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Abstract Stormwater nutrient pollution can be more effectively managed if there is a predictable link
between urbanization and pollutant export. The goal of this study was to determine the effects of
increased watershed impervious surface cover (ISC) and retention-based stormwater management on
stream discharge and nutrient export from coastal plain streams in the southeastern United States. To
quantify coastal plain stream nutrient export, measurements of stream discharge and concentrations of
dissolved nutrients, particulate nitrogen, and algal biomass (as chlorophyll a) were collected during
baseflow and stormflow for four years from five streams on Marine Corps Base Camp Lejeune near
Jacksonville, North Carolina. The study streams had watersheds that spanned a range of ISC (1-38%) and
included an urban watershed drained extensively by stormwater ponds. Urban streams had higher rates of
annual discharge than less impacted streams due to elevated discharge at all rates of flow, more cumulative
discharge at high flows, and dampened seasonal patterns. Streams with higher watershed ISC had higher
rates of annual export of all measured nutrients due to increased stream discharge and concentrations of
inorganic and particulate nitrogen. The relative importance of dissolved organic nitrogen decreased with
watershed ISC, but it was still the dominant form of nitrogen export in every study stream except the stream
that was dominated by particulate nitrogen export from stormwater pond algal production. Based on these
findings, this study suggests that stormwater management emphasizing stormwater harvesting and
evapotranspiration, increased wetland area, and decreased anthropogenic nutrient sources could reduce
nutrient export from urban coastal plain streams.

1. Introduction

Urbanization changes watershed hydrology and increases stream nutrient export (O'Driscoll et al., 2010;
Walsh et al., 2005), but understanding the specific effects of urbanization can allow for more effective
municipal water management. The typical effects of urbanization are increased rates of stormflow and
decreased rates of baseflow (Paul & Meyer, 2001; Walsh et al., 2005), but this change in hydrology (espe-
cially at low flows) is also influenced by changes in evapotranspiration, contributions from leaky waste-
water infrastructure, and physical properties of watersheds or drainage networks (Bhaskar, Beesley,
et al., 2016; Meierdiercks et al., 2017; Price, 2011; Walsh et al., 2005). Various relationships between con-
centration and discharge can suggest mechanisms of nutrient delivery to a stream and sources of nutri-
ents within a watershed (Duncan et al., 2017; Musolff et al., 2015), which can be important for management
given that urbanization alters watershed biogeochemical processes, increases nutrient sources, and
degrades nutrient sinks (Hobbie et al., 2017; Kaushal et al.,, 2011; Newcomer Johnson et al., 2014;
Reisinger et al., 2016). Understanding changes in hydrology, sources of nutrients, and pathways of nutrient
delivery with urbanization can help determine what type of stormwater management strategy might be
most effective (Jefferson et al., 2017).

Coastal plain streams in the southeastern United States have unique hydrology and biogeochemistry that
suggests that they may have a different response to urbanization than streams from other regions. The effects
of urbanization on watershed hydrology and stream nutrient dynamics can vary by region and depend on
physiographic attributes (Hopkins et al., 2015; Utz et al.,, 2011). For example, a study comparing the
Mid-Atlantic coastal plain and Piedmont found that urbanization affected stream water quality similarly
between the two regions, but hydrologic metrics associated with high flows were more affected by
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urbanization in the coastal plain than the Piedmont (Utz et al., 2011). Many coastal plain streams in the
southeastern United States are characterized as “blackwater” streams due to high concentration of dissolved
organic matter derived from forested wetlands (Meyer, 1990) and watersheds with low slopes and sandy soils
(Markewich et al., 1990). Dissolved organic nitrogen (DON) is the dominant form of dissolved nitrogen in
these blackwater coastal plain streams while concentrations of dissolved inorganic nitrogen (DIN) and algal
biomass are low (Meyer, 1990; Tufford et al., 2003 ; Wahl et al., 1997). Previous studies in this area have
found that even small increases in DIN can cause algal blooms (Mallin et al., 2004), and urbanization
increases the concentrations of DIN (Tufford et al., 2003; Wahl et al., 1997), the volume of streamflow
(Wahl et al., 1997), and the flashiness of streamflow (Jayakaran et al., 2014). Further, coastal plain streams
may have a disproportionate impact on nutrient-sensitive coastal waters due to their close proximity that
limits processing within the stream network compared to upland streams. Coastal environments are eco-
logically, economically, culturally, and recreationally important (Costanza et al., 1997), but nutrient
enrichment from land-based nutrient export has degraded water quality and ecosystem function in many
estuaries (Bricker et al., 2008; Deegan et al., 2012) and freshwater tidal creeks (Sanger et al., 2013).

Previous studies have reported some effects of urbanization on southeastern U.S. coastal plain streams, but
there are still gaps in understanding that must be addressed to inform management (O'Driscoll et al., 2010).
The relative amount of particulate nitrogen (PN) has not been measured in either less impacted or urban
coastal plain streams, nutrient export for all nitrogen species during storm events has not been quantified
due to methodological challenges (Mallin et al., 2009; Tufford et al., 2003; Wahl et al., 1997), and there are
few records of long-term measurements of streamflow and nutrient export across a range of watershed
ISC. The effects of stormwater control measures on watershed hydrology and nutrient export compared to
unmitigated urban development is an especially critical gap in understanding given the mandated use of
stormwater control measures for new development in this region. Determining the effects of coastal plain
watershed urbanization on stream nutrient export and discharge is critical for informing stormwater man-
agement policy for coastal areas and improving coastal water quality through effective mitigation.

To address these gaps in understanding, this study measured four years of streamflow and nutrient export
(dissolved and particulate nitrogen, orthophosphate, and algal biomass) from five streams with watersheds
spanning a range of imperviousness in the coastal plain of North Carolina. One of the three urban
watersheds was drained by stormwater ponds, which allowed for comparisons in discharge and nutrient
export between types of stormwater management strategies. The primary goal of this study was to determine
the impacts of increased watershed ISC and retention-based stormwater management on stream discharge
and nutrient export from coastal plain streams in the southeastern United States. Specifically, this study
analyzed the magnitude and timing of stream discharge and nutrient export and the relationships between
nutrient concentrations and discharge.

2. Materials and Methods
2.1. Study Sites

Five streams with watersheds spanning a wide range of imperviousness (1-38%) on U.S. Marine Corps Base
Camp Lejeune (MCBCL) in Jacksonville, NC were selected for study (Figure 1 and Table 1). Watersheds
were delineated in ArcGIS 10.4 using 1-m resolution elevation data provided by the Environmental
Services division of MCBCL, and watershed impervious area was manually delineated using high-resolution
orthoimagery collected by the MCBCL in 2013. The MCBCL is the largest Marine Corps base in the world
and surrounds most of the New River Estuary. The study area lies in the outer coastal plain, an area
comprised mostly of sandy soils that range from excessively drained to very poorly drained (Soil Survey
Staff, 2015) and was historically vegetated with longleaf pine savannah with bottomland hardwood species
fringing the streams (Messina & Conner, 1997; Outcalt & Sheffield, 1996). Natural streams in this area are
blackwater, low-gradient streams. The MCBCL provided an excellent location to study the impacts of
urbanization on coastal plain stream nutrient export due to the range of impervious cover of watersheds
within its boundaries and the fact that all study watersheds were owned by the same entity, thus constrain-
ing differences in management that could impact hydrology (e.g., groundwater withdrawal, stormwater
control measure selection, and maintenance). As a labeling convention, the percent watershed ISC is used
to identify streams and watersheds (e.g., 1% ISC stream, 1% ISC watershed).
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Figure 1. Overview map of study watersheds and stream sampling locations. Land cover data from the 2011 NLCD data set and the USFWS.

Table 1
Study Watershed Statistics

The study watersheds ranged in size and imperviousness but were all located along the eastern shore of
the New River Estuary (Figure 1 and Table 1). The two watersheds with the lowest levels of imperviousness
(1% and 4% ISC) exemplified the two most common natural land cover types in this area. The 1% ISC
watershed contains large areas of emergent wetlands, forested wetlands, and shrub/scrub land cover, while
the 4% ISC watershed contains mostly forested wetlands and shrub/scrub land cover (Table S1; Gold et al.,
2017a). The 19% ISC watershed contains high-density, commercial land cover and large amounts of forest
and forested wetland cover (Table 1). The stormwater management in this watershed drains approximately
half of the impervious area in the watershed using retention ponds and infiltration basins, and most of the
stormwater is routed to stormwater control measures or the stream by a complex network of ditches along
the road network (Table 1). The 33% ISC watershed contains mostly residential urban area, and 97% of
the watershed area is drained by curb and gutter drainage to stormwater retention ponds (Gold et al., 2017a;

Table 1). The most impervious watershed in this study (38% ISC) contains commercial development that is
drained through a series of ditches along the roadways, and a parking lot drains to a stormwater retention
pond near the sampling site (Table 1). The most impervious watershed was undergoing construction during
data collection, resulting in increased watershed ISC from 24% to 38% between 2009 and 2013. The
watershed was denoted as 38% ISC in this study because this amount of ISC was maintained for most of
the study period. Watershed ISC was the main focus of this study because this metric was negatively

ISC (name) ISC (%) Area (ha) Unmitigated impervious area (%) Total wetland area® (%) Percent well-drained® (%)
1% (French) 0.96 835.05 0.96 42.19 35.07
4 % (Traps) 3.93 61.48 3.92 44.37 23.17
19% (Cogdel) 19.24 725.41 9.49 12.37 70.03
33% (Tarawa) 33.27 70.16 0.98 0.44 82.87
38% (Courthouse Bay, CHB) 38.16 31.77 26.13 0.11 100.00

#Total wetland area (%) does not include area of stormwater retention ponds. bHydrologic soil types A and B for areas not under impervious surfaces.
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correlated with wetland cover (R* = 0.95) and positively correlated with percent well-drained soils
(hydrologic class A or B; R? = 0.94; Table 1). Together, these sample sites capture variation in watershed
ISC as well as differences in stormwater management at the higher limit of imperviousness.

2.2. Discharge, Export, and Concentration Measurements

Streams from the five study watersheds were gauged for discharge for a period of four years (June 2011 to
June 2015) using Teledyne Isco automatic water samplers outfitted with flow sensors (acoustic Doppler
velocity and pressure transducer level). Velocity and level measurements were recorded every 30 min, and
stream cross sections allowed for the conversion of level and velocity measurements to stream discharge.
Twice-monthly water grab samples were collected, filtered through Whatman GF/F filters (25-mm diameter,
0.7-um nominal pore size), and analyzed for nitrate-N (NO, ; detection limit = 0.05 uM), ammonium
(NH,™; detection limit = 0.24 uM), DON (detection limit = 0.75 uM), and orthophosphate (PO,>; detection
limit = 0.02 uM) with a Lachat QuickChem 8000 nutrient autoanalyzer. Filters were then analyzed for chlor-
ophyll a (Chl a) as a proxy for algal biomass. Analysis for Chl a was conducted with a Turner Designs Trilogy
fluorometer after sonicating and extracting frozen filters for 24 hr in a 90% acetone solution (Welschmeyer,
1994). Results for Chl a will be referred to interchangeably as algal biomass. PN concentrations were
measured during the final two years of the study (June 2013 to June 2015). PN was measured by filtering
water samples with the filters specified above and analyzing filters for nitrogen content with a Costech
Elemental Combustion System with Elemental Analysis software. Water samples were also collected at
greater frequency during storm events for one storm a month with the Isco automatic water samplers using
a velocity-based trigger and flow-paced sampling scheme set to span the entire storm hydrograph. Export
was calculated for each 30-min interval to match the frequency of discharge measurements. Baseflow and
stormflow volumes were calculated by delineating discharge volume into baseflow or stormflow during
manually identified storm events using a digital filter (Nathan & McMahon, 1990). During baseflow, export
was estimated for each water quality variable by multiplying the most recent measured baseflow nutrient
concentration by discharge (period-weighted approach—discussed by Aulenbach et al., 2016). During
storm events, concentration was interpolated between storm samples encompassing the hydrograph
(regression-model approach—discussed by Aulenbach et al., 2016). Export during unsampled storm events
was estimated by multiplying measured discharge by concentration calculated from discharge-concentration
relationships for rising and falling limbs of sampled storms. All values of export and discharge were
normalized by watershed area for comparisons between study streams. Data analysis was conducted in
Microsoft Excel and R (R Core Team, 2019).

2.3. Streamflow and Hydrologic Metrics

Daily discharge values were calculated by summing measurements of discharge collected every 30 min for
each day, and daily discharge values were used for all analyses. Average annual streamflow was calculated
for each stream by taking the mean of annual discharge for each year of the sampling period (n = 4). Dates of
missing streamflow data due to equipment failures were not estimated, but annual values of discharge and
export were adjusted for missing days (48 missing days total, mostly 17 August 2011 to 20 September 2011
due to equipment removal prior to tropical storm). Daily discharge values sorted from low to high were used
to calculate percentiles for each value of discharge as well as cumulative discharge for each stream following
established methods (Duan et al., 2012; Pennino et al., 2016; Shields et al., 2008). Gini coefficients, which can
be used as a measure of temporal inequality in discharge or nutrient export (Jawitz & Mitchell, 2011), were
calculated from this sorted list of discharge values using the “ineq” R package. The Richards-Baker
flashiness index was calculated for each month for each stream, although two months were removed due
to missing data (August and September 2011; Baker et al., 2004). Baseflow index (BFI) values were calcu-
lated, and average annual BFI values were calculated. Paired ¢ tests were performed on log-transformed
annual streamflow and BFI values to test for significant differences between streams (a = 0.05). Discharge
values for each study stream were parsed into seasons (winter = December, January, February; spring =
March, April, May; summer = June, July, August; fall = September, October, November), and differences
between seasons were determined through nonparametric Kruskal-Wallis and Dunn's tests (a¢ = 0.05)
because data could not be normalized with transformations.
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2.4. Nutrient Export and Concentrations

Average annual export for each water quality constituent was calculated in the same way as average annual
discharge, and paired ¢ tests were performed on log-transformed annual values to test for significant
differences between streams (o = 0.05). The ratios of dissolved nitrogen species from water samples were
plotted on a ternary plot using the ggtern R package (Hamilton & Ferry, 2018). Differences in concentrations
of various water quality constituents between study streams were analyzed using one-way ANOVAs and
Tukey HSD post hoc tests on log-transformed concentration measurements. To analyze the timing of export,
the ranked discharge values from each stream were used to calculate cumulative export and cumulative
percent export for each water quality constituent using the same methodology discussed previously for
cumulative discharge.

2.5. Relationships Between Concentration, Discharge, and Export

Metrics that describe the influences of discharge and concentration on nutrient export were calculated for
each study stream and water quality constituent. The metric CV/CV, which compares the coefficient of
variation of concentration measurements to the coefficient of variation of discharge measurements
(Thompson et al., 2011), was calculated for manually sampled concentration and discharge measurements
(n range = 211-249). The linear slope of the log-log relationship between measured concentration and dis-
charge (b from the equation C = aQ®, where C = concentration and Q = discharge) was calculated for each
study stream and measured water quality constituent. Due to the inclusion of concentration and discharge
measurements below detection limits, a value of 0.01 was added to all values of discharge and orthopho-
sphate and a value of 0.1 was added to all values of nitrate, ammonium, and DON. The combination of
the CV/CV metric and C-Q slope can suggest nutrient sources and means of delivery from the watershed
to the stream. For example, a water quality variable that has a low CV/CV value (<0.5) and low b value
(—0.2 < b < 0.2) would be considered chemostatic (i.e., variability in discharge control export). The b value
can better inform the source of water quality variables that are chemodynamic (CV/CVg > 0.5, variability
in concentration control export), with positive b values indicating a flushing of material during storm events
and negative b values indicating dilution of material due to increased discharge (Godsey et al., 2009).

To compare the export of nitrogen species across flows, values of discharge were binned every 10 percentiles,
and the export of each species of nitrogen was summed within each bin. The ratio of export of each nitrogen
species in each bin was then calculated.

3. Results
3.1. Streamflow and Hydrologic Metrics

Average annual stream discharge increased with watershed ISC, and this increase in overall discharge
volume with watershed ISC was driven by increases in streamflow across all flows and more cumulative dis-
charge at high flows (Figure 2). The 38% ISC stream had much higher flow than all of the other study water-
sheds, and had nearly twice the amount of discharge as precipitation (~1.3 m/year of precipitation; Figure 2).
In general, streamflow flashiness and the relative importance of high flows to overall discharge volume
increased with watershed ISC and BFI decreased with watershed ISC (Figure 2 and Table S2). However,
the hydrologic metrics of the 4% ISC stream were similar to those of the streams with the most developed
watersheds despite large differences in discharge volume. The timing of the “flashy” behavior of the 4%
ISC stream differed from that of the more developed streams, with higher values of flashiness occurring
during months with less discharge and low BFI values rather than more discharge and low BFI
values (Figure S2).

Stream discharge was highest during winter for every study stream, but there were differences in the
seasonal patterns between the study streams for the other seasons (Figure S1). The two least developed
streams had significantly lower summer flows compared to all other seasons, which aligns with peak grow-
ing season and increased evapotranspiration. The 4% ISC stream had no flow during periods of the summer
for the first two years of the study. The three more developed streams either exhibited a muted seasonal
pattern or a different seasonal pattern than that of the less developed streams (Figure S1 and Table S3).
Streamflow in these three streams was continuous throughout the year.
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Figure 2. (a) The mean annual volume of streamflow, (b) flow duration curves, (c) Lorenz curves of discharge with Gini
coefficients (inset), and (d) cumulative flow distribution curves for each study stream. Letters indicate significant differ-
ences based on paired ¢ tests (p < 0.05). Error bars indicate standard error.

3.2. Nutrient Export and Concentrations

Average annual nutrient export increased with watershed ISC for all measured variables, but as with dis-
charge, export from the 38% ISC stream was much higher than all other streams (Figure 3 and Table S4).
DON export was similar between all streams except for the most urban stream which had much higher rates
of export (Figure 3). Differences between the three more developed streams and the two less developed
streams were largest for nitrate and algal biomass export (Chl a), while the two most developed streams
had higher rates of export than all other watersheds for ammonium, orthophosphate, and PN (Figure 3).
There were no discernable differences in seasonal patterns of nutrient export between watersheds
(Figure S1), and nutrient export from each watershed followed similar seasonal patterns as discharge
(Figure S1). Generally, nutrient export was highest in the winter during higher flows and was lowest in
the summer or spring during lower flows (Figure S1).

All water quality variables had more exports during higher flows with increasing watershed ISC (Figure S4).
This pattern was similar to discharge, with watersheds (except the most developed stream) grouping
together at lower flows and diverging at high flows.

Concentrations generally increased with watershed imperviousness for all measured variables except DON
and orthophosphate (Table 2). The 19% ISC stream had concentrations that were similar to the two least
developed streams except for higher concentrations of nitrate and significantly lower concentrations of DON
(Table 2). The 33% ISC stream had significantly higher concentrations of all measured variables except DON
(second lowest concentrations) and ammonium (second highest concentrations; Table 2). The most urban
stream had much higher concentrations of ammonium than all other streams as well the highest or second
highest concentrations of all other variables (Table 2). Different seasonal trends in concentrations between
watersheds were only apparent for nitrate. Compared to other seasons, the two least developed streams had
significantly higher summer concentrations of nitrate that coincided with higher seasonal temperatures and
significantly less discharge (Figure S1), while lower nitrate concentrations coincided with the coldest seaso-
nal temperatures and the highest discharge (Figure S1). In contrast, the three streams with more impervious
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watersheds had the highest concentrations of nitrate during the winter and followed the same pattern as
discharge (Figure S1).

There were clear differences in the dominant forms of nitrogen export between study streams (Figures 4a
and 4b). Overall, DON was the dominant form of nitrogen exported from all study streams except the 33%
ISC stream with stormwater ponds, where particulate nitrogen was the dominant form of nitrogen exported
(Figure 4b). PN export was generally the second largest species of nitrogen exported followed by either
ammonium or nitrate. The relative importance of DON to total nitrogen export decreased with watershed
ISC, while the relative importance of PN and DIN export increased (Figure 4b). The increase in the relative
importance of DIN export was driven by different nitrogen species in the most urban study streams—the 33%

Table 2

Summary of Nutrient Concentrations From Study Streams (Mean + SE)

ISC (%) NOy (M) NH, (uM) DON (M) PN (ug/L)* PO, (UM) Chl a (ug/L)

1 0.75 + 0.05% 1.26 + 0.04% 26.38 + 0.81%° 137.68 + 11.98% 0.29 + 0.01% 1.39 +0.11%
0.68 + 0.08" 1.59 + 0.09* 24.61 + 0.76° 156.35 + 13.62° 0.21 +0.01° 097 +0.11°

19 1.34 +0.11° 1.2 + 0.08° 14.6 + 0.34° 167.88 + 23.15% 0.26 + 0.01* 1.55 +0.17%

33 5.93 + 0.26° 3.96 + 0.35° 19.51 + 0519 313.86 + 23.22° 0.64 + 0.03° 11.27 + 0.96°

38 425+ 0294 12.69 + 1.45% 27.88 + 0.73% 229.14 + 14.84° 0.31 + 0.02° 479 + 0354

Note. Letters indicate significant differences between means based on one-way ANOVAs and Tukey HSD post hoc tests of log-transformed data.

*Data from only final two years of study.
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ISC stream had more nitrate export than ammonium and the most urban stream had more ammonium
export than nitrate (Figure 4b). The decreased relative importance of DON in the more urban watersheds
also corresponded with increased Chl a concentrations and particulate N concentrations (Figure S3).

The differences in the dominant forms of nitrogen between study streams can also be visualized by compar-
ing the percent contribution of each dissolved nitrogen species to total dissolved nitrogen in collected water
samples (Figure 4c). The two less developed streams cluster at high percentages of DON and low DIN per-
centages. The stream with the 19% ISC watershed also encompasses high % DON and low % DIN water sam-
ples, but it also extends farther out along the % NO, and % NH, axes. Finally, the two most urban streams
move away from high % DON (very few water samples near 100% DON) and extend out along the % NOy
and % NH, axes farther than the other study streams. Similar to Figure 4b showing the relative important
of different nitrogen species to export, the 33% ISC has higher values of % NOy and the most urban stream
has higher values of % NH,.
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3.3. Relationships Between Concentration, Discharge, and Export

Plotting b, or the linear slope of the log-log relationship between concentration and discharge, versus
CV(/CVq can classify the export regime of a stream and point to possible sources within the watershed
(Musolff et al., 2015). For ammonium, the 4% ISC stream was the only stream that was chemostatic, the
1% ISC stream and the 33% ISC stream were slightly chemodynamic with b values of approximately zero,
and the 19% ISC stream and the 38% ISC stream were more chemodynamic with negative b values indicating
the dilution of ammonium with increased discharge (Figure 5). Nitrate export from the two most developed
streams was chemodynamic with small b values, the 19% ISC stream was chemodynamic with a positive b
value, and the two least developed streams exhibited large, negative b values (Figure 5). DON export was che-
mostatic for all streams except the least developed stream, which was weakly chemodynamic and had a posi-
tive b value (Figure 5). All study streams had small b values for PN export, but the 4, 33, and 38% ISC streams
were weakly chemodynamic and the 1 and 19% ISC streams were strongly chemodynamic (Figure 5). This
grouping of streams aligns with differences in watershed size, which can influence CV/CV, values
(Diamond & Cohen, 2018). Differences in Chl a CV/CV, values between streams were similar to that
observed for PN, but the main difference in b values was that the 33% ISC stream with stormwater ponds
had a large and positive b value while the other study streams had small b values (Figure 5). All study streams
had orthophosphate CV/CV, values indicating chemostatic or weak chemodynamic behavior, and the
b value generally increased with watershed ISC (Figure 5).

There were small differences between cumulative nutrient export and cumulative discharge that can be
seen by comparing the relationship between the two indices, and this comparison can highlight
important periods of export in water quality variables that are chemodynamic (Figure S5). Only patterns
that differ from the C-Q slopes presented above are shown. For nitrate, the least developed stream
had more cumulative export than discharge at lower flows compared to all other watersheds despite
a wide range of b values among streams (Figure S5). Every stream except for the least developed
stream had relatively more ammonium export than discharge at lower flows (Figure S5). Higher flows
were important periods of PN export for all study streams despite differences in b and CV/CVq
values (Figure S5).

The speciation of nitrogen export across flows differed based on watershed ISC (Figures 6 and S6). Relative to
total nitrogen export, the relative amount of DON increased and PN decreased from low to high flows in
both less developed streams (Figures 6b and S6). Also, the importance of ammonium decreased from
low to high flows in the 4% ISC stream. The timing of export for all nitrogen species was similar for the
two less developed streams except for nitrate in the 1% ISC stream and ammonium in the 4% ISC stream
(Figures 6 and S6). The three more urban streams had notable increases in the importance of PN export
from low to high flows (Figures 6b and S6). There was also a slight decrease in the importance of DON
and DIN export from low to high flows, although the speciation of inorganic species varied among the
more urban streams (Figures 6b and S6). The more extreme differences in speciation of nitrogen export
across flows in the three more urban streams led to larger differences in the timing of cumulative nitrogen
export among nitrogen species (Figure 6¢). PN was exported at higher flows than all other nitrogen species
in the three more urban streams, followed by nitrate in the 19 and 38% ISC streams and DON in the 33%
ISC stream (Figure 6c).

4. Discussion
4.1. Watershed Hydrology and ISC

This study found that streams with more developed watersheds had higher rates of discharge across all flows,
more cumulative discharge at higher flows, and dampened seasonal patterns of discharge when compared to
streams with less developed watersheds (Figures 2 and S1 and Table S3). These findings agree with studies in
other physiographic regions that observed increased high flows during storms but differ slightly from
previous studies that found urbanization typically decreases discharge at low flows (Hardison et al., 2009;
O'Driscoll et al., 2010; Walsh et al., 2005). Also, the shift toward more discharge at higher flows with
watershed ISC appears to be less intense than in other areas, likely because of increased low flows. R-B
flashiness values generally increased with watershed ISC which was also reported in past studies, but the
4% ISC stream was flashy at low and intermittent flows during the summer (Figure S2 and Table S2). The
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Figure 5. CV/CV (proxy of export regime) and b (linear slope of log-log C and Q relationship) for each stream. Values of
CV(/CV that are less than 0.5 indicate chemostasis, and values of b between 0.2 and —0.2 (between horizontal grey lines)
indicate weak flushing or dilution patterns.

flashy behavior at low flows in the 4% ISC stream due to storm events during intermittent summer flow
highlights the fact that seasonal differences in discharge were dampened in the more impervious
watersheds (Figure S1 and Table S3).

The most likely mechanisms for the increased rates of discharge across all flows and dampening of
seasonal trends with increasing ISC are increased stormwater runoff, reduced evapotranspiration,
increased input from wastewater infrastructure, and increased surface water storage in the form of
stormwater ponds. Elevated stormflow and decreased infiltration due to impervious surfaces is an extre-
mely well documented occurrence (Walsh et al., 2005) that was evident in this study. Increased discharge
at low flows may be due to decreased evapotranspiration from forested and wetland area in the urban
watersheds. Approximately 70% of precipitation in southeastern coastal plain wetlands is evapotranspired
(Sun et al., 2002) and decreased evapotranspiration can lead to increased discharge (Mclaughlin et al.,
2013). Increased discharge due to decreased evapotranspiration has been observed previously in urbaniz-
ing watersheds with well-drained soils (Barron et al., 2013) and in southeastern coastal plain watersheds
that experience large losses of forested land for silviculture (Mclaughlin et al., 2013; Sun et al., 2010).
Increased flow from decreased evapotranspiration in urban areas hypothesized here may be regionally
specific, though, as a study of streams in the inner Coastal plain found that increasing watershed ISC
led to deeper water tables and decreased baseflow (Hardison et al., 2009). Water inputs from leaky water
and wastewater infrastructure can also lead to increases in discharge (Bhaskar, Beesley, et al., 2016; Price,
2011), and this likely explains the consistently high flow in the most urban stream which was undergoing
additional development during the study period. The extensive use of stormwater ponds, which are not
designed to reduce stormwater volume but rather to reduce peak flows and extend the hydrograph
(Hancock et al., 2010), may have contributed to reduced seasonality in discharge by supplementing low
flows after storm events (two- to five-day drawdown period). Decreased seasonality in baseflow has been
observed in low-impact development watersheds that have extensive stormwater infiltration (Bhaskar,
Hogan, et al., 2016), and while we observed a similar decrease in seasonality, flow from stormwater ponds
to the stream could consist of either infiltration or flow to the stream due to drawdown of the temporary
pond storage volume. Increased discharge and reductions in seasonality of flow have been noted in south-
eastern coastal plain streams previously (Jayakaran et al., 2014; Wahl et al., 1997), so this phenomenon is
likely caused by decreased evapotranspiration and supplemented by stormwater ponds or wastewater
infrastructure leaks.
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Figure 6. (a) Total nitrogen export separated into nitrogen species over the full range of flows, (b) the percent of each nitrogen species exported within each bin of
discharge percentiles (bins = 10), and (c) cumulative export for each nitrogen species across the full range of flows. Data are from the final two years of monitoring
(June 2013 to June 2015).

4.2. Stream Nutrient Export and ISC

Stream nutrient export increased with watershed ISC, and this increase was caused by elevated discharge,
inorganic nitrogen export, and PN export. More nutrients were exported at higher flows in the more urban
streams as seen in past studies (Duan et al., 2012; O'Driscoll et al., 2010; Paul & Meyer, 2001; Walsh et al.,
2005), but nitrate and PN export notably shifted to higher flows relative to other nitrogen species with
increasing watershed ISC (Figure 6). The two streams with the least developed watersheds exhibited typical
blackwater stream biogeochemistry—low N, high proportions of DON, and low concentrations of algal bio-
mass and PN. The three more urban streams maintained the same amount of DON export (or greater in the
case of the 38% ISC stream), but were differentiated from the less developed streams by increased concentra-
tions and export of DIN, PN, and algal biomass.

The quantity of DON exported from the study streams was similar to export from streams and rivers
throughout the continental United States (Lewis, 2002) and western Australia (Petrone, 2010), although con-
centrations were lower than those from forested watersheds in a review of DON concentrations (Pellerin
et al., 2006). PN export is often not reported due to methodological constraints, but PN export from the
two least developed streams was similar to minimally disturbed streams in the SE United States and
Maryland coastal plain (Correll et al., 1999; Lewis, 2002), and PN export from the more urban streams
was much higher than streams of similar imperviousness in western Australia (Petrone, 2010). The export
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of nitrate from the study streams was lower than previously reported values in streams with watersheds of
similar impervious cover (Lewis, 2002; Pennino et al., 2016; Petrone, 2010; Shields et al., 2008), most likely
because this study was conducted in a coastal area where the reference blackwater streams are characteris-
tically low in nitrate (Mallin et al., 2004; Wahl et al., 1997). Ammonium export from the stream with the least
impervious watershed in this study was much lower than that measured in a relatively undisturbed stream
in the inner coastal plain of South Carolina (Lewis, 2002), but ammonium export for all of the study streams
was similar to that measured in urbanized streams in the coastal plain of western Australia (Petrone, 2010).
The magnitude of annual orthophosphate export in this study was also similar to previous studies
(Duan et al., 2012; Pennino et al., 2016; Petrone, 2010), but concentrations of orthophosphate were not
clearly related with watershed imperviousness as was found in a previous study on coastal plain streams
(Mallin et al., 2009).

4.3. Nitrogen Speciation and ISC

The three more developed streams exported more nutrients and had a smaller relative amount of DON
than the less developed streams, and this pattern was driven by increased concentrations of PN and
DIN (Figure 4). The relative amount of dissolved nitrogen export as DON for all streams was similar to
results from previous studies in coastal plain blackwater streams (Tufford et al., 2003; Wahl et al., 1997)
but much higher than reported values from upland areas (Groffman et al., 2004; Pellerin et al., 2006;
Shields et al., 2008) and inner coastal plain streams (Lewis, 2002; Yarbro et al., 1984). Despite the
higher relative amount of DON in the study, the decreased relative importance of DON shown here has
been documented in many different geographic areas, including in nearby coastal South Carolina
(Pellerin et al., 2006; Tufford et al., 2003). This phenomenon appears to occur regardless of reference
stream chemistry, and is likely controlled by land use, wastewater discharges, and the abundance of
wetlands in the watershed (Pellerin et al., 2006).

PN constituted a sizable portion of the total nitrogen pool in all study streams (Figure 4b), but algal bio-
mass was likely the driver of PN export for only the 33% ISC stream with stormwater ponds. Blackwater
streams typically have low concentrations of algal biomass and particulate organic matter (Meyer, 1990;
Yarbro et al., 1984), so the proportion of total nitrogen exported as particulates (19-26%) in the two least
developed streams is somewhat unexpected. Although, this relative amount of particulate nitrogen is still
low, and previous studies in natural coastal plain streams have shown that particulate phosphorus is the
dominant form of phosphorus export (Tufford et al., 2003; Yarbro et al., 1984). Algal growth in blackwater
streams can be stimulated with even small amendments of DIN or labile DON due to their typically low
concentrations of DIN and slower flow velocities (Mallin et al., 2004), so increased DIN and Chl a concen-
trations suggest that algal biomass likely contributes to the PN pool in the more urban streams
(Figure S3). However, differences in the timing of PN and algal biomass export for all study streams except
the 33% ISC stream indicate that algal biomass was a major driver of increased PN export for only the 33%
ISC stream.

Another consideration for PN is that PN was exported at higher flows than other types of nitrogen in the
urban streams (Figure 6), and this may increase downstream impacts more than just an increase in the mag-
nitude of PN export. Due to the close proximity of the study streams to coastal waters, this change in timing
of PN export relative to other nitrogen species will likely lead to more intense pulses of PN to coastal waters
during storm events. PN and other particulate material that is exported to coastal waters can immediately
contribute to increased biological oxygen demand which can negatively impact aquatic ecosystems
(Mallin et al., 2009). This consideration is especially relevant for the stream with the 33% ISC watershed
and stormwater ponds where nitrogen export was dominated by PN and large amounts of algal biomass
export during high flows.

4.4. Changing Nutrient Sources With Urbanization

This study found that relationships between concentration and discharge changed with watershed
ISC, indicating that nutrient sources shifted from natural to urban sources that varied by watershed.
To highlight differences in nutrient sources with watershed ISC, the two least developed streams
(1 and 4% ISC) will be described as “minimally impacted,” the two streams with higher ISC and mini-
mal retention-based stormwater management (19 and 38% ISC) will be grouped as “urban,” and the 33%

GOLD ET AL.

7038



Water Resources Research 10.1029/2019WR024769

ISC stream extensively drained by stormwater ponds will be referred to as “urban with retention-based
stormwater management.”

4.4.1. Minimally Impacted Watersheds

Major nutrient sources in the two least developed streams were attributed to DON from extensive wetland
area; PN from leaf material or other organic, nonalgal sources; and inorganic nitrogen and phosphorus from
groundwater or biogeochemical processes within the stream channel. DON export was chemostatic for both
minimally impacted streams, and positive C-Q slopes (b values), higher concentrations of DON than the
more urban streams, and extensive wetland area indicate that wetlands and forested area were the main
source of DON. The timing of export aligns with past studies showing that wetlands and forested areas
are the main sources of DON in minimally impacted coastal plain watersheds, and these sources are typically
transported to streams during storm events when wetlands are flushed or inundated (Flint & McDowell,
2015; Lehrter, 2006; Pellerin et al., 2004). Negative C-Q slopes for PN that were not significantly different
from zero, lower concentrations of algal biomass than the urban streams, and differences in the timing of
PN and algal biomass export mean that algal biomass was not the main source of PN. However, algal bio-
mass could constitute a portion of the particulate N pool in the two least impervious streams that is exported
at lower flows when streamflow velocities are low (Figure S5). The main source of PN in these two streams
were likely leaf material (Newcomer et al., 2012), and a past study in coastal plain streams found that
particulate material in a minimally disturbed stream was organic (Jayakaran et al., 2014). Nitrate export
was low and chemodynamic with negative C-Q slopes, and concentrations were highest during summer
when flow decreased or ceased. This pattern is indicative of a natural source of nitrate transported via
groundwater or nitrified in the streambed or riparian zone during baseflow (Duncan et al., 2015).
Ammonium export was lower than all other nitrogen species exported from the less developed streams,
and chemostatic or weakly chemodynamic ammonium export with flat C-Q slopes suggests that the source
is likely mineralization of organic matter during baseflows and ammonium from wetland processing during
storm events. A chemostatic or weakly chemodynamic dilution pattern for orthophosphate hints at a consis-
tent source at low flows, possibly in-stream processing such as mineralization and desorption from sedi-
ments (Hensley et al., 2017; Mallin et al., 2004).

4.4.2. Urban Watersheds

The relationships between concentration and discharge for the 19% ISC stream suggested that DON was sup-
plied by wetlands within the stream network and groundwater, nitrate from anthropogenic sources mobi-
lized during stormflow (i.e., fertilizers, atmospheric deposition), and PN, ammonium, and orthophosphate
from stream channel degradation and altered nutrient removal processes. DON export from 19% ISC stream
was chemostatic with a flat C-Q slope that was different than those of the two less developed streams. This
stream had the lowest DON concentrations of all study watersheds despite a moderate amount of wetland
area (12.37% watershed area), so it is possible that increased discharge across all flows due to urbanization
diluted DON concentrations relative to the less developed streams. PN export from the 19% ISC stream
had a positive C-Q slope that was opposite that of the less developed streams, and storm events were more
important times of export relative to other nitrogen species. Algal biomass export was significantly higher
in the 19% ISC stream than the less developed streams, likely due to increased nutrient availability
(Mallin et al., 2004; Smucker et al., 2013) and light availability (Reisinger et al., 2019; Tank et al., 2018),
but differences in the timing of PN and algal biomass means that a PN source other than algal biomass
was exported at higher flows. PN in urban streams can originate from leaf material, sediment, grass
clippings, and periphyton (Newcomer et al., 2012), and a study in a similar study area found that exported
particulate material was largely mineral (as opposed to organic) and due to stream channel erosion
(Jayakaran et al., 2014). Nitrate export from the 19% ISC stream was chemodynamic with a large, positive
C-Q slope indicating a flushing of nitrate from the watershed during storm events. Potential sources of
nitrate in more urbanized watersheds can include leaky wastewater infrastructure, lawn fertilizers, and
atmospheric deposition of nitrate onto impervious surfaces (Kaushal et al., 2011). The 19% ISC stream had
chemodynamic ammonium export with a negative C-Q slope suggesting that there were sources mobilized
during baseflow and diluted during storms, although ammonium export from the 19% ISC stream was not
higher than the two least developed streams. This shift in timing of ammonium export to lower flows may
be driven by processes occurring during baseflow such as elevated net nitrogen mineralization within the
floodplain and throughout the watershed (Reisinger et al., 2016), elevated rates of remineralization due to
increased algal biomass (McMillan et al., 2010; O'Brien et al., 2012), or decreased rates of ammonium
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uptake due various effects of development (Meyer et al., 2005). Finally, orthophosphate C-Q slopes were
positive rather than negative like the less developed streams, and this enrichment pattern aligns with pre-
vious studies that show that hydrologic change from urbanization can increase orthophosphate export via
erosion within the watershed or stream (Withers & Jarvie, 2008).

The major sources of nutrients in the 38% ISC watershed were similar to those of the 19% ISC stream, but
leaky sanitary sewers were likely the dominant source of ammonium and DON. A chemostatic, dilution pat-
tern for DON in the 38% ISC stream was attributed to this persistent sanitary sewer leak that provided a con-
sistent source of flow and nutrients. Leaky sanitary sewers can occur in urban areas and convey large
amounts of water (Bhaskar, Beesley, et al., 2016) and fecal bacteria, nitrate, and organic matter to streams
(Cahoon et al., 2016; Hosen et al., 2014; Iverson et al., 2018; Kaushal et al., 2011; Pennino et al., 2016).
The clearest indicators of leaky sanitary sewers in the most urban stream (besides abnormally high discharge
volume) were ammonium concentrations that were nearly 4 times higher than the next highest stream and
DON concentrations that were significantly higher than the other urban streams and similar to concentra-
tions in the two less impacted streams despite having no wetland area in the watershed. A strong dilution
pattern for ammonium export was also likely the result of this leak. Nitrate export from the 38% ISC stream
was chemostatic with a slope not significantly different from zero, so it is likely that this watershed had a
large and consistent anthropogenic source of nitrate in the watershed derived from the urban sources men-
tioned for the 19% ISC stream. This shift in nitrate sources with watershed ISC from a natural, seasonally
variable, groundwater-transported source as seen in the less developed streams to a consistent, transport-
limited source has been shown in previous studies (Duncan et al., 2017; Thompson et al., 2011). The relation-
ships between discharge and concentration were similar to those of the 19% ISC stream for orthophosphate
and PN (excluding differences in CV/CV, for particulate metrics), so PN and orthophosphate sources
mobilized during stormflow were likely the results of stream channel and bank erosion.

4.4.3. Urban Watershed With Retention-Based Stormwater Management

Nearly the entire watershed of the 33% ISC stream was drained by stormwater ponds, and these stormwater
ponds appear to have been important transformers of dissolved nitrogen and large sources of PN. The 33%
ISC stream had a positive DON C-Q slope similar to the two less developed streams, but low DON concen-
trations suggests a that a diluted natural source of DON during baseflow (lack of wetlands in watershed) may
have been supplemented during storm events by DON from stormwater ponds within the watershed.
Stormwater ponds can be sources of DON downstream (Bell et al., 2019), have strong autochthonous nitro-
gen and carbon signatures (Williams et al., 2013), transform inorganic nitrogen to DON and PN (Gold et al.,
2017b), and increase the biodegradability of DON (Lusk & Toor, 2016a). The 33% ISC stream also had ammo-
nium C-Q slopes that were similar to the less developed streams, so stormwater ponds may have also been
sources of ammonium like natural wetlands in the less developed watersheds. Stormwater ponds were
clearly large sources of algal biomass that was exported during storm events when ponds were flushed,
and this algal biomass contributed to increased PN export. The 33% ISC stream had positive C-Q slopes
for both PN and algal biomass, and while high flows were important times of export for both particulate
N and algal biomass, the timing of algal biomass export was similar to PN export (opposite that of all other
study streams). A previous study showed that a stormwater pond in the 33% ISC watershed had significantly
higher Chl a concentrations than the draining stream (Gold et al., 2017b), and stormwater ponds in similar
areas have also been shown to harbor high concentrations of algal biomass (DeLorenzo et al., 2012; Lewitus
et al., 2008; Reed et al., 2016). Nitrate export was chemostatic with a dilution pattern, but nitrate was likely
not supplied by the stormwater ponds given that nitrate concentrations in these ponds and other coastal
stormwater ponds during baseflow conditions have been low to nonexistent (Gold et al., 2017b; Reed
et al., 2016). Stormwater ponds can promote denitrification downstream if the area drained by ponds is less
impervious, but denitrification downstream can be dampened if the drained area is very impervious (Rivers
et al., 2018), possibly leading to higher nitrate concentrations during baseflow. Urban streams can also have
increased rates of net nitrogen mineralization and nitrification (Reisinger et al., 2016), so this may have
influenced the elevated nitrate concentrations during baseflow. For orthophosphate, a strong enrichment
pattern shows that stormwater ponds may have been a source of orthophosphate. Stormwater ponds can
decrease erosion in the draining stream (Tillinghast et al., 2011), thus decreasing orthophosphate export,
but they can also be sources of orthophosphate during certain seasons due to low-oxygen conditions in pond
sediments that cause desorption (Duan et al., 2016).
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4.4.4. Additional Impacts of Changing Nutrient Sources

While rates of DON export were similar between most of the study streams, the growing importance of urban
sources of DON with watershed ISC could increase the availability of DON to downstream ecosystems. The
dilution of natural DON sources and increase in the urban DON sources presented here has been observed
previously with measurements of DON bioavailability, which increases in urban streams (Lusk & Toor,
2016b; Pellerin et al., 2006; Petrone et al., 2009; Stanley & Maxted, 2008). Further, DON and DOM are
derived from similar sources in blackwater streams, and dissolved organic matter sources have also been
shown to shift with increased watershed ISC (Hosen et al., 2014; Parr et al., 2015). Bioassay experiments have
shown that urban sources of DON, such as wastewater effluent or stormwater, are more easily utilized by
estuarine algae than natural sources of DON (Hounshell et al., 2017; Seitzinger et al., 2010), suggesting that
a similar amount of DON export from urban streams compared to more natural streams may supply more
bioavailable nitrogen.

PN removal is rarely measured when assessing nitrogen removal from stormwater ponds (Rosenzweig et al.,
2011), but this may be a pathway of nitrogen export to streams in certain areas. Stormwater wet ponds are
designed to retain water, nutrients, and suspended sediments, but total suspended solid measurements that
are often used as a measure of effectiveness are poor predictors of performance due to phytoplankton growth
in stormwater ponds that can drive internal nutrient processing (Williams et al., 2013). There are few studies
that assess PN export from coastal plain urban streams, but a previous study found that elevated particulate
phosphorus concentration in an urban stream was likely due to urban pond phytoplankton export (Tufford
et al., 2003). Low N:P ratios and high rates of nitrogen uptake within coastal stormwater pond waters indi-
cate that nitrogen uptake may be dominated by assimilative uptake by algae in the water column (Gold et al.,
2017a; Reed et al., 2016). Assimilative uptake by coastal stormwater pond sediments, as opposed to denitri-
fication, may be high when DIN:DIP ratios are low (as shown by differences in pond age) or during hot and
dry periods (Gold et al., 2017a), and assimilated nitrogen could be remineralized. The nutrient cycling within
stormwater ponds likely changes with season and physiographic region, and could influence the retention of
dissolved versus particulate forms of nutrients. Stormwater ponds are often promoted as nitrogen sinks,
although the processes of nitrogen removal have not been well characterized (Gold et al., 2019b), and this
topic requires further study to determine if and when algal biomass is the dominant pathway of nitrogen
uptake in stormwater ponds and if it is a source of PN downstream in other physiographic areas.

4.5. Implications for Coastal Water Quality Management

The results of this study indicate that multiple management actions could be used to address or prevent
excessive stream nutrient export stemming from coastal plain urbanization. The first management action
is stormwater volume reduction, which should aim to reduce the volume of stormwater to restore the pre-
development water balance and hydrologic flow paths (Askarizadeh et al., 2015; Dietz, 2007). The second
management action is to preserve or restore wetland area within the watershed to act as DIN sinks. The third
management action is to reduce contemporary anthropogenic sources of nutrients that may be contributing
to increased nutrient export.

Reducing the overall volume of discharge would reduce nutrient export (Jefferson et al., 2017), and a
stormwater volume reduction approach may be more effective than retention-based stormwater manage-
ment in this region. Retention-based stormwater management is designed to decrease peak flows and extend
the storm hydrograph (Hancock et al., 2010), but this study shows that by retaining nutrient-rich stormwater
in nitrogen-limited stormwater ponds in the study area, a large amount of algal biomass was produced and
exported downstream as PN. Based on these negative water quality impacts of retention-based stormwater
management and increased flow across all rates of discharge in the urban study streams, stormwater volume
reduction with an emphasis on stormwater harvesting may be a more effective mitigation strategy in the
study area than a retention-based approach. A well-known way to reduce stormwater volume is to utilize
low-impact development structures that promote evapotranspiration of stormwater, the reuse of stormwater
through harvesting, and stormwater infiltration. However, extensive stormwater infiltration practices in
urbanizing areas can sometimes lead to increases in baseflow due to decreased evapotranspiration and
increased infiltration (Barron et al., 2013; Bhaskar, Hogan, et al., 2016). This increase in baseflow with exces-
sive infiltration could be a concern for development in this study region based on the observed increases in
discharge across all flows and dampened seasonal patterns in discharge with watershed ISC. Stormwater
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harvesting would help reduce discharge during baseflow as well as discharge volume over annual and sea-
sonal time scales (Askarizadeh et al., 2015; Jefferson et al., 2017), but it may not address decreased stormflow
lag times as effectively as retention-based or infiltration-based stormwater management (Jefferson et al.,
2017). A combination of stormwater harvesting and infiltration would likely be effective at reducing dis-
charge and nutrient export (Askarizadeh et al., 2015), but additional studies in this area are needed. Low-
impact development structures have not been extensively studied in coastal plain regions, but the few studies
on this topic suggest that bioretention cells (Page et al., 2015), permeable pavement (Bean et al., 2007; Page
et al., 2015), and regenerative stormwater conveyance systems (Cizek et al., 2017; Fanelli et al., 2017) may
be able to improve water quality and reduce the volume of stormwater.

Adding wetland area within the watershed (or conserving wetlands during urbanization) provides an inor-
ganic nitrogen sink for the removal of current nutrient pollution and “legacy” nutrient pollution (Basu et al.,
2010; Collins et al., 2010) and could shift DON toward natural sources (Flint & McDowell, 2015; Petrone
et al., 2011). Chemostatic behavior of nitrate and orthophosphate suggests that there may be a legacy store
within the watershed that could keep nutrient export elevated for a long period of time (Basu et al., 2010;
Goyette et al., 2018; Van Meter & Basu, 2015), and wetlands throughout the watershed, especially in
areas with short travel times to the stream (Van Meter & Basu, 2015), may help lower values of export
(Basu et al., 2010). This addition of wetlands would likely be part of a larger stormwater volume reduction
strategy as discussed above.

Finally, reducing nonpoint sources (e.g., fertilizers, lawn waste, pet waste) and point sources (e.g., leaky
sewers; Hobbie et al., 2017; Kaushal et al., 2011) remains an effective approach to reduce nutrient export.
Nitrate from nonpoint urban sources was evident from chemostatic export and positive C-Q slopes in the
more urban watersheds. Also, leaky sewers can contribute large amounts of water and nutrients to streams,
as shown by the 38% ISC watershed, and should be repaired to reduce nutrient export.

5. Conclusions

This study found that urban coastal plain streams had higher rates of annual discharge, more cumulative
discharge at high flows, and dampened seasonal patterns of discharge compared to less impacted streams.
Differences in hydrology at high flows were attributed to increased watershed ISC, and differences at low
flows were attributed to decreased evapotranspiration with watershed ISC, leaky wastewater infrastructure,
and stormwater ponds. The magnitude of nutrient export for all measured nutrients increased with
watershed ISC due to elevated stream discharge and increased concentrations of PN and DIN that varied
by watershed and were more reliant on high flows. The relative importance of DON to total nitrogen export
decreased with watershed ISC due to increased DIN and PN export, but DON was the dominant form of
nitrogen in all but one study stream. Nitrogen export in the urban watershed drained by stormwater ponds
was dominated by PN export due to pond algal production. Based on these findings, this study suggests that
stormwater volume reduction emphasizing stormwater harvesting and evapotranspiration rather than
retention-based management, the preservation or addition of wetland area, and the reduction of anthropo-
genic nutrient sources could reduce nutrient export from urban coastal plain streams.

Effective management of urban areas benefits from an understanding of ecological processes in more natural
systems. By including a wide spectrum of development with a more natural end-member, this study provides
new information and insights that can be used to manage coastal plain watersheds and improve downstream
water quality.

References

Askarizadeh, A., Rippy, M. A., Fletcher, T. D., Feldman, D. L., Peng, J., Bowler, P., et al. (2015). From rain tanks to catchments: Use of Low-
impact development to address hydrologic symptoms of the urban stream syndrome. Environmental Science and Technology, 49,
11264-11280. https://doi.org/10.1021/acs.est.5b01635

Aulenbach, B. T., Burns, D. A,, Shanley, J. B., Yanai, R. D., Bae, K., Wild, A. D., et al. (2016). Approaches to stream solute load estimation
for solutes with varying dynamics from five diverse small watersheds. Ecosphere, 7, 1-22. https://doi.org/10.1002/ecs2.1298

Baker, D. B., Richards, R. P., Loftus, T. T., & Kramer, J. W. (2004). A new flashiness index: Characteristics and applications to midwestern
rivers and streams. Journal of the American Water Resources Association, 40(2), 503-522. https://doi.org/10.1111/j.1752-1688.2004.
tb01046.x

Barron, O. V., Barr, A. D., & Donn, M. J. (2013). Effect of urbanisation on the water balance of a catchment with shallow groundwater.
Journal of Hydrology, 485, 162-176. https://doi.org/10.1016/j.jhydrol.2012.04.027

GOLD ET AL.

7042


https://doi.org/10.1021/acs.est.5b01635
https://doi.org/10.1002/ecs2.1298
https://doi.org/10.1111/j.1752-1688.2004.tb01046.x
https://doi.org/10.1111/j.1752-1688.2004.tb01046.x
https://doi.org/10.1016/j.jhydrol.2012.04.027
http://Zenodo.org

~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Water Resources Research 10.1029/2019WR024769

Basu, N. B., Destouni, G., Jawitz, J. W., Thompson, S. E., Loukinova, N. V., Darracq, A., et al. (2010). Nutrient loads exported from managed
catchments reveal emergent biogeochemical stationarity. Geophysical Research Letters, 37, L23404. https://doi.org/10.1029/
2010GL045168

Bean, E. Z., Hunt, W. R., & Bidelspach, D. A. (2007). Evaluation of four permeable pavement sites in eastern North Carolina for runoff
reduction and water quality impacts. Journal of Irrigation and Drainage Engineering, 133, 583-592. https://doi.org/10.1061/(ASCE)0733-
9437(2007)133:6(583)

Bell, C. D., Tague, C. L., & McMillan, S. K. (2019). Modeling runoff and nitrogen loads from a watershed at different levels of impervious
surface coverage and connectivity to storm water control measures. Water Resources Research, 55, 2690-2707. https://doi.org/10.1029/
2018WR023006

Bhaskar, A. S., Beesley, L., Burns, M. I, Fletcher, T. D., Hamel, P., Oldham, C. E., & Roy, A. H. (2016). Will it rise or will it fall? Managing
the complex effects of urbanization on base flow. Freshwater Science, 35, 293-310. https://doi.org/10.1086/685084

Bhaskar, A. S., Hogan, D. M., & Archfield, S. A. (2016). Urban base flow with low impact development. Hydrological Processes, 30,
3156-3171. https://doi.org/10.1002/hyp.10808

Bricker, S. B., Longstaff, B., Dennison, W., Jones, A., Boicourt, K., Wicks, C., & Woerner, J. (2008). Effects of nutrient enrichment in the
nation's estuaries: A decade of change. Harmful Algae, 8, 21-32. https://doi.org/10.1016/j.hal.2008.08.028

Cahoon, L. B., Hales, J. C., Carey, E. S., Loucaides, S., Rowland, K. R., & Toothman, B. R. (2016). Multiple modes of water quality
impairment by fecal contamination in a rapidly developing coastal area: southwest Brunswick County, North Carolina. Environmental
Monitoring and Assessment, 188, 89. https://doi.org/10.1007/s10661-015-5081-6

Cizek, A. R., Hunt, W. F., Winston, R. J., & Lauffer, M. S. (2017). Hydrologic performance of regenerative stormwater conveyance in the
North Carolina coastal plain. Journal of Environmental Engineering, 143, 05017003. https://doi.org/10.1061/(ASCE)EE.1943-
7870.0001198

Collins, K. A, Lawrence, T. J., Stander, E. K., Jontos, R. J., Kaushal, S. S., Newcomer, T. A., et al. (2010). Opportunities and challenges for
managing nitrogen in urban stormwater: A review and synthesis. Ecological Engineering, 36, 1507-1519. https://doi.org/10.1016/j.
ecoleng.2010.03.015

Correll, D. L., Jordan, T. E., & Weller, D. E. (1999). Transport of nitrogen and phosphorus from rhode river watersheds during storm events.
Water Resources Research, 35(8), 2513-2521. https://doi.org/10.1029/1999WR900058

Costanza, R., D'Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., et al. (1997). The value of the world's ecosystem services and
natural capital. Nature, 387(6630), 253-260. https://doi.org/10.1038/387253a0

Deegan, L. A., Johnson, D. S., Warren, R. S., Peterson, B. J., Fleeger, J. W., Fagherazzi, S., & Wollheim, W. M. (2012). Coastal eutrophication
as a driver of salt marsh loss. Nature, 490, 388-392. https://doi.org/10.1038/nature11533

DeLorenzo, M. E., Thompson, B., Cooper, E., Moore, J., & Fulton, M. H. (2012). A long-term monitoring study of chlorophyll, microbial
contaminants, and pesticides in a coastal residential stormwater pond and its adjacent tidal creek. Environmental Monitoring and
Assessment, 184, 343-359. https://doi.org/10.1007/s10661-011-1972-3

Diamond, J. S., & Cohen, M. J. (2018). Complex patterns of catchment solute-discharge relationships for coastal plain rivers. Hydrological
Processes, 32, 388-401. https://doi.org/10.1002/hyp.11424

Dietz, M. E. (2007). Low impact development practices: A review of current research and recommendations for future directions. Water,
Air, and Soil Pollution, 186, 351-363. https://doi.org/10.1007/s11270-007-9484-z

Duan, S., Kaushal, S. S., Groffman, P. M., Band, L. E., & Belt, K. T. (2012). Phosphorus export across an urban to rural gradient in the
Chesapeake Bay watershed. Journal of Geophysical Research, 117, G01025. https://doi.org/10.1029/2011JG001782

Duan, S., Newcomer-Johnson, T., Mayer, P., & Kaushal, S. (2016). Phosphorus retention in stormwater control structures across streamflow
in urban and suburban watersheds. Water, 8, 390. https://doi.org/10.3390/w8090390

Duncan, J. M., Band, L. E., Groffman, P. M., & Bernhardt, E. S. (2015). Mechanisms driving the seasonality of catchment scale
nitrate export: Evidence for riparian ecohydrologic controls. Water Resources Research, 51, 3982-3997. https://doi.org/10.1002/
2015WR016937

Duncan, J. M., Welty, C., Kemper, J. T., Groffman, P. M., & Band, L. E. (2017). Dynamics of nitrate concentration-discharge patterns in an
urban watershed. Water Resources Research, 53, 7349-7365. https://doi.org/10.1002/2017WR020500

Fanelli, R., Prestegaard, K., & Palmer, M. (2017). Evaluation of infiltration-based stormwater management to restore hydrological processes
in urban headwater streams. Hydrological Processes, 31, 3306-3319. https://doi.org/10.1002/hyp.11266

Flint, S. A., & McDowell, W. H. (2015). Effects of headwater wetlands on dissolved nitrogen and dissolved organic carbon concentrations in
a suburban New Hampshire watershed. Freshwater Science, 34, 456-471. https://doi.org/10.1086/680985

Godsey, S. E., Kirchner, J. W., & Clow, D. W. (2009). Concentration-discharge relationships reflect chemostatic characteristics of US
catchments. Hydrological Processes, 23, 1844-1864. https://doi.org/10.1002/hyp.7315

Gold, A. C., Thompson, S. P., & Piehler, M. F. (2017a). Coastal stormwater wet pond sediment nitrogen dynamics. Science of the Total
Environment, 609, 672-681. https://doi.org/10.1016/j.scitotenv.2017.07.213

Gold, A. C., Thompson, S. P., & Piehler, M. F. (2017b). Water quality before and after watershed-scale implementation of stormwater wet
ponds in the coastal plain. Ecological Engineering, 105, 240-251. https://doi.org/10.1016/j.ecoleng.2017.05.003

Gold, A. C., Thompson, S. P., & Piehler, M. F. (2019a). Coastal plain stream nutrient export across a gradient of urbanization. https://doi.
0rg/10.5281/ZENODO.2571549

Gold, A. C., Thompson, S. P., & Piehler, M. F. (2019b). Nitrogen cycling processes within stormwater control measures: A review and call
for research. Water Research, 149, 578-587. https://doi.org/10.1016/j.watres.2018.10.036

Goyette, J.-O., Bennett, E. M., & Maranger, R. (2018). Low buffering capacity and slow recovery of anthropogenic phosphorus pollution in
watersheds. Nature Geoscience, 11, 921-925. https://doi.org/10.1038/s41561-018-0238-x

Groffman, P. M., Law, N. L., Belt, K. T., Band, L. E., & Fisher, G. T. (2004). Nitrogen fluxes and retention in urban watershed ecosystems.
Ecosystems, 7(4), 393-403. https://doi.org/10.1007/s10021-003-0039-x

Hamilton, N. E., & Ferry, M. (2018). ggtern: Ternary diagrams using ggplot2. Journal of Statistical Software, 87, 1-17. https://doi.org/
10.18637/jss.v087.c03

Hancock, G. S., Holley, J. W., & Chambers, R. M. (2010). A field-based evaluation of wet retention ponds: How effective are ponds at water
quantity control?1. JAWRA Journal of the American Water Resources Association, 46, 1145-1158. https://doi.org/10.1111/j.1752-
1688.2010.00481.x

Hardison, E. C., O'Driscoll, M. A., Deloatch, J. P., Howard, R. J., & Brinson, M. M. (2009). Urban land use, channel incision, and water table
decline along coastal plain streams, North Carolina. Journal of the American Water Resources Association, 45,1032-1046. https://doi.org/
10.1111/§.1752-1688.2009.00345.x

GOLD ET AL.

7043


https://doi.org/10.1029/2010GL045168
https://doi.org/10.1029/2010GL045168
https://doi.org/10.1061/(ASCE)0733-9437(2007)133:6(583)
https://doi.org/10.1061/(ASCE)0733-9437(2007)133:6(583)
https://doi.org/10.1029/2018WR023006
https://doi.org/10.1029/2018WR023006
https://doi.org/10.1086/685084
https://doi.org/10.1002/hyp.10808
https://doi.org/10.1016/j.hal.2008.08.028
https://doi.org/10.1007/s10661-015-5081-6
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001198
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001198
https://doi.org/10.1016/j.ecoleng.2010.03.015
https://doi.org/10.1016/j.ecoleng.2010.03.015
https://doi.org/10.1029/1999WR900058
https://doi.org/10.1038/387253a0
https://doi.org/10.1038/nature11533
https://doi.org/10.1007/s10661-011-1972-3
https://doi.org/10.1002/hyp.11424
https://doi.org/10.1007/s11270-007-9484-z
https://doi.org/10.1029/2011JG001782
https://doi.org/10.3390/w8090390
https://doi.org/10.1002/2015WR016937
https://doi.org/10.1002/2015WR016937
https://doi.org/10.1002/2017WR020500
https://doi.org/10.1002/hyp.11266
https://doi.org/10.1086/680985
https://doi.org/10.1002/hyp.7315
https://doi.org/10.1016/j.scitotenv.2017.07.213
https://doi.org/10.1016/j.ecoleng.2017.05.003
https://doi.org/10.5281/ZENODO.2571549
https://doi.org/10.5281/ZENODO.2571549
https://doi.org/10.1016/j.watres.2018.10.036
https://doi.org/10.1038/s41561-018-0238-x
https://doi.org/10.1007/s10021-003-0039-x
https://doi.org/10.18637/jss.v087.c03
https://doi.org/10.18637/jss.v087.c03
https://doi.org/10.1111/j.1752-1688.2010.00481.x
https://doi.org/10.1111/j.1752-1688.2010.00481.x
https://doi.org/10.1111/j.1752-1688.2009.00345.x
https://doi.org/10.1111/j.1752-1688.2009.00345.x

~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Water Resources Research 10.1029/2019WR024769

Hensley, R. T., McLaughlin, D. L., Cohen, M. J., & Decker, P. H. (2017). Stream phosphorus dynamics of minimally impacted coastal plain
watersheds. Hydrological Processes, 31, 1636-1649. https://doi.org/10.1002/hyp.11132

Hobbie, S. E., Finlay, J. C., Janke, B. D., Nidzgorski, D. A., Millet, D. B., & Baker, L. A. (2017). Contrasting nitrogen and phosphorus budgets
in urban watersheds and implications for managing urban water pollution. Proceedings of the National Academy of Sciences, 114(16),
4177-4182. https://doi.org/10.1073/pnas.1618536114

Hopkins, K. G., Morse, N. B,, Bain, D. J.,, Bettez, N. D., Grimm, N. B., Morse, J. L., et al. (2015). Assessment of regional variation in
streamflow responses to urbanization and the persistence of physiography. Environmental Science & Technology, 49, 2724-2732. https://
doi.org/10.1021/es505389y

Hosen, J. D., McDonough, O. T., Febria, C. M., & Palmer, M. A. (2014). Dissolved organic matter quality and bioavailability changes across
an urbanization gradient in headwater streams. Environmental Science and Technology, 48, 7817-7824. https://doi.org/10.1021/
€s501422z

Hounshell, A. G., Peierls, B. L., Osburn, C. L., & Paerl, H. W. (2017). Stimulation of phytoplankton production by anthropogenic dissolved
organic nitrogen in a coastal plain estuary. Environmental Science and Technology, 51, 13,104-13,112. https://doi.org/10.1021/acs.
est.7b03538

Iverson, G., Humphrey, C. P., O'Driscoll, M. A., Sanderford, C., Jernigan, J., & Serozi, B. (2018). Nutrient exports from watersheds with
varying septic system densities in the North Carolina Piedmont. Journal of Environmental Management, 211, 206-217. https://doi.org/
10.1016/j.jenvman.2018.01.063

Jawitz, J. W., & Mitchell, J. (2011). Temporal inequality in catchment discharge and solute export. Water Resources Research, 47, W00J14.
https://doi.org/10.1029/2010WR010197

Jayakaran, A. D., Libes, S. M., Hitchcock, D. R., Bell, N. L., & Fuss, D. (2014). Flow, organic, and inorganic sediment yields from a chan-
nelized watershed in the South Carolina lower coastal plain. Journal of the American Water Resources Association, 50, 943-962. https://
doi.org/10.1111/jawr.12148

Jefferson, A. J., Bhaskar, A. S., Hopkins, K. G., Fanelli, R., Avellaneda, P. M., & McMillan, S. K. (2017). Stormwater management network
effectiveness and implications for urban watershed function: A critical review. Hydrological Processes, 31, 4056-4080. https://doi.org/
10.1002/hyp.11347

Kaushal, S. S., Groffman, P. M., Band, L. E., Elliott, E. M., Shields, C. A., & Kendall, C. (2011). Tracking nonpoint source nitrogen pollution
in human-impacted watersheds. Environmental Science and Technology, 45, 8225-8232. https://doi.org/10.1021/es200779%

Lehrter, J. C. (2006). Effects of land use and land cover, stream discharge, and interannual climate on the magnitude and timing of
nitrogen, phosphorus, and organic carbon concentrations in three coastal plain watersheds. Water Environment Research: A Research
Publication of the Water Environment Federation, 78, 2356-2368. https://doi.org/10.2175/106143006x102015

Lewis, W. M. (2002). Yield of nitrogen from disturbed minimally watersheds of the United States. Biogeochemistry, 57(1), 375-385. https://
doi.org/10.1023/A:1015709128245

Lewitus, A. J., Brock, L. M., Burke, M. K., DeMattio, K. A., & Wilde, S. B. (2008). Lagoonal stormwater detention ponds as promoters of
harmful algal blooms and eutrophication along the South Carolina coast. Harmful Algae, 8, 60-65. https://doi.org/10.1016/].
hal.2008.08.012

Lusk, M. G., & Toor, G. S. (2016a). Biodegradability and molecular composition of dissolved organic nitrogen in urban stormwater runoff
and outflow water from a stormwater retention pond. Environmental Science and Technology, 50, 3391-3398. https://doi.org/10.1021/
acs.est.5b05714

Lusk, M. G., & Toor, G. S. (2016b). Dissolved organic nitrogen in urban streams: Biodegradability and molecular composition studies. Water
Research, 96, 225-235. https://doi.org/10.1016/j.watres.2016.03.060

Mallin, M. A., Johnson, V. L., & Ensign, S. H. (2009). Comparative impacts of stormwater runoff on water quality of an urban, a suburban,
and a rural stream. Environmental Monitoring and Assessment, 159, 475-491. https://doi.org/10.1007/s10661-008-0644-4

Mallin, M. A., Mclver, M. R., Ensign, S. H., & Cahoon, L. B. (2004). Photosynthetic and heterotrophic impacts of nutrient loading to
blackwater streams. Ecological Applications, 14(3), 823-838. https://doi.org/10.1890/02-5217

Markewich, H. W., Pavich, M. J., & Buell, G. R. (1990). Contrasting soils and landscapes of the Piedmont and Coastal Plain, eastern United
States. Geomorphology, 3(3-4), 417-447. https://doi.org/10.1016/0169-555X(90)90015-I

Mclaughlin, D. L., Kaplan, D. A., & Cohen, M. J. (2013). Managing forests for increased regional water yield in the southeastern U.S. coastal
plain. Journal of the American Water Resources Association, 49, 953-965. https://doi.org/10.1111/jawr.12073

McMillan, S. K., Piehler, M. F., Thompson, S. P., & Paerl, H. W. (2010). Denitrification of nitrogen released from senescing algal biomass in
coastal agricultural headwater streams. Journal of Environmental Quality, 39, 274-281. https://doi.org/10.2134/jeq2008.0438

Meierdiercks, K. L., Kolozsvary, M. B., Rhoads, K. P., Golden, M., & McCloskey, N. F. (2017). The role of land surface versus drainage
network characteristics in controlling water quality and quantity in a small urban watershed. Hydrological Processes, 31, 4384-4397.
https://doi.org/10.1002/hyp.11367

Messina, M. G., & Conner, W. H. (1997). Southern forested wetlands: Ecology and management (p. 634). Boca Raton, FL: CRC Press.

Meyer, J. L. (1990). A blackwater perspective on riverine ecosystems. BioScience, 40(9), 643-651. https://doi.org/10.2307/1311431

Meyer, J. L., Paul, M. J., & Taulbee, W. K. (2005). Stream ecosystem function in urbanizing landscapes. Journal of the North American
Benthological Society, 24, 602-612. https://doi.org/10.1899/04-021.1

Musolff, A., Schmidt, C., Selle, B., & Fleckenstein, J. H. (2015). Catchment controls on solute export. Advances in Water Resources, 86,
133-146. https://doi.org/10.1016/j.advwatres.2015.09.026

Nathan, R. J., & McMahon, T. A. (1990). Evaluation of automated techniques for base flow and recession analyses. Water Resources
Research, 26(7), 1465-1473. https://doi.org/10.1029/WR026i007p01465

Newcomer Johnson, T. A., Kaushal, S. S., Mayer, P. M., & Grese, M. M. (2014). Effects of stormwater management and stream restoration
on watershed nitrogen retention. Biogeochemistry, 121(1), 81-106. https://doi.org/10.1007/s10533-014-9999-5

Newcomer, T. A., Kaushal, S. S., Mayer, P. M., Shields, A. R., Canuel, E. A., Groffman, P. M., & Gold, A. J. (2012). Influence of natural and
novel organic carbon sources on denitrification in forest, degraded urban, and restored streams. Ecological Monographs, 82(4), 449-466.
https://doi.org/10.1890/12-0458.1

O'Brien, J. M., Hamilton, S. K., Podzikowski, L., & Ostrom, N. (2012). The fate of assimilated nitrogen in streams: An in situ benthic
chamber study. Freshwater Biology, 57, 1113-1125. https://doi.org/10.1111/j.1365-2427.2012.02770.x

O'Driscoll, M., Clinton, S., Jefferson, A., Manda, A., & McMillan, S. (2010). Urbanization effects on watershed hydrology and in-stream
processes in the southern United States. Water, 2, 605-648. https://doi.org/10.3390/w2030605

Outcalt, K. W., & Sheffield, R. M. (1996). In K. W. Outcalt, & D. D. Wade (Eds.), The longleaf pine forest: Trends and current conditions,
Resource Bulletin SRS-9, (Vol. 28). Asheville, NC: U.S. Department of Agriculture, Forest Service, Southern Research Station.

GOLD ET AL.

7044


https://doi.org/10.1002/hyp.11132
https://doi.org/10.1073/pnas.1618536114
https://doi.org/10.1021/es505389y
https://doi.org/10.1021/es505389y
https://doi.org/10.1021/es501422z
https://doi.org/10.1021/es501422z
https://doi.org/10.1021/acs.est.7b03538
https://doi.org/10.1021/acs.est.7b03538
https://doi.org/10.1016/j.jenvman.2018.01.063
https://doi.org/10.1016/j.jenvman.2018.01.063
https://doi.org/10.1029/2010WR010197
https://doi.org/10.1111/jawr.12148
https://doi.org/10.1111/jawr.12148
https://doi.org/10.1002/hyp.11347
https://doi.org/10.1002/hyp.11347
https://doi.org/10.1021/es200779e
https://doi.org/10.2175/106143006x102015
https://doi.org/10.1023/A:1015709128245
https://doi.org/10.1023/A:1015709128245
https://doi.org/10.1016/j.hal.2008.08.012
https://doi.org/10.1016/j.hal.2008.08.012
https://doi.org/10.1021/acs.est.5b05714
https://doi.org/10.1021/acs.est.5b05714
https://doi.org/10.1016/j.watres.2016.03.060
https://doi.org/10.1007/s10661-008-0644-4
https://doi.org/10.1890/02-5217
https://doi.org/10.1016/0169-555X(90)90015-I
https://doi.org/10.1111/jawr.12073
https://doi.org/10.2134/jeq2008.0438
https://doi.org/10.1002/hyp.11367
https://doi.org/10.2307/1311431
https://doi.org/10.1899/04-021.1
https://doi.org/10.1016/j.advwatres.2015.09.026
https://doi.org/10.1029/WR026i007p01465
https://doi.org/10.1007/s10533-014-9999-5
https://doi.org/10.1890/12-0458.1
https://doi.org/10.1111/j.1365-2427.2012.02770.x
https://doi.org/10.3390/w2030605

~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Water Resources Research 10.1029/2019WR024769

Page, J. L., Winston, R. J., Asce, M., Mayes, D. B., Perrin, C. A., Hunt Iii, W. F., et al. (2015). Retrofitting residential streets with stormwater
control measures over sandy soils for water quality improvement at the catchment scale. Journal of Environmental Engineering, 141,
04014076. https://doi.org/10.1061/(ASCE)EE.1943-7870.0000898

Parr, T. B, Cronan, C. S., Ohno, T., Findlay, S. E. G., Smith, S. M. C., & Simon, K. S. (2015). Urbanization changes the composition and
bioavailability of dissolved organic matter in headwater streams. Limnology and Oceanography, 60, 885-900. https://doi.org/10.1002/
1n0.10060

Paul, M. J., & Meyer, J. L. (2001). Streams in the urban landscape. Annual Review of Ecology and Systematics, 32(1), 333-365. https://doi.
org/10.1146/annurev.ecolsys.32.081501.114040

Pellerin, B. A., Kaushal, S. S., & McDowell, W. H. (2006). Does anthropogenic nitrogen enrichment increase organic nitrogen
concentrations in runoff from forested and human-dominated watersheds? Ecosystems, 9(5), 852-864. https://doi.org/10.1007/
$10021-006-0076-3

Pellerin, B. A., Wollheim, W. M., Hopkinson, C. S., McDowell, W. H., Williams, M. R., Vérosmarty, C. J., & Daley, M. L. (2004). Role of
wetlands and developed land use on dissolved organic nitrogen concentrations and DON/TDN in northeastern U.S. rivers and streams.
Limnology and Oceanography, 49(4), 910-918. https://doi.org/10.4319/10.2004.49.4.0910

Pennino, M. J., Kaushal, S. S., Mayer, P. M., Utz, R. M., & Cooper, C. A. (2016). Stream restoration and sewers impact sources and fluxes of
water, carbon, and nutrients in urban watersheds. Hydrology and Earth System Sciences, 20(8), 3419-3439. https://doi.org/10.5194/hess-
20-3419-2016

Petrone, K. C. (2010). Catchment export of carbon, nitrogen, and phosphorus across an agro-urban land use gradient, Swan-Canning River
system, southwestern Australia. Journal of Geophysical Research, 115, G01016. https://doi.org/10.1029/2009JG001051

Petrone, K. C., Fellman, J. B., Hood, E., Donn, M. J., & Grierson, P. F. (2011). The origin and function of dissolved organic matter in agro-
urban coastal streams. Journal of Geophysical Research, 116, G01028. https://doi.org/10.1029/2010JG001537

Petrone, K. C., Richards, J. S., & Grierson, P. F. (2009). Bioavailability and composition of dissolved organic carbon and nitrogen in a near
coastal catchment of south-western Australia. Biogeochemistry, 92, 27-40. https://doi.org/10.1007/s10533-008-9238-z

Price, K. (2011). Effects of watershed topography, soils, land use, and climate on baseflow hydrology in humid regions: A review. Progress in
Physical Geography, 35, 465-492. https://doi.org/10.1177/0309133311402714

R Core Team (2019). R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing.

Reed, M. L., Pinckney, J. L., Keppler, C. J., Brock, L. M., Hogan, S. B., & Greenfield, D. I. (2016). The influence of nitrogen and phosphorus
on phytoplankton growth and assemblage composition in four coastal, southeastern USA systems. Estuarine, Coastal and Shelf Science,
177, 71-82. https://doi.org/10.1016/j.ecss.2016.05.002

Reisinger, A. J., Doody, T. R., Groffman, P. M., Kaushal, S. S., & Rosi, E. J. (2019). Seeing the light: Urban stream restoration affects stream
metabolism and nitrate uptake via changes in canopy cover. Ecological Applications, 3, €01941. https://doi.org/10.1002/eap.1941

Reisinger, A. J., Groffman, P. M., & Rosi-Marshall, E. J. (2016). Nitrogen cycling process rates across urban ecosystems. FEMS Microbiology
Ecology, 92(12), fiw198. https://doi.org/10.1093/femsec/fiw198

Rivers, E., McMillan, S., Bell, C., & Clinton, S. (2018). Effects of urban stormwater control measures on denitrification in receiving streams.
Water, 10(11), 1582. https://doi.org/10.3390/w10111582

Rosenzweig, B. R., Smith, J. A., Baeck, M. L., & Jaffé, P. R. (2011). Monitoring nitrogen loading and retention in an urban stormwater
detention pond. Journal of Environmental Quality, 40(2), 598. https://doi.org/10.2134/jeq2010.0300

Sanger, D., Blair, A., DiDonato, G., Washburn, T., Jones, S., Riekerk, G., et al. (2013). Impacts of coastal development on the ecology of tidal
creek ecosystems of the US Southeast including consequences to humans. Estuaries and Coasts, 38, 49-66. https://doi.org/10.1007/
$12237-013-9635-y

Seitzinger, S. P., Sanders, R. W., Styles, R., & Styles, R. (2010). Bioavailability of DON from natural and anthropogenic sources to estuarine
plankton. Limnology, 47, 353-366.

Shields, C. A., Band, L. E., Law, N., Groffman, P. M., Kaushal, S. S., Savvas, K., et al. (2008). Streamflow distribution of non-point source
nitrogen export from urban-rural catchments in the Chesapeake Bay watershed. Water Resources Research, 44, W09416. https://doi.org/
10.1029/2007WR006360

Smucker, N. J., Detenbeck, N. E., & Morrison, A. C. (2013). Diatom responses to watershed development and potential moderating effects
of near-stream forest and wetland cover. Freshwater Science, 32(1), 230-249. https://doi.org/10.1899/11-171.1

Soil Survey Staft. (2015). Web soil survey. Natural Resources Conservation Service, United States Department of Agriculture.

Stanley, E. H., & Maxted, J. T. (2008). Changes in the dissolved nitrogen pool across land cover gradients in Wisconsin streams. Ecological
Applications, 18, 1579-1590. https://doi.org/10.1890/07-1379.1

Sun, G., McNulty, S. G., Amatya, D. M., Skaggs, R. W., Swift, L. W., Shepard, J. P., & Riekerk, H. (2002). A comparison of the watershed
hydrology of coastal forested wetlands and the mountainous uplands in the Southern US. Journal of Hydrology, 263(1-4), 92-104.
https://doi.org/10.1016/S0022-1694(02)00064-1

Sun, G., Noormets, A., Gavazzi, M. J., McNulty, S. G., Chen, J., Domec, J. C., et al. (2010). Energy and water balance of two contrasting
loblolly pine plantations on the lower coastal plain of North Carolina, USA. Forest Ecology and Management, 259, 1299-1310. https://
doi.org/10.1016/j.foreco.2009.09.016

Tank, J. L., Marti, E., Riis, T., von Schiller, D., Reisinger, A. J., Dodds, W. K., et al. (2018). Partitioning assimilatory nitrogen uptake in
streams: an analysis of stable isotope tracer additions across continents. Ecological Monographs, 88, 120-138. https://doi.org/10.1002/
ecm.1280

Thompson, S. E., Basu, N. B., Lascurain, J., Aubeneau, A., & Rao, P. S. C. (2011). Relative dominance of hydrologic versus biogeochemical
factors on solute export across impact gradients. Water Resources Research, 47, W00J05. https://doi.org/10.1029/2010WR009605

Tillinghast, E. D., Hunt, W. F., & Jennings, G. D. (2011). Stormwater control measure (SCM) design standards to limit stream erosion for
Piedmont North Carolina. Journal of Hydrology, 411, 185-196. https://doi.org/10.1016/j.jhydrol.2011.09.027

Tufford, D. L., Samarghitan, C. L., McKellar, H. N., Porter, D. E., & Hussey, J. R. (2003). Impacts of urbanization on nutrient concentrations
in small southeastern coastal streams. Journal of the American Water Resources Association, 39(2), 301-312. https://doi.org/10.1111/
j-1752-1688.2003.tb04385.x

Utz, R. M., Eshleman, K. N., & Hilderbrand, R. H. (2011). Variation in physicochemical responses to urbanization in streams between two
Mid-Atlantic physiographic regions. Ecological Applications, 21, 402-415. https://doi.org/10.1890/09-1786.1

Van Meter, K. J., & Basu, N. B. (2015). Catchment legacies and time lags: A parsimonious watershed model to predict the effects of legacy
storage on nitrogen export. PLoS ONE, 10, €0125971. https://doi.org/10.1371/journal.pone.0125971

Wahl, M. H., McKellar, H. N., & Williams, T. M. (1997). Patterns of nutrient loading in forested and urbanized coastal streams. Journal of
Experimental Marine Biology and Ecology, 213(1), 111-131. https://doi.org/10.1016/S0022-0981(97)00012-9

GOLD ET AL.

7045


https://doi.org/10.1061/(ASCE)EE.1943-7870.0000898
https://doi.org/10.1002/lno.10060
https://doi.org/10.1002/lno.10060
https://doi.org/10.1146/annurev.ecolsys.32.081501.114040
https://doi.org/10.1146/annurev.ecolsys.32.081501.114040
https://doi.org/10.1007/s10021-006-0076-3
https://doi.org/10.1007/s10021-006-0076-3
https://doi.org/10.4319/lo.2004.49.4.0910
https://doi.org/10.5194/hess-20-3419-2016
https://doi.org/10.5194/hess-20-3419-2016
https://doi.org/10.1029/2009JG001051
https://doi.org/10.1029/2010JG001537
https://doi.org/10.1007/s10533-008-9238-z
https://doi.org/10.1177/0309133311402714
https://doi.org/10.1016/j.ecss.2016.05.002
https://doi.org/10.1002/eap.1941
https://doi.org/10.1093/femsec/fiw198
https://doi.org/10.3390/w10111582
https://doi.org/10.2134/jeq2010.0300
https://doi.org/10.1007/s12237-013-9635-y
https://doi.org/10.1007/s12237-013-9635-y
https://doi.org/10.1029/2007WR006360
https://doi.org/10.1029/2007WR006360
https://doi.org/10.1899/11-171.1
https://doi.org/10.1890/07-1379.1
https://doi.org/10.1016/S0022-1694(02)00064-1
https://doi.org/10.1016/j.foreco.2009.09.016
https://doi.org/10.1016/j.foreco.2009.09.016
https://doi.org/10.1002/ecm.1280
https://doi.org/10.1002/ecm.1280
https://doi.org/10.1029/2010WR009605
https://doi.org/10.1016/j.jhydrol.2011.09.027
https://doi.org/10.1111/j.1752-1688.2003.tb04385.x
https://doi.org/10.1111/j.1752-1688.2003.tb04385.x
https://doi.org/10.1890/09-1786.1
https://doi.org/10.1371/journal.pone.0125971
https://doi.org/10.1016/S0022-0981(97)00012-9

~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Water Resources Research 10.1029/2019WR024769

Walsh, C.J., Roy, A. H., Feminella, J. W., Cottingham, P. D., Groffman, P. M., & Morgan, R. P. (2005). The urban stream syndrome: current
knowledge and the search for a cure. Journal of the North American Benthological Society, 24, 706-723. https://doi.org/10.1899/0887-
3593(2005)024\[0706:TUSSCK\]2.0.CO;2

Welschmeyer, N. A. (1994). Fluorometric analysis of chlorophyll a in the presence of chlorophyll b and pheopigments. Limnology and
Oceanography, 39(8), 1985-1992. https://doi.org/10.4319/10.1994.39.8.1985

Williams, C. J., Frost, P. C., & Xenopoulos, M. A. (2013). Beyond best management practices: Pelagic biogeochemical dynamics in urban
stormwater ponds. Ecological Applications, 23, 1384-1395. https://doi.org/10.1890/12-0825.1

Withers, P. J. A., & Jarvie, H. P. (2008). Delivery and cycling of phosphorus in rivers: A review. Science of the Total Environment, 400,
379-395. https://doi.org/10.1016/j.scitotenv.2008.08.002

Yarbro, L. A., Kuenzler, E. J., Mulholland, P. J., & Sniffen, R. P. (1984). Effects of stream channelization on exports of nitrogen and
phosphorus from North Carolina coastal plain watersheds. Environmental Management, 8(2), 151-160. https://doi.org/10.1007/
BF01866936

GOLD ET AL.

7046


https://doi.org/10.1899/0887-3593(2005)024%5b0706:TUSSCK%5d2.0.CO;2
https://doi.org/10.1899/0887-3593(2005)024%5b0706:TUSSCK%5d2.0.CO;2
https://doi.org/10.4319/lo.1994.39.8.1985
https://doi.org/10.1890/12-0825.1
https://doi.org/10.1016/j.scitotenv.2008.08.002
https://doi.org/10.1007/BF01866936
https://doi.org/10.1007/BF01866936



