed approximately 25% of
total river discharge during the period of our study,
and there are about 12 smaller tributaries. Much of
the riparian zone is parkland, including the New York
Botanical Gardens, the Bronx Zoo and Bronx Park
(each in NYC), and the 15.4 km Bronx River
Pathway (Westchester County). However, parkland
makes up a small portion of the watershed and
impervious surface cover (ISC) represents 13—-39% of
the subwatersheds (Table 1). European colonization
started in the 1600s (Sanderson 2009), and the river
has a legacy of industrial pollution and urbanization
from the 1800s to the present. Because of low
dissolved oxygen and presence of pathogens, NY has
listed the Bronx River as impaired under sec-
tion 303(d) of the Clean Water Act (New York State
Department of Environmental Conservation 2008).
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Fig. 1 The Bronx River watershed is located in the Bronx,
New York City, and adjacent Westchester County, NY, USA.
Synoptic sampling sites are indicated by circles. Stars indicate
nutrient diffusing substrata (NDS) sites. A Davis Brook,
B Sprain Brook, C Troublesome Brook, D Manhattan Park
Brook, E Upper Bronx River, F Middle Bronx River, and
G Lower Bronx River

Synoptic sampling

Synoptic sampling was conducted from August 24-26,
2009. We started at the approximate tidal maximum at
180th St., Bronx, NYC (~4 river km from the East
River), and took samples sequentially from down-
stream to upstream, ending north of White Plains, NY
(~33 river km from the East River). Tides have
minimal influence on discharge upstream of this site
due a 4 m tall spillway south of the Bronx Zoo and just
downstream of our most downstream sampling site.
Sampling sites were selected at approximately 150 m
intervals. However, longer distances between sites
occurred at three inaccessible sections where the Bronx
River Expressway and MetroNorth Railway flank the
river (Fig. 2). Therefore, the average distance between
sampling locations was 332 m. At each sampling site in
the Bronx River mainstem, we recorded location

(Garmin GPSMAP 60Cx, Garmin AT, Salem, OR,
USA) and took a 125 ml water sample from the stream
thalweg (n = 85 sample sites). At the confluence of
each tributary with the Bronx River mainstem, three
replicate samples of tributary water were collected.
Acid-washed HDPE Nalgene bottles were rinsed with
filtered stream water three times, and then water was
passed through glass fiber filters with 0.7 pm nominal
pore size (Whatman GF/F, Whatman, Inc. Piscataway,
NJ, USA), and frozen until solute analyses in the
laboratory.

We directly measured discharge (Q) at 19 of the 85
sampling locations along the Bronx River mainstem
and in each tributary. We placed a meter tape across the
width of the stream and recorded depth and water
velocity (Marsh McBirney Flo-Mate, Hach Company,
Loveland, Colorado, USA) at 10 cm to 1 m intervals,
depending upon stream width. Water velocity was
measured at a depth of 1/3 of the way from the water
surface to the benthos. Discharge was interpolated for
sites between locations where Q was directly mea-
sured. To do this, we calculated the change in Q m™"
between two sites, subtracted for any tributary input,
and assumed a constant change in Q m™".

Bronx River discharge is recorded hourly by a
USGS gauging station at the New York Botanical
Gardens (USGS Gauge number 01302020). Discharge
at the gauging station declined from 2.350 to
1.812 m® s~ over the course of the synoptic sampling
period as it was in decline from a rain event on August
21 (peak discharge on August 22 of 7.53 m® s~ '). The
declining discharge may have increased solute con-
centrations as water volume declined in the later
portion of the sampling (upstream) if point sources are
significant in the watershed. However, the influence of
the falling discharge is likely minimal because (1) we
did not see a gradual declining trend moving upstream
for N or P concentrations (Fig. 2), and (2) the solute
concentrations measured during synoptic sampling
were consistent with those taken throughout the
approximately 2 week incubation period for nutrient
limitation measurements (see below).

Nutrient limitation
We measured biofilm nutrient limitation using the
nutrient diffusing substrata (NDS) technique (Tank

et al. 2006). NDS were made of 30 ml plastic cups
filled with nutrient-infused agar and capped with
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fritted glass or cellulose sponge to mimic inorganic
and organic surfaces, respectively (Hoellein et al.
2010; Johnson et al. 2009). Nutrients diffuse out of
the agar directly into the biofilm that colonizes the
substratum surface. Agar in the NDS was enriched
with 1 of 4 treatments: nitrate (0.5 M NaNOy),
phosphate (0.25 M KH,PO,), NO;~ + PO,’~, or
none (control). Phosphate enrichment was lower than
N to avoid P inhibition of biofilm growth at 0.5 M,
which several studies have recorded (Hoellein et al.
2010; Johnson et al. 2009; Tank and Dodds 2003).
NDS were deployed at three sites in the river
mainstem and in four tributaries, representing a
gradient of stream nutrient concentrations across the

Distance from estuary (km)

seven sites (Table 1). At each site, we used five
replicates of each treatment and substratum (N = 40
NDS site ). NDS were attached to a cinderblock and
left on the stream benthos for 12-18 days. At the start,
middle, and end of the NDS incubation periods we
recorded NDS depth, conductivity, dissolved oxygen
(DO), temperature, and we took three replicate water
samples at each site to measure water column NO3 ™,
SRP, and NH,". We measured NDS depth as the mean
distance from the water surface to the substrata at four
corners and the center. Canopy cover was measured
using a spherical densiometer (Forestry Suppliers, Inc.
Model A, Jackson MI, USA) in four cardinal directions
at each NDS incubation site. Following the incubation
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period, NDS were collected in 50 ml centrifuge tubes
filled with stream water and transported on ice to the
laboratory to measure biofilm metabolism.

We measured community respiration (CR) and net
primary production (NPP) using the light/dark method
(Bott 1996; Johnson et al. 2009). Each centrifuge tube
was filled with unfiltered stream water collected at each
NDS site and with known DO concentration. We used
care to ensure no air bubbles were present in the tubes,
and then placed them in an environmental chamber.
For all incubations we used three control tubes which
contained only site water to account for changes in DO
not attributed to NDS biofilms. Conditions in the
chamber were constant temperature of 22°C and
constant photosynthetically active radiation of
275 pmol m2s™!. After 24 h in the light, we
recorded the final DO and time, refilled the tubes with
fresh stream water, and left the tubes in the dark for
2-4 h. In many cases, some of the cellulose sponge had
decomposed during deployment. We measured the
remaining cellulose surface area, by photographing
each disk on laminated paper with a 1 cm? grid. The
area remaining was quantified by counting the portion
of sponge filling each 1 cm” on a computer screen.

We calculated NPP and CR as change in oxygen per
substratum area per time in the light (NPP) and dark
(CR), and gross primary production (GPP) as
NPP = GPP — CR. Our goal was to document the
functional ecosystem response rather than the com-
munity response, so we did not measure chlorophyll
a or identify biofilm taxa. As with many other NDS
studies, we did not document how any potential
changes in community composition alter ecosystem
function. We consider biofilms the primary mechanism
for biological nutrient uptake in this river. Although
macrophytes and phytoplankton can affect nutrient
uptake and release, they were abundant only at
impounded sections of the Bronx river. We observed
no differences in NO;~, SRP, or NH, " concentrations
upstream vs downstream of dams, implying a limited
role in whole-system nutrient cycling.

Nutrient analyses

We used standard spectrophotometric assays to mea-
sure NO3;~ (cadmium reduction; APHA 1998), SRP
(antimonyl] tartrate; Murphy and Riley 1962), and
NH, " (phenol hypochlorite; Solorzano 1969) using an
AQ2+ discrete autoanalyzer (Seal Analytical Inc.,
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Mequon, WI, USA). Nutrient concentrations were
scaled to nutrient fluxes (mgs~') by multiplying
concentration and discharge, and we calculated instan-
taneous yield (mg km—2 s™') for each sub-watershed
as flux divided by sub-watershed area.

Land use

We imported geographic coordinates of each synoptic
sample point into ArcGIS 9.2 (Environmental Sys-
tems Research Institute, Redlands, California). We
manually digitized the watershed boundary corre-
sponding to each sample point by interpreting
1:250,000 scale 10-m USGS digital elevation models
and/or the contours found on 1:24,000 USGS digital
raster graphics. After digitizing watershed bound-
aries, we extracted the corresponding land cover data
from the National Land Cover Database (reclassed
Landsat Thematic Mapper imagery centered on 2001;
Homer et al. 2004). There was nearly a 10-year time
lag between the collection of the land cover data and
our study, but the watershed has been urbanized for
many decades, so there was likely minimal conver-
sion from agricultural or forested to urban land use.

Data analysis

Simple linear regression was used to compare instan-
taneous yield with percent cover of impervious surface,
forest, agriculture, and wetlands in each of the tributary
watersheds. Nutrient yield and impervious surface
cover were normally distributed, while nutrient con-
centration, flux, and other land-use categories were
log-transformed. We used an ANOVA with two
factors, the presence of N or P, to test for nutrient
limitation (after Tank and Dodds 2003). To meet
ANOVA assumptions, data were log-transformed for
normality if needed. Using Tank and Dodds (2003)
protocol for NDS analyses, N or P limitation was
indicated when NO5; ™ or PO437 alone increased GPP or
CR without a significant interaction term. We recorded
co-limitation when N and P independently affected the
response variable, or when N 4 P together signifi-
cantly increased GPP or CR. We calculated the nutrient
response ratio (NRR) as (treatment/control) for each
treatment and site, and used linear regression of
physiochemical parameters and land-use with the
NRR for GPP and CR on both substrata in all streams
(n = 14; Johnson et al. 2009).
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Results
Synoptic sampling

Discharge in the Bronx River mainstem ranged between
0.157 m®>s~' at the upstream sampling point to
2350 m® s~' at the downstream sampling point
(Fig. 2a). The greatest increase in discharge was at the
confluence with Grassy Sprain Brook (Fig. 2a). Longi-
tudinal patterns of NO; ™, SRP,and N H,* concentrations
differed (Fig. 2b—d). Nitrate concentrations indicated
enriched conditions: mean (+£SD) NO;~ = 0.992
(£0.247) mg N 17!, however, the coefficient of varia-
tion (CV) along the entire river was relatively low at
24.9%. Enriched conditions were also suggested by the
mean NH, " concentration of 0.079 (£0.027) mg N 17!
(CV = 33.7%;Fig. 2d). In contrast, SRP concentrations
indicated oligotrophic conditions: mean (£SD) SRP =
0.004 (£0.005) mg P 17!, and the CV was higher than
for either N species at 121.6%. NO; ™~ concentration was
generally lower downstream of the Grassy Sprain Brook
confluence (Fig. 2b). In contrast, SRP concentrations
increased with distance downstream (Fig. 2¢), and
NH, " concentration did not exhibit a clear longitudinal
pattern (Fig. 2d). Flux increased with distance down-
stream for all nutrients.

Variation in NO3; —N instantaneous yield among
subwatersheds was explained by ISC (+* = 0.503,
p = 0.015; Fig. 3a) and coverage of high intensity
development (r2 = 0.589, p =0.001; data not
shown). NO;~ flux was unrelated to any land-use
category, and NO3 ™~ concentration was related only to
urban land-use (r2 = 0.402, p = 0.035; data not
shown). Variation in SRP yield was not explained
by ISC, and one tributary, Grassy Sprain Brook, had
much higher P yield than the other subwatersheds
(Fig. 3b). Yield of NH,"-N was also unrelated to
ISC but exhibited no geographic trend (Fig. 3c).
Concentration and flux of SRP and NH," were not
related to any other land-use types.

Nutrient limitation of biofilms on organic
and inorganic substrata

Biofilm metabolism on inorganic and organic substrata
was net heterotrophic for ecosystem production across
all sites and treatments, with the exception of biofilms
on fritted glass at the Upper Bronx River site (Figs. 4,
5). The magnitude of GPP and the GPP/CR ratio was
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Fig. 3 Impervious surface cover in Bronx River subwater-
sheds versus instantaneous yield of (a) nitrate (NO3 -N),
(b) soluble reactive phosphorus (SRP), and (¢) ammonium
(NH4"-N)

always higher for fritted glass than for cellulose,
indicating greater presence of autotrophic biofilms on
glass despite net heterotrophy. For both substrata,
biofilm nutrient limitation of GPP occurred at just one
site (Manhattan Park Brook), however, respiration was
nutrient limited at multiple sites (Figs. 4, 5). For fritted
glass biofilms, respiration was N limited at the Middle
Bronx River, N + P limited in Manhattan Park Brook,
P limited in Davis Brook (Fig. 4), and not nutrient
limited elsewhere. On cellulose sponge, respiration
was P limited at three sites (Manhattan Park Brook,
Middle Bronx River, and Lower Bronx River), and
N -+ Plimited at two sites (Davis Brook and the Upper
Bronx River; Fig. 5).

The magnitude of the biofilm response to nutrient
enrichment (nutrient response ratio, NRR) was
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(@) Davis Brook (b) Sprain Brook

‘ (c) Troublesome Brook (d) Manhattan Park Brook

-4 T T T T

(e) Upper Bronx River

(f) Middle Bronx River

GPP and CR (ug O,cm™? b
-9

Ctl NO, PO,” NO,+

Fig. 4 Gross primary production and community respiration
of biofilms on fritted glass enriched with no nutrients (Ctl),
nitrate (NO3 ™), phosphate (PO,*7), and NO;~ + PO,*~ in (a-
d) four Bronx River tributaries and (e—g) three locations in the

related to different environmental drivers for each
substratum. On cellulose sponge, NRR for respiration
on P treatments was significantly related to water
column NO;™ concentration (r2 = 0.963, p < 0.001;
Fig. 6a). Similarly, the NRR for GPP on N treatments
was significantly related to water column SRP
(r2 = 0.828, p = 0.004; Fig. 6b). While respiration
on glass disks was infrequently nutrient limited, the
response to P enrichment was negatively related to
ISC (r2 = 0.710, p = 0.017; Fig. 6¢). Finally, even
though GPP was only N limited at one site (Figs. 4,
5), the magnitude of the biofilm response to N
enrichment was negatively related to canopy cover
(* = 0.941, p < 0.001; Fig. 6d). There were no other
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Ct NO, PO,” NO,+
PO, PO,*

(g) Lower Bronx River PO,

I|

Ctl NO, PO,* NO,+
PO,

river mainstem. *Indicates significant nutrient limitation,
calculated after Tank and Dodds (2003). GPP is shown in
white squares and CR in grey

relationships between NRR and the potential envi-
ronmental drivers in Table 1.

Discussion
Longitudinal and spatial variation for N and P

Synoptic sampling and NDS results imply important
differences for N and P sources and retention in this
watershed. Several results suggest non-point sources
and biological saturation of NO;3~, including lower
spatial variation in NO5;~ concentrations relative to
SRP and NH,", the positive relationship between
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Fig. 5 Gross primary production and community respiration
of biofilms on cellulose sponge enriched with no nutrients
(Ctl), nitrate (NO5 ™), phosphate (PO,>7), and NO;~ + PO,*~
in (a—d) four Bronx River tributaries and (e-g) three locations

NO;™ yield and ISC, and infrequent limitation of
NDS biofilms by N-alone. Diffuse sources of NO3™
likely include atmospheric deposition, which is
relatively high across NY state (Golden and Boyer
2009), and urban/suburban fertilizer use, as there is
little septic tank usage in the watershed. Using a mass
balance approach, Groffman et al. (2004) and Sivir-
ichi et al. (2010) also found that urban and suburban
streams near Baltimore have high N export rates and
are sources of N to downstream ecosystems.

In contrast to NO3 ™, patterns for SRP concentra-
tion, instantaneous yield, and NDS results suggest
that low SRP frequently limits biofilm activity
throughout the watershed, except where one or more
point-sources contribute to high SRP. The Grassy

NO, PO,* NO,+
PO,

Ct NO; PO,* NO,+
PO*

in the river mainstem. *Indicates significant nutrient limitation,
calculated after Tank and Dodds (2003). GPP is shown in white
squares and CR in grey

Sprain Brook subwatershed had much higher SRP
than the other subwatersheds, no PO43_ biofilm
limitation, and none of the land use categories
explained spatial variation in SRP. This suggests a
point-source of SRP such as construction, lawn care,
human or animal waste, or the influence of the Grassy
Sprain Reservoir. Hatt et al. (2004) also found a
single high P watershed among multiple urban
drainages near Melbourne, Australia and postulated
a point-source was responsible for the pattern.
There was no clear indication of NH," sources
throughout the watershed as there was no geographic
pattern for NH,t yield and no relationships with
land-use. This is in contrast to Hatt et al. (2004) who
documented a strong positive correlation between
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Fig. 6 The nutrient 5 15
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NH, " and ISC at baseflow and storm events in urban
streams. Our results may indicate a combination of
point and non-point sources of NH,4*, at least at base-
flow when this study was conducted. We might infer
low ecosystem NH," demand from the relatively
high concentrations, low spatial variation, and infre-
quent biofilm N limitation (measured as NO3 N in
the NDS experiments), which is consistent with lower
NH,* demand with increased urbanization (Meyer
et al. 2005) and at sites downstream from waste water
outflows (Marti et al. 2004). The drivers of NOs;~ and
total N in urban streams have been well studied in
Baltimore watersheds (Groffman et al. 2004; Sivir-
ichi et al. 2010), but fewer data have been published
for controls on spatial patterns in NH," in urban
systems (Claessens et al. 2010). Clearly more work is
needed to clarify how biotic and abiotic processes
contribute to spatial patterns of NH," concentrations
in urban stream networks.

Synoptic studies have used the relative values of N
and P concentration and spatial variability to imply
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nutrient limitation, even without measuring limitation
directly (Dent et al. 2001; Gardner and McGlynn
2009). For example, Dent et al. (2001) found high
concentration and lower spatial variation of P in a
desert stream, which when combined with low con-
centration and high variation of NO3;~ suggested N
limitation of the stream ecosystem. Using this logic,
because NO5;~ was the highest and least variable of
nutrients in the Bronx River, and SRP was lowest and
most variable, P limitation is more likely than N
limitation in this watershed. We confirmed this pattern
with NDS measurements, which showed low fre-
quency of NO;™ limitation, and higher incidence of
P-alone or N + P co-limitation.

Urban watersheds exhibit high temporal variability
in discharge and nutrient export due to seasonality of
flooding and influence of ISC (Groffman et al. 2004).
Nutrient export from urban streams during short
periods of high flow can be 50% of annual N export
(Groffman et al. 2004). By sampling only during base
flow, we may have missed important dynamics of
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Fig. 7 Mean (+standard deviation) for (a) nitrate (NO3™)
concentration, (b) NO3;~ coefficient of variation, (c¢) soluble
reactive phosphorus (SRP) concentration, (d) SRP coefficient
of variation, (e) ammonium (NH,%) concentration, and
(f) NH, " coefficient of variation from synoptic sampling in

export and retention in the Bronx River. For example,
Gardner and McGlynn (2009) found NO3~ concen-
trations declined with increased biological immobi-
lization during summer in a developing watershed,
reducing longitudinal variability in NO;~ concentra-
tions relative to winter. In this context, we note the
spatial variation in nutrient concentrations and lim-
itation observed in this study were for a period of low
flow during late summer, and the patterns could differ
at other times.

T
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T T T
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this study and studies of spatial distribution of nutrient
concentrations in a forested watershed in New Hampshire,
USA (Likens and Buso 2006), a forested watershed in central
Japan (Asano et al. 2009), and a suburban Maryland, USA
watershed (Claessens et al. 2010)

Longitudinal variation of N and P in the Bronx
River relative to other watersheds

Several studies have used synoptic approaches in
streams in desert (Dent et al. 2001), prairie (Dodds
and Oakes 2008), alpine (Gardner and McGlynn
2009), and boreal (Scrimgeour and Chambers 2000;
Temnerud and Bishop 2005) biomes, and the number
of synoptic data sets from urban or suburban sites is
growing (Claessens et al. 2010; Gémez et al. 2009;
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Sivirichi et al. 2010). Although it is challenging to
analyze across studies due to interregional differences
in controls on water chemistry and sampling regimes
(Clark et al. 2000), we compared longitudinal vari-
ation in our data to studies from temperate forested
watersheds that represent climatic conditions similar
to the Bronx River (Asano et al. 2009; Claessens
et al. 2010; Likens and Buso 2006; Fig. 7).

NO;~ and NH," concentrations were higher in the
Bronx River and Baisman Run (a suburban watershed
15 km from Baltimore, MD) relative to forested
catchments, while variation in nutrients was lower in
the developed watersheds (Fig. 7). The higher nutrient
concentrations in the developed watersheds are most
likely due to the influence of agriculture (MD) and
urbanization (NY and MD). Their lower variation in
concentration, however, suggests that development
simultaneously increases nutrient concentrations and
lowers spatial variability, which has not been well
documented and could influence stream biota. For
example, low spatial variation in elevated nutrient
concentrations could reduce biofilm diversity by
favoring taxa which grow under enriched conditions
throughout the river network, and could thereby affect
higher trophic levels (Cross et al. 2007).

We note that reduced variation of nutrient con-
centrations in developed watersheds in Fig. 7 may
also be from differences in the spatial scale of
sampling efforts among studies. In the forest streams,
the greatest variation in solute concentrations
occurred far upstream in seeps, springs, and small
headwaters (Asano et al. 2009; Likens and Buso
2006). We were unable to access most tributaries
beyond their confluence with the Bronx River
mainstem due to highways, major train tracks and
stations, private property, fencing, and piped streams.
Similarly, the synoptic data from Baisman Run only
includes the mainstem and no tributary values
(Claessens et al. 2010). It is possible we would have
identified discrete point sources and recorded higher
variation in concentrations if we had access to longer
reaches of the headwater streams. Our reduced
variation in nutrients reported in Fig. 7, therefore,
may represent a methodological artifact of low
tributary data. However, we note the constrained
sampling regime accurately represents conditions “on
the ground” when conducting research in the Bronx
River watershed. Lack of access to headwater reaches
in urban environments constricts our ability for
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extended longitudinal studies in tributaries, and is a
challenge for studying network connectivity in urban
streams.

Several synoptic studies have shown a conver-
gence in solute concentrations in higher order streams
relative to headwaters, as solute concentrations are
“homogenized” downstream (Asano et al. 2009;
Likens and Buso 2006). Asano et al. (2009) con-
cluded this convergence trend strongly explained
spatial variation in solute concentrations across
forested subcatchments of the Fudoji River in Japan
(Fig. 8a). Despite a lack of access to small headwa-
ters in the Bronx River relative to Asano et al. (2009),
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Fig. 8 Nitrate (NO3 ™) concentration and subwatershed size in
(a) the Fudoji River (Asano et al. 1999) and (b) the Bronx
River (this study). ¢ The convergence model of spatial
distribution of solute concentrations, in forested and urban
watersheds (modified from Asano et al. 2009) indicates higher
nutrient concentrations, lower variation, and larger subwater-
shed sizes in urban relative to forested watersheds
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our NO3;~ concentrations concur with this conver-
gence pattern, although with three important differ-
ences in the urban watershed: (1) higher nutrient
concentrations, (2) decreased variation, and (3) larger
subwatershed sizes (Fig. 8b). We present a concep-
tual diagram for solute convergence in urban and
forested watersheds in Fig. 8c (modified from Asano
et al. 2009).

In contrast to NO;~, SRP and NH, ' concentra-
tions did not show longitudinal patterns of conver-
gence, which we attribute to their biogeochemical
properties and origins. A pattern of convergening
solute concentration would be expected when diffuse
solute sources are primarily influenced by dilution
rather than biological or abiotic uptake. Nitrate
follows this pattern because it does not sorb to
sediments, was infrequently the primary limiting
nutrient to stream biofilms, was related to ISC (i.e.,
diffuse inputs), and remained at high concentrations
throughout the watershed. SRP, however, does not
exhibit the convergence pattern because it was the
primary limiting nutrient, and was found at low
concentrations in most places. It is unclear what
biotic or abiotic processes controlled NH4+ concen-
trations, but it was also highly variable and does not
match the convergence pattern. Additional applica-
tion of this pattern to urban watersheds will enhance
our understanding of landscape level controls on N
and P concentrations across gradients of nutrient
enrichment and hydrology.

Hydrological modification

A rudimentary water budget from the tributaries and
mainstem suggested a large proportion of discharge
from the Bronx River watershed to the East River
was not accounted for by tributaries. The sum of
all measured tributary inputs was 837 m® s, or
between 35 and 46% of the discharge measured at the
downstream USGS gauging station. We hypothesize
a relatively large portion of discharge entered the
river through direct inputs, pipes, and groundwater
connections. Historical maps in the region indicate a
more complex tidal wetland and watershed ecosystem
than exists today (Sanderson 2009), but the propor-
tion of buried, piped, or filled-in streams is unknown.
Our data suggests anywhere between 1/3 and 1/2
of the river input is not from surface tributaries,
which is consistent with estimates of stream burial in

Baltimore ranging from 20-70% (Elmore and Kau-
shal 2008). Hatt et al. (2004) also found that while
impervious surface cover explained NOj3;~ export
from urban streams, accounting for “effective imper-
viousness,” or the amount of impervious surfaces
directly connected to streams, more strongly
explained N patterns. Our land-use quantification
could not take into account underground storm-water
drainage systems as we could find no geospatial data
that accurately characterizes storm-water drainage for
the entire area under study. Stream burial and piping
represents a major challenge for understanding lon-
gitudinal dynamics of nutrient flux in urban rivers,
and it likely contributes to the unexplained variability
of N and P concentrations in the Bronx River
mainstem.

Environmental drivers of biofilm growth
limitation operate at multiple spatial scales

Our results indicated clear differences on nutrient
limitation between substrata, where biofilms on cellu-
lose were more strongly nutrient-limited than on fritted
glass. Previous studies using identical substrata have
found that rates of heterotrophic decomposition on
cellulose, which selects for a net heterotrophic biofilm
community (Johnson et al. 2009), are stimulated by
carbon + nutrient availability and warm tempera-
tures. In contrast, autotrophs show preference for
fritted glass relative to cellulose and are primarily
limited by light availability (Johnson et al. 2009;
Hoellein et al. 2010). It appears that during summer,
nutrient demand from heterotrophic biofilms may exert
a stronger influence on nutrient concentrations than for
biofilms on inorganic surfaces.

Light limitation strongly influenced response of
GPP to nutrient addition and may have influenced
spatial patterns of nutrient concentrations. Light
availability, rather than nutrients, is often the primary
limiting factor for autotrophic stream biofilms (Hill
et al. 2001; Mulholland et al. 2006). In a study of
nutrient limitation in 72 streams draining urban,
forested, and agricultural watersheds, the sites most
likely to show nutrient limitation of GPP had no
forest canopy (Johnson et al. 2009). Our data concur
with these patterns, as GPP response to N-enrichment
was strongly related to low canopy cover, which is
also correlated with stream size (Table 1). The lower
NO;™ concentrations observed in the lower mainstem
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of the river (Fig. 2a) may reflect algal uptake in the
wider downstream reaches. Finally, we note N
retention via algal growth probably increases during
other seasons when stream canopy cover decreases
throughout the watershed (Arango et al. 2008;
Francoeur et al. 1999; Hoellein et al. 2009).

We expected that nutrient limitation patterns in
the three river mainstem sites (i.e., Upper, Middle,
and Lower Bronx River) would be more similar to
each other than to the tributaries given their direct
flowpath connections. However, NDS indicated no
limitation at the Upper Bronx site, and different
limitation patterns in the Middle and Lower Bronx.
Thus, environmental drivers of biofilm nutrient
limitation, such as canopy cover and nutrient con-
centrations, appear to change at spatial scales shorter
than the length of river among the three NDS sites
(i.e., 7.8 and 14.0 km). Variation in nutrient limita-
tion at different spatial scales has also been reported
elsewhere. For example, Pringle (1990) showed
variation in substratum type controlled diatom
community composition at scales of 100 um, while
in a 155,000 km?> river system in west-central
Canada, Scrimgeour and Chambers (2000) noted
alleviation of epilithic nutrient limitation by waste
water effluent persisted for an average of 78 km.
Despite reduced spatial variation of nutrient concen-
trations in this urban watershed (i.e., Fig. 7), high
spatial variation in drivers of nutrient limitation such
as riparian vegetation (Groffman et al. 2003) may
directly alter biofilm nutrient limitation status at
nearby NDS sites.

Implications for nutrient management in urban
streams

The results from both synoptic sampling and NDS
suggest opportunities for management of nutrient
sources and retention in urban watersheds. For
example, synoptic sampling constricted the range of
SRP point-sources which could allow for targeted
management in Grassy Sprain Brook. Our results
suggest reducing NO;3 ™ inputs from diffuse sources
would be helpful, although likely a significant
challenge given requirements of watershed-scale
approaches including coordinated restoration efforts
along the entire stream network. The NDS data show
that enhancing biofilm nutrient uptake on organic
substrata may be an overlooked strategy to increase
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watershed nutrient attenuation, especially in summer.
This approach would entail techniques such as
restoration of debris dams (Entrekin et al. 2008),
inundated floodplains or wetlands (Saunders and
Kalff 2001), and hyporheic organic matter storage
(Valett et al. 1997). Unfortunately, increasing organic
matter retention runs counter to the historic strategy
of managing urban rivers to reduce flooding by
removing retention structures (Paul and Meyer 2001).

Watershed approach in urban environments

The watershed approach to ecosystem science has
greatly increased our understanding of nutrient
cycling and energy flow through the environment.
Application of the watershed approach in urban
ecosystems, however, presents several challenges not
encountered in rural or undeveloped settings (Groff-
man et al. 2004). Practical challenges we encountered
include vast numbers of private property owners,
permitting from multiple local governments (e.g.,
city, county, township), frequent interactions with
representatives from the public and law enforcement,
restricted stream access due to major infrastructure
(e.g., trains, highways, power lines), and extensive
stream burial. Despite this, the synoptic sam-
pling + NDS approach employed in this study will
directly inform nutrient management in the Bronx
River. Our results will assist in targeting point and
diffuse sources of N and P, and suggest mitigation
efforts to increase nutrient retention. Overall, our
study supports the use of the watershed approach in
urban environments to inform management of
streams and enhance our understanding of their
structure and function.
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