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Ecological and human health impairments related to excess nitrogen (N) in streams and rivers
remain widespread in the United States (U.S.) despite recent efforts to reduce N pollution. Many
studies have quantified the relationship between N loads to streams in terms of N mass and N
inputs to watersheds; however, N concentrations, rather than loads, are more closely related to
impacts on human health and aquatic life. Additionally, concentrations, rather than loads, trigger
regulatory responses. In this study, we examined how N concentrations are related to N inputs to
watersheds (atmospheric deposition, synthetic fertilizer, manure applied to agricultural land,
cultivated biological N fixation, and point sources), land cover characteristics, and stream network
characteristics, including stream size and the extent of lakes and reservoirs. N concentration data
were collected across the conterminous U.S. during the U.S. Environmental Protection Agency’s
2008-09 National Rivers and Streams Assessment (n=1966). Median watershed N inputs were
15.7 kg N ha™1 yr=1, Atmospheric deposition accounted for over half the N inputs in 49% of
watersheds, but watersheds with the highest N input rates were dominated by agricultural-related
sources. Total N input to watersheds explained 42% and 38% of the variability in total N and
dissolved inorganic N concentrations, respectively. Land cover characteristics were also important
predictors, with wetland cover muting the effect of agricultural N inputs on N concentrations and
riparian disturbance exacerbating it. In contrast, stream variables showed little correlation with N
concentrations. This suggests that terrestrial factors that can be managed, such as agricultural N
use practices and wetland or riparian areas, control the spatial variability in stream N
concentrations across the conterminous U.S.
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INTRODUCTION

Human actions have more than doubled the global annual creation of reactive nitrogen (N)
through production of synthetic N fertilizers, increased cultivation of N-fixing crops, and
fossil fuel combustion (Fowler et al., 2013). Some of this N moves from where it is was
originally produced or applied into aquatic ecosystems, where elevated N concentrations can
lead to undesirable shifts in community structure, harmful algal blooms, low oxygen, and
contaminated drinking water (Camargo and Alonso, 2006). Despite concerted national, state,
and local efforts to reduce nutrient inputs to air, land, and water (Melillo and Cowling, 2002;
Mississippi River/Gulf of Mexico Watershd Nutrient Task Force, 2008, 2001; United States
Congress, 1990), U.S. rivers have seen little improvement in stream nitrate concentrations in
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recent decades (Sprague et al., 2011; Stets et al., 2015). A recent survey of nearly 2,000
rivers and streams across the U.S. indicates that 41% of stream and river miles are in poor
condition with respect to total N (TN) concentrations (the sum of concentrations of all forms
of suspended and dissolved reactive N), with TN higher than regional reference conditions
(United States Environmental Protection Agency, 2016a). Numerous modeling studies have
examined the drivers of N load to aquatic ecosystems (Harrison et al., 2005a; Preston et al.,
2011; White et al., 2014); however, N concentrations more directly influence flora and fauna
of stream ecosystems (Dodds and Welch, 2000; Dodds et al., 1997), and management and
policy decisions, including the identification and listing of impaired waters under the Clean
Water Act, often hinge upon N concentrations and water quality impairments directly related
to N concentrations. Therefore, we need to improve our understanding of the drivers of N
concentrations in aquatic ecosystems to guide management and restoration of critical water
resources.

N makes its way into streams via point sources and non-point sources from watersheds
(Dumont et al., 2005). Many studies have linked N inputs to watersheds with N export loads
(kg N basin™ y~1) (Alexander et al., 2002; Howarth et al., 1996; Robertson et al., 2014;
Wise and Johnson, 2011). Fewer studies have linked watershed N inputs with stream N
concentrations in the U.S., and these have been regional studies, focused on relatively
undisturbed systems and/or on specific forms of N rather than TN concentrations (Aber et
al., 2003; Brookshire et al., 2007; Lerch et al., 2015; Olson and Hawkins, 2013; Pellerin et
al., 2006; Sobota et al., 2009). While dissolved inorganic N (DIN) — nitrate and ammonium
— is biologically labile (Ensign and Doyle, 2006), TN concentration may indicate N
availability in aquatic systems more accurately (Dodds, 2003). Because of the specific
nature of previous work relating N inputs to N concentrations, predicting the extent to which
management changes can address N-related impairments in streams and rivers nationally
remains difficult. While studies have correlated land cover type with stream N
concentrations (e.g. Greathouse et al., 2014; Omernik, 1977; Stanley and Maxted, 2008), N
input rates can vary dramatically across the same land cover categories (Puckett, 1995; Rao
et al., 2009), limiting the applicability of these studies to nutrient management efforts.
Recent advances in high resolution inventories of N inputs across the U.S. (Preston et al.,
2011; Sobota et al., 2013) allow for more refined, spatially explicit estimates of watershed N
inputs to compare with stream N concentrations.

The relationship between N inputs and stream N concentrations may depend on the specific
combination of N sinks and transport pathways within the landscape. For example, forests
can retain N during periods of high biological demand (Arheimer et al., 1996; Mitchell et al.,
1996), and vegetated riparian buffers can effectively retain N if hydrologic transport rates do
not greatly exceed biological uptake rates in the buffer (Ocampo et al., 2006). Wetlands can
physically slow the movement of N to streams, and their biogeochemical conditions can
promote denitrification and remove N from local ecosystem cycling (Jordan et al., 2011;
Saunders and Kalff, 2001). In contrast, impervious cover and drainage systems in urban and
agricultural landscapes promote rapid movement of N to streams, bypassing biogeochemical
processes that limit the movement of N to streams (Hale et al., 2015; Mclsaac and Hu,
2004).
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Once in the stream network, N can be processed and removed, with implications for N
export (Alexander et al., 2009; Preston et al., 2011). Small streams have been found to
efficiently remove N via denitrification in the benthos and biotic uptake, reducing N
transport downstream (Mulholland et al., 2008). Lakes and reservoirs in stream networks
also can be important N sinks via autochthonous uptake, denitrification, and burial (Harrison
et al., 2009). Because headwater and low order streams comprise the majority of the drained
landscape, these systems can receive and retain the majority of N inputs (Alexander et al.,
2009; Mulholland et al., 2008; Wollheim et al., 2006). However, as N inputs to the stream
network increase and N retention mechanisms in small streams become saturated, more N is
transported downstream where N removal can continue until these stream reaches, in turn,
become saturated (Mulholland et al., 2008; Wollheim et al., 2006). Consequently, N inputs
from the landscape could have a more direct effect on stream N concentrations in smaller
streams than in larger streams and rivers, which reflect cumulative N retention and removal
throughout the upstream network.

The importance of in-stream processes relative to terrestrial drivers for controlling N
concentrations has been debated (Bernhardt et al., 2005; Brookshire et al., 2009; Scanlon et
al., 2010). While gross N uptake can be rapid, particularly in small streams, the capacity for
net N storage in streams and rivers is typically small, and the timescale over which N uptake
is balanced with release can range from instantaneous to seasonal or longer (Bernal et al.,
2012; Brookshire et al., 2009; von Schiller et al., 2015). Clarifying the relative roles of
terrestrial and aquatic drivers would help in identify and implement management approaches
to control stream N concentrations.

The U.S. Environmental Protection Agency’s (EPA) National Rivers and Streams
Assessment (NRSA) conducted in 2008-2009 included nearly 2,000 perennial stream and
river sampling sites with a wide range of watershed characteristics in terms of size, land use
and land cover, and climate. These data provide a unique opportunity to explore terrestrial
and aquatic controls on N concentrations in streams and rivers across the nation under
summer low flow conditions. In this study, we use NRSA stream N concentration, spatially
explicit estimates of anthropogenic N inputs to the landscape, and stream and watershed
attributes, to address the following questions: 1) What is the range of N inputs and stream
concentrations across a statistical representation of U.S. watersheds? 2) How much does
variation in N inputs and sources influence stream N concentrations and forms? And 3) How
do landscape characteristics relative to stream network characteristics and climate variables
influence spatial patterns of N concentrations across the conterminous U.S.?

METHODS

Sampling sites

The EPA sampled 2,123 stream and river sites across the conterminous U.S. as part of the
2008-2009 NRSA. Of these, we included 1,966 sites with complete data availability.
Sampling occurred during summer low flow conditions from June 2008 through November
2009, with 71% of samples taken during June through August of those years (United States
Environmental Protection Agency, 2016a). Sites were selected using a spatially-balanced,
probability-based sampling design to provide statistically representative assessments of the
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physical, chemical, and biological conditions of U.S. streams and rivers (United States
Environmental Protection Agency, 2016b). Based on this sampling approach, sites have
associated weights corresponding to the length of stream they represent, so that weighted
summary statistics accurately represent the conditions of streams across the conterminous
U.S. that are represented by the sampled sites (e.g. perennial, accessible) (United States
Environmental Protection Agency, 2016b). We used these weights to summarize N inputs
and N concentrations. Watersheds for sampling sites range in size from less than 1 km? to
over 3 million km? near the mouth of the Mississippi River (median watershed size 577
km?), and their drainage areas cover the majority of the conterminous U.S.

Stream sampling and chemical analysis

Stream reaches were established at each site to include a variety of habitat types (riffles,
pools, bends, etc.), with reach lengths approximately 40 times as long as stream widths
(United States Environmental Protection Agency, 2016a). Stream water was sampled from
the mid-point of the stream reach and analyzed for TN, nitrate, and ammonium according to
EPA protocols (United States Environmental Protection Agency, 2010). Assuming that the
difference between TN and DIN was largely organic N, we subtracted dissolved inorganic N

(DIN) - the sum of nitrate (NO3) and ammonium (NHI) - from TN to calculate total organic

N (TON). We recognize that many studies report dissolved organic N (DON), but the
methods used in NRSA prevented us from calculating DON concentrations, which limits our
ability to directly compare our data to other studies that report DON. Samples with
measured concentration values below detection limits, were assigned values of half the
detection limit (analytical detection limits were 0.03 mg N L=1 for TN, 0.01 mg N L1 for

NO3, and 0.005 mg N L1 for NHI). Sites with measured DIN greater than TN, which

indicates an analytical problem, were excluded from analyses (n=66, or 3% of sites). A
subset of sites (8.8%) included in this analysis were re-visited within the same year to assess
variation within a site during the sampling period as an indicator of noise in our analysis.
(see Uncertainty and Independence section below). However, for modeling, we only used
data collected during the first visits. No effect of sampling month was found for
concentration across all data (results not shown), suggesting the use of first or second visit
should not affect results.

Watershed N inputs

For each sample site, we estimated N loading to the upstream watershed, which was
delineated using the approach of the StreamCat Dataset (Hill et al., 2016) (see Supplemental
Information S1). This approach summarized N inputs for each upstream watershed for each
sample site. N inputs consisted of conterminous U.S.-wide geospatial estimates of synthetic
fertilizer, cultivated biological N fixation, manure, atmospheric N deposition, and point
sources (Maupin and Ivahnenko, 2011; United States Environmental Protection Agency,
2006a, 2006b, 2006¢, 2006d). Atmospheric deposition of oxidized N, synthetic fertilizer,
and cultivated biological N fixation represent newly created anthropogenic N, while manure
application, atmospheric deposition of reduced N (i.e., ammonia), and point sources
represent a re-location and concentration of previously produced N (Sobota et al., 2013).
County-level estimates of synthetic fertilizer purchases, recoverable manure from
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concentrated animal feeding operations, and cultivated biological N fixation were uniformly
applied to agricultural land area within each county [2006 National Land Cover Database
(NLCD) row crop, hay, and pasture land cover classes; (Fry et al., 2011)]. Atmospheric
deposition of reactive N, which includes agricultural and industrial sources, was total N
deposition (wet + dry, organic + inorganic) estimated for the nation by the Community
Multiscale Air Quality Model at a 12 by 12 km grid resolution for 2006 (United States
Environmental Protection Agency, 2006d). We obtained point source N inputs from the
EPA’s National Pollutant Discharge Elimination System (NPDES) (Maupin and Ivahnenko,
2011); we used N loads estimated for the latest year available (1992, 1997 or 2002), and
only included those sources classified as “major” (discharging more than 1 million gallons
per day) in the analysis because of uneven reporting associated with “minor” sources across
states. We calculated areal input rates to the entire watershed upstream of the sampling point
by dividing point source loads by watershed area.

Land cover, climate, and stream characteristics

We characterized land cover for the whole watershed and for a 100-m riparian buffer
upstream of each sample site based on 2006 NLCD data. Land cover categories for the
whole watershed included percent forest (total of coniferous, deciduous, and mixed), percent
wetland (total of herbaceous and woody), and percent impervious man-made surfaces. Land
cover categories for the riparian buffer included the former, as well as percent riparian
disturbance, which we defined as the sum of percent row crop and high, medium, and low
intensity urban development. To better delineate the separation between stream and riparian
land, and aid in riparian land cover estimates, we combined NLCD water categories
conterminous to the National Hydrography Dataset Plus version 2 (NHDPlusV2). Because
agricultural land cover was highly correlated with total N inputs (r2 = 0.81), and because N
inputs are mechanistically more directly linked to stream N concentrations, agricultural land
cover was not also included as a predictor variable.

Additionally, we characterized climate, stream network, and reach-related variables. Climate
variables included long-term (1981-2010) mean annual temperature and precipitation for
each watershed (PRISM Climate Group). Long-term climate variables were included to
reflect potentially important soil or vegetation characteristics that may affect N
concentrations, not as proxies for more recent weather (e.g. drought) that can affect
concentrations over the short-term. Stream network and reach-related variables included
percent open water in the watershed (based on NLCD 2006 as above), annual mean
discharge at the sampling site from the NHDPIlusV2 (McKay et al., 2012) as a proxy for
stream size, and geometric mean substrate size measured in the sampling reach at the time of
sampling (United States Environmental Protection Agency, 2016b).

Relationships between stream N concentration and watershed characteristics

We used simple linear regression to examine the relationships between total anthropogenic
N inputs and TN, DIN, and TON. To assess the additional effects of land cover, climate, and
stream network and reach characteristics, we used multiple linear regression. Previous
studies have found that transfer efficiency varies depending on N source [e.g. distributed
atmospheric deposition versus direct point source inputs; (Preston et al., 2011)], so N inputs
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were separated into three predictor variables: agricultural N (sum of synthetic fertilizer,
manure, and cultivated biological N fixation), atmospheric N deposition, and point source N.
All land cover variables, climate variables, and stream network and reach variables that were
described above were included in multiple regression models. Because the effect of N inputs
on stream N concentration may vary depending on land cover in the watershed (Sudduth et
al., 2013), we included the following interaction terms: agricultural N * percent wetland
area, agricultural N * percent riparian disturbance, atmospheric N deposition * impervious
cover, and atmospheric N deposition * forest cover. We log-transformed variables where
necessary to meet assumptions of linearity and normality (Table 1), and standardized
variables (mean = 0, standard deviation = 1) prior to analysis so that coefficients could be
interpreted as relative importance. A stepwise approach (forward and backward) was used to
select the most parsimonious model based on AIC (all models with AIC values within 2 of
the lowest value are included in the Supplemental Information Tables S1-3). Partial r? values
reflect the average increase in model r2 with the addition of that variable, across all variable
order permutations (Lindeman et al., 1980). We performed all statistical analyses in R (R
Core Team, 2016).

Riparian land cover has been found to better predict stream chemistry than whole-watershed
land cover in some cases (Floyd et al., 2009; Gove et al., 2001) but not in others (Compton
et al., 2003), so we also modeled TN, DIN, and TON using land cover values (percent forest,
wetland, and impervious surface) estimated for the 100-m riparian buffer and N inputs to the
riparian buffer in place of whole watershed values. N input rates to the buffer were assumed
to be the same for atmospheric deposition and point source inputs, while agricultural N
inputs were adjusted by percent row crop in the 100-m riparian buffer relative to the total
watershed.

Uncertainty and independence

N concentrations can be highly variable over daily to seasonal timescales within streams
(Pellerin et al., 2012), and we expect that some variability in N concentrations across the
nation cannot be explained by static predictor variables alone. Data from sites with multiple
visits provide insight into the amount of variability that might be due to temporal variability
during the sampling period, and the amount of variability that may be attributed to spatial
factors. We find that the variability across sites relative to the variability within sites — the
signal-to-noise ratio (Olson and Hawkins, 2013) —is 8.8 for TN, 7.9 for DIN, and 4.9 for
TON. Based on this signal-to-noise ratio, the maximum r2 values that we can expect from
regression analyses are 0.90, 0.89, and 0.83 (Olson and Hawkins, 2013) (see Supplemental
Information S2 for calculation). Thus, variability in N concentrations measured in this study
likely largely reflect variability in spatial drivers rather than temporal drivers.

Additionally, stream nutrient concentration measurements from sites nested within
watersheds are not truly independent because the sampling sites share drainage areas and
stream flow. However, if the model sufficiently accounts for spatial factors that control the
variability in nutrient concentrations, the model residuals will not be spatially autocorrelated
and coefficients should not be biased (Kuhn and Dormann, 2012). We assessed whether
model residuals were spatially autocorrelated based on flow distance and degree of

Sci Total Environ. Author manuscript; available in PMC 2019 October 15.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Bellmore et al.

Page 8

watershed overlap. We found some residual spatial autocorrelation (Fig. S1), but a
subsequent comparison between results of the multiple regression models based on the
entire data set and models based on boot-strapped samples of truly independent watersheds,
indicated that the coefficients were not strongly affected by the lack of independence (Fig.
S2-4). Therefore, we report results of models based on all available sites. A more detailed
description of these analyses and results can be found in the Supplemental Information (S3-
S5).

RESULTS AND DISCUSSION

N concentration patterns

TN concentrations during summer low flow conditions ranged from below the detection
limit (0.03) to 34.5 mg N L1 (Table 1). Using the probabilistic weights, we estimated that
51% (974,121 km) of U.S. perennial U.S. stream length had TN greater than 0.5 mg N L1
and 31% (592,113 km) had TN greater than 1.0 mg N L1, Just 1% of stream length (19,100

km) was estimated to have NO5 concentrations above 10 mg N L1, the EPA drinking water

standard. However, undesirable ecological changes can occur at concentrations much lower
than this human health standard; a recent review reported ecologically-relevant thresholds
ranging from 0.27 to 1.72 mg N L™1 (Evans-White et al., 2013), values met or exceeded in
an estimated 72% (1,375,230 km) and 18% (343,808 km) of streams, respectively. On
average, DIN comprised 44% of TN, but ranged from less than 1% up to 100% of measured
TN. The highest TN concentrations were observed in the Mississippi River valley and the
lowest in the West (Fig. 1); however, considerable variability existed within ecoregions
(Omernik et al., 2015).

N loading drives N concentrations

Across all watersheds associated with sampling sites, N inputs ranged from 1 to 182 kg N ha
~1y=1(Table 1, Fig. 2). The median total N input rate to these watersheds was 15.7 kg N ha
~1y=1 higher than most empirically-derived critical loads for response of aquatic ecosystems
to N deposition to watersheds within the U.S. (Baron et al., 2011; Pardo et al., 2011). For all
sites with atmospheric deposition as the largest source of the five sources included in this
analysis, the 25t percentile, median, and 75" percentile of inputs were just 4.0, 8.0, and 15
kg N ha~1y~1, compared to 27, 46, and 80 kg N ha~1 y~1 for sites with synthetic fertilizer
inputs as the single largest source. Although agriculture-related inputs dominated sites with
the highest N input rates (Fig. 3), atmospheric deposition was the single largest N source in
58% of sampled sites, accounted for over half of inputs in 49% of watersheds, and was by
far the dominant source of N to watersheds in the western U.S. (Fig. 2). Compared to
agriculture-related inputs and atmospheric deposition, point sources represented a small
contribution to total N inputs in most watersheds; only 28% of sampled watersheds had
major recorded point sources; of these, the median areal input rate was only 0.28 kg N ha™1
y~1 (Table 1). Although point source input rates were low on an areal basis, they represent
direct inputs to aquatic systems and can have important local and downstream effects on
nutrient concentrations, whereas the other inputs can be attenuated before reaching aquatic
systems. Additionally, potentially important episodic events, such as combined sewer
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overflows, are not well captured by the annual point source input rates used in this study. Of
the sites included in our study, 42% were identified as in poor condition with respect to TN
concentration in the 2008-2009 NRSA report (United States Environmental Protection
Agency, 2016a); of the sites in poor condition, 51% of their watersheds were dominated by
(single largest source was) fertilizer inputs, 40% by atmospheric deposition, 7% by manure,
2% by cultivated biological N fixation, and less than 1% by point sources.

The terrestrial N saturation hypothesis predicts increasing soil inorganic N concentrations
and export to surface water as N inputs exceed terrestrial biological N demand (Aber et al.,
1998). Our study strongly supports this hypothesis as total N input to the watershed was a
major driver of TN and DIN concentrations in stream water during summer low flow
nationally (Fig. 3). Simple linear regression showed that total N input was positively and
significantly correlated with stream N concentration for all forms of N, but TN had the
strongest relationship with N inputs (r2 = 0.42), while total organic N (TON) had the
weakest relationship (r2 = 0.17) (Fig. 3). However, the effect (slope) was largest for DIN,
followed by TN and then TON (non-overlapping 95% confidence intervals around
regression coefficients) (Fig. 3). Generally, sites with higher concentrations of all forms of N
were dominated by agricultural N inputs, but sites dominated by atmospheric deposition also
exhibited a wide range of N concentrations (0.015 to 23.2 mg N L™1) (Fig. 3). In the
multiple regression models, N inputs collectively explained more variability in DIN than any
other category of predictor variables, and N inputs explained nearly as much variability in
TN as all land cover variables combined (Table 2, Fig. 4). In particular, agricultural N inputs
had the largest partial r2 values of any of the predictor variables for TN and DIN (Table 2).
Along with regional-scale studies that have identified the relationship between watershed N
inputs and stream N concentrations (Aber et al., 2003; Lerch et al., 2015; Sobota et al.,
2009), our study provides strong evidence that N inputs control stream DIN and TN
concentrations during summer low flow conditions.

Compared with TN and DIN, TON responded weakly, although positively, to N inputs (Fig.
3). N inputs explained relatively little of the variability in TON, and point source N was not
a significant predictor of TON (Fig. 4, Table 2). Some of dissolved organic N is thought to
“leak” from terrestrial to aquatic ecosystems regardless of N saturation status (Perakis and
Hedin, 2002), and most riverine DON originates from natural sources (Harrison et al.,
2005b). Indeed, we found that TON was positively correlated with the proportion of
wetlands in the watershed (Table 2). However, previous studies have found that, like DIN,
dissolved organic N also increases with watershed N loading from atmospheric deposition
(Aber et al., 2003; Brookshire et al., 2007; Pellerin et al., 2006), N fixation (Compton et al.,
2003), and agricultural inputs (Sobota et al., 2009). Anthropogenic N inputs that contain
organic N (e.g. manure, urea-based synthetic fertilizer, sewage waste water, organic N
deposition) may contribute directly to elevated TON concentrations (Glibert et al., 2005;
Heathwaite et al., 1998; Marti et al., 2004). Excess N inputs may also increase stream
organic N concentrations via multiple indirect pathways, such as declining C:N of foliage,
soil organic matter, and dissolved organic matter (Aber et al., 2003; Brookshire et al., 2007)
and stimulating algal production (Sobota et al., 2012), but the relative importance of these
mechanisms for controlling organic N concentrations is not well understood. Across the
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U.S., total organic N increases with N inputs (Table 2, Fig. 3), indicating that a component
of organic N release is susceptible to increased loading.

Influence of landscape characteristics and climate on N sinks and transformations

Reactive N inputs to the terrestrial landscape can cycle through multiple pools and undergo
many transformations, including denitrification, which removes N from local ecosystem
cycling, before reaching surface water (Galloway et al., 2003). Landscape characteristics —
such as vegetation cover and wetland soils — can promote N retention and removal
(Groffman et al., 2004; Seitzinger et al., 2006). In particular, riparian vegetation and
wetlands have been found to attenuate N loading to surface waters (Jordan et al., 2011;
Mayer et al., 2007). Therefore, we expected these land cover characteristics would be
associated with lower N concentrations, while other land cover characteristics that limit N
processing and retention, particularly impervious cover, would be associated with higher N
concentrations. We found that the expected effects of forest cover, wetland cover, and
impervious cover on N concentrations were apparent in our national-scale analysis, and that
land cover characteristics explained variability in N concentration that N inputs alone could
not (Fig. 4, Table 2).

Forest cover was negatively related to concentrations of all forms of N. Forests could serve
as a sink for N inputs in areas where deposition is the dominant N form. Forest composition,
time since disturbance, and N saturation stage can affect the strength of forest land as an N
sink, as well as the dominant form of N exported (Binkley et al., 2004; Lovett et al., 2000;
Vitousek and Reiners, 1975). Because these factors were not differentiated in our models,
the relationships observed in this study may simply reflect organic matter accumulation (and
N retention) in many forested areas in the U.S. (Joyce et al., 2014). The observed
relationship may also be due to limited erosion from forested land compared to disturbed
land cover types (Corbett et al., 1997; Diaz-Ramirez et al., 2008), or forested watersheds
having low rates of N export as compared to agricultural or urban land, the coverage of
which are inversely related to forest cover. Regardless of the exact mechanism(s), higher
forest cover in the U.S. was strongly associated with lower N concentrations during summer
low flow conditions.

Wetland cover was negatively related to TN and DIN but positively related TON, consistent
with empirical findings that wetlands can act as local N sinks, especially for inorganic N
(Jordan et al., 2011), but can be sources of organic N at the landscape scale (Pellerin et al.,
2004). Wetlands have the potential to retain N inputs to upslope agricultural and urban areas
of the landscape if they are hydrologically connected. In fact, wetland cover interacted with
agricultural N loading (Table 2), dampening the effect of N inputs on TN and DIN
concentrations (Fig. 5). Modeled TN and DIN concentrations increased markedly less in
response to agricultural N inputs assuming just a small increase wetland coverage (Fig. 5).
We were not able to address within-watershed spatial relationships between agricultural N
inputs and wetlands. It follows, then, that if strategically placed to intercept N-rich drainage
water, wetlands may have an even stronger effect on DIN concentration than what was
estimated in this model (Gardner et al., 2011; Johnson et al., 2013). These results indicate
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that wetlands are reducing TN and DIN to the nation’s waterways, and increasing wetland
cover may be a useful approach to reduce stream DIN and TN concentrations nationally.

Climate factors were much less important than inputs and landscape sinks in explaining
variations in N concentrations. The only important climate predictor was mean annual
precipitation, which was significantly and negatively related to TON and TN concentrations.
Regional studies report conflicting results with respect to the relationship between annual
precipitation and TON and DON concentrations across watersheds [positive: (Perakis and
Hedin, 2007; Vanderbilt et al., 2002); negative: (Sobota et al., 2009; Sponseller et al.,
2014)]. Precipitation may directly affect concentrations through dilution, as suggested by
Sponseller et al. (2014), or it may be a proxy variable for atmospheric N inputs, soil type or
depth, vegetation, or other watershed characteristics that affect organic N production and/or
delivery (Perakis and Hedin, 2007; Vanderbilt et al., 2002). Dodds et al. (2015) suggested
that streams in regions with lower precipitation are likely to exhibit higher sediment
transport and have more open riparian canopies, allowing for higher in-stream
autochthonous production, both of which could lead to higher organic N concentrations.
Precipitation was moderately and positively correlated with both percent open canopy at the
sampling reach (r2 = 0.37, p < 0.001) and total suspended solids (r? = 0.10, p < 0.001) in this
data set, suggesting these factors may be more proximate causes of high TON concentration
in low-precipitation watersheds. Although the mechanistic relationship between
precipitation and TON concentration is not clear, this climate driver appears to regulate
summer low flow TON concentrations across regions.

Riparian influence

The effects of near-stream N inputs and riparian land cover may be particularly important
during summer low-flow conditions, which were the focus of this study. During low flow
periods, streams have limited hydrologic connectivity with upland areas (Gardner and
McGlynn, 2009; Jencso et al., 2009), and longer water residence times in riparian soils mean
that plant uptake and denitrification can deplete N concentrations in water draining to
streams (Gu et al., 2007; Ocampo et al., 2006). Despite these expectations, we found that
using land cover characteristics of the riparian buffer — as opposed to the entire watershed —
as predictor variables did not produce better model results. Notably, using whole-watershed
predictor variables resulted in similar or slightly higher model r2 values compared to riparian
buffer predictor variables, with r2 = 0.60, 0.47, and 0.48 for TN, DIN, and TON,
respectively, for the whole-watershed model, and 0.59, 0.45, and 0.49 for TN, DIN, and
TON, respectively, for the riparian buffer model (Tables S4-6). This similarity may be due to
the high correlation between whole-watershed and 100-m riparian buffer land cover
variables in study watersheds; correlations between the two for percent forest cover, percent
wetland, percent impervious cover, and farm N inputs had r2 values of 0.88, 0.89, 0.79, and
0.96, respectively [variables were transformed as in the multiple regression models (Table

1)].

Although riparian land cover variables did not explain more variability in N concentrations
than whole-watershed land cover variables, riparian disturbance, which was included as a
predictor variable in the model with other whole-watershed land cover characteristics, was a
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significant predictor of N concentrations and exacerbated the effects of agricultural N inputs
on TN and DIN (Fig. 5). These results are consistent with studies that have found that
vegetated riparian buffers can limit the delivery of dissolved inorganic N to streams (Mayer
et al., 2007; Weller et al., 2011). Previous research has found that the width of the riparian
buffer that most influences water quality varies depending on season, riparian buffer
characteristics, and the water quality parameter of interest (Floyd et al., 2009; Gove et al.,
2001), and headwater riparian buffers may affect water quality more than downstream
buffers (Christensen et al., 2013). This context-dependent effect of riparian buffers on water
quality, as well as uncertainty about land cover within the riparian buffer, may explain why
the relationship between stream N concentrations and characteristics of the 100-m riparian
buffer was not stronger than for whole watershed characteristics. However, our results do
suggest that N inputs and land management throughout the watershed — not just in riparian
zones — regulates stream N concentrations.

In-stream effects

Terrestrial and riparian N dynamics control the delivery of N to surface water, but N
retention and removal in the stream network itself can also affect aquatic N concentrations
(Alexander et al., 2009; Bernal et al., 2012; Hensley et al., 2014). However, two variables
that reflect characteristics of the stream and its network thought to be important for
controlling N uptake — stream size and lakes and reservoirs in the network — had very weak
or no relationships with N concentrations (Table 2). Modeled annual mean discharge from
NHDPIusV2 was negatively, although weakly, related to TN concentration when N inputs
and landscape drivers are taken into account, which we predicted, assuming most N uptake
occurs in small streams (Table 2); however, it had no significant relationship with either DIN
or TON concentration. Additionally, percent open water, which reflects the extent of lakes
and reservoirs in watersheds, was only weakly related to DIN and TON, and had opposite
effects on the different forms of N (Table 2), perhaps due to the conversion of inorganic N to
organic N via autochthonous uptake. Together, these results suggest the effects of stream
size and the extent of lakes and reservoirs in the watershed play a relatively small role in
controlling the spatial variability of N concentrations nationally compared to N inputs and
terrestrial characteristics (Table 2). This finding supports other reports that instream
retention and removal is most efficient when concentrations are lowest, but has a muted
effect on high concentrations. As a result, when terrestrial inputs vary widely, they largely
control spatial variability in concentrations (Chiwa et al., 2015; Lin et al., 2015; Scanlon et
al., 2010).

There was considerable variability in N concentrations not explained by N inputs and static
landscape and stream network variables (40-53%; Table 2) that may be related to temporally
variable in-stream dynamics or local in-stream factors. The signal-to-noise ratio (spatial
variance relative to within-site variance over time) indicates that 10-17% of the overall
variance in observed N concentrations could be attributed to temporal variability within the
sampling period. Hydrologic conditions, disturbance history, and net heterotrophy or
autotrophy, can all affect in-stream N uptake (Bernal et al., 2012; Brookshire et al., 2009;
von Schiller et al., 2015) but are not reported as part of the NRSA. Additionally, we were not
able to capture hyporheic exchange dynamics in this study, which recent research suggests
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may be more important than simply stream size for controlling in-stream N processing
(Gomez-Velez and Harvey, 2014; Ye et al., 2012). Larger substrate size may promote
hyporheic exchange and provide more stable substrate for the microbial community
(Atkinson et al., 2008; Packman and Salehin, 2003), both of which can enhance local N
uptake (Warren et al., 2013; Zarnetske et al., 2011). However, there was no detectable effect
of local substrate size on DIN (Table 2). Instead, substrate size was negatively related to
TON and TN (Table 2), perhaps because decreasing substrate size reflects erosion and
higher concentrations of suspended solids. More detailed sampling would be required to
assess the importance of these local, reach-level factors and temporal dynamics for
controlling the spatial variability in N concentrations observed in this study.

CONCLUSIONS

We found that total anthropogenic N inputs to study watersheds spanned two orders of
magnitude, from 1 to nearly 200 kg N ha=1 y=1. Agricultural sources were associated with
the highest input rates, but atmospheric N deposition was the single largest source in nearly
half of watersheds. We found that N input to the watershed was the best predictor of summer
low flow N concentrations — particularly TN and DIN — in streams and rivers across the
U.S., with agricultural sources being the best predictor of TN and DIN. Importantly, we
found that the potential influences of N inputs were either exacerbated or dampened by land
cover types that can be directly influenced by land management actions — riparian
disturbance and cover of wetlands. Additionally, land cover and management in the whole
watershed — not just the riparian zone — was strongly correlated with stream N
concentrations. We found that neither stream size nor the extent of lakes and reservoirs in
watersheds had a strong effect on the spatial patterns of N concentrations across the U.S.
The apparently limited role of temperature and precipitation drivers and N processing in the
stream network compared to terrestrial drivers in predicting observed spatial patterns of N
concentrations, suggests the need for management throughout the watershed — not just in
headwater stream catchments or in riparian and wetland areas — to improve water quality
nationally.
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HIGHLIGHTS

. Summer N concentrations were predicted from N inputs to the landscape and
land cover

. Atmospheric deposition, agriculture, and sewage contribute to aquatic N
loading

. Climate and stream characteristics explained little spatial variability in stream
N

. At a national scale, nitrogen inputs drive concentrations, but interact with land
cover

. Agquatic nitrogen impairment may be mitigated by managing inputs and land
cover
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Figure 1.
TN concentrations at NRSA sampling locations (n=1966). The color corresponds to the

single largest N source to the watershed. CBNF is Cultivated biological N fixation.
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Figure 2.
N inputs to study watersheds. Top: Bubbles are located at sampling sites and sizes indicate

input rates to the watershed. Colors indicate which of the 5 sources was the largest
contributor to each watershed (CBNF = cultivated biological N fixation). The gray shaded
area indicates the watershed areas draining to sampling locations (For some small
watersheds, the site bubble is larger than the watershed outline).
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Figure 3.
TN, DIN and TON concentration vs total watershed N input. Colors indicate the dominant

(single largest) N source associated with each watershed: atmospheric deposition (blue),
synthetic fertilizer (green), cultivated biological N fixation (gold), manure (brown), point
source (black). Lines are linear regression fits (p < 0.001 for all three models, r2 = 0.42,
0.38, 0.17 for TN, DIN, and TON, respectively, n = 1966 sampling points). N input
categories with fewer sites (cultivated biological N fixation, manure, point source) are
plotted on top for better visibility
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Variable
category

stream
climate

N X land
land cover
N inputs

Top: Cumulative partial r2 values for each category of predictor variables. The total bar
reflects the model r2. Bottom: Fraction of the total sum of standardized coefficients (absolute
values) corresponding to each category of predictor variables. Standardized coefficients can
be interpreted as relative effect size on the dependent variable. Variable categories are:
stream (average annual discharge, % lake cover, mean substrate size), climate (mean annual
temperature and precipitation), land cover (forest, wetland and impervious percent cover and
riparian disturbance percent) N inputs (agricultural N, atmospheric deposition N, and point
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source N), and “N X land” corresponds to the effects of interactions between N inputs and
land cover (agricultural N x wetland cover, agricultural N x riparian disturbance,
atmospheric N x forest cover, and atmospheric N x impervious cover).
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Figure 5.

Estimated response of TN (a and b) and DIN (c and d) in mg N L1 to increasing
agricultural inputs (kg N ha™1 y=1), across 3 levels of wetland cover (a and c) and riparian
disturbance (b and d) based on multiple regression model coefficients (Table 2). The low,
medium, and high values correspond to the 15¢, 2", and 3 quartiles of wetland or riparian
cover in the data set, while all other variables are set to their median values (Table 1).
Agricultural N is the sum of fertilizer, cultivated biological N fixation, and manure N inputs.
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