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Abstract Exploring nitrogen dynamics in stream networks is critical for understanding how these systems

attenuate nutrient pollution while maintaining ecological productivity. We investigated Oak Creek, a dryland

watershed in central Arizona, USA, to elucidate the relationship between terrestrial nitrate (NO3
−) loading and

stream NO3
− uptake, highlighting the influence of land cover and hydrologic connectivity. We conducted four

seasonal synoptic sampling campaigns along the 167‐km network combined with stream NO3
− uptake

experiments (in 370–710‐m reaches) and integrated the data in a mass‐balance model to scale in‐stream uptake

and estimate NO3
− loading from landscape to the stream network. Stream NO3

− concentrations were low

throughout the watershed (<5–236 μg N/L) and stream NO3
− vertical uptake velocity was high (5.5–18.0 mm/

min). During the summer dry (June), summer wet (September), and winter dry (November) seasons, the lower

mainstem exhibited higher lateral NO3
− loading (10–51 kg N km−2 d−1) than the headwaters and tributaries

(<0.001–0.086 kg N km−2 d−1), likely owing to differences in irrigation infrastructure and near‐stream land

cover. In contrast, during the winter wet season (February) lateral NO3
− loads were higher in the intermittent

headwaters and tributaries (0.008–0.479 kg N km−2 d−1), which had flowing surface water only in this season.

Despite high lateral NO3
− loading in some locations, in‐stream uptake removed >81% of NO3

− before reaching

the watershed outlet. Our findings highlight that high rates of in‐stream uptake maintain low nitrogen export at

the network scale, even with high fluxes from the landscape and seasonal variation in hydrologic connectivity.

Plain Language Summary Exploring nitrogen dynamics in desert streams is critical for

understanding how these systems can reduce pollution while maintaining healthy ecosystems. We examined

how seasons and human activities, like farming and development, affect nitrogen pollution in a desert stream in

Arizona, USA. We found that in seasons with little rain, nitrogen delivery to the stream was high in areas where

irrigation is common. However, in‐stream nitrogen remained low because of the high capacity of the stream

algal and microbial community to remove nitrogen from the water. This reveals that plants and microbes play a

vital role in regulating nitrogen in deserts. This study has broad implications beyond this particular desert

stream, emphasizing the importance of understanding complex interactions between human activities, water,

and stream microbes. By studying these interactions, we can better manage and preserve desert streams with

changing climate and human pressures.

1. Introduction

Nitrogen is an essential nutrient for ecosystem productivity. Biologically available nitrogen enters watersheds

through nitrogen fixation and atmospheric deposition as well as human‐driven inputs such as fertilizer application

and waste (Galloway et al., 2004). As nitrogen moves from hillslope to stream via water transport, the nutrient is

subject to transformation and retention (Wollheim et al., 2018). Water mediates not only the transport of nitrogen

through the environment, but also the ecosystem productivity responsible for transformation and retention

(Belnap et al., 2005; Collins et al., 2014; Noy‐Meir, 1973). This is especially the case in drylands, where episodic

precipitation coupled with high evapotranspiration leads to variable hydrologic connectivity between land and

stream. Streams, having elevated water availability compared to the surrounding landscape, act as hotspots for

nitrogen transformation and uptake, relying on inputs from upstream or the surrounding landscape (Bernhardt

et al., 2017; Gómez‐Gener et al., 2021; Grimm, 1987; von Schiller et al., 2017). As a result, in addition to nitrogen
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inputs, hydrologic flowpaths and their variability are critical for understanding nitrogen cycling, especially in

drylands.

Stream networks in drylands vary in their capacity for nitrogen cycling in time and space. Temporal variation is

driven by the timing of nitrogen inputs to the stream. Stream nitrogen inputs, in turn, are driven partly by the

timing of precipitation and partly by the balance of precipitation and evapotranspiration. Precipitation, either

sustained inputs during rainy seasons or episodic inputs from individual storms, coupled with evapotranspiration

control hydrologic connectivity between land and stream (Bernal et al., 2013; Jencso et al., 2009; Stieglitz

et al., 2003). This hydrologic connection is a major pathway for nitrogen transport from upland sources to the

stream network; however, biological productivity along transport pathways subjects nitrogen to transformation

and retention, exerting an additional control on nitrogen transfers to the stream network (Welter et al., 2005).

Indeed, export reflects the balance of transport rates relative to biological reaction rates (Fischer et al., 1998; Ren

et al., 2023; Wollheim et al., 2018). Dry conditions lead to lower biological activity and lower connectivity

between land and stream. Under these conditions, nitrogen can accumulate on the landscape in the absence of

water for transport (Arce et al., 2014).

Spatial variation in dryland stream networks with respect to nitrogen cycling is driven by a combination of

natural and human influences. Drylands do not conform to several common assumptions of stream network

models (Helton et al., 2011). First, discharge in dryland streams does not necessarily increase with upstream

drainage area. Dryland streams often have a preponderance of losing reaches, where groundwater recharge,

evapotranspiration, and flow through anthropogenic diversions can substantially decrease streamflow (Alger

et al., 2021). While these are common water‐loss pathways in any watershed, in dryland systems these

fluxes can be a substantial proportion of, or even greatly exceed, surface flow (Goodrich et al., 2018).

Second, dryland ecosystems challenge the assumption that surface flows converge in the downstream di-

rection, often having diverging flowpaths, for example, due to irrigation diversions. In some systems, these

diversions can account for the entire main‐channel flow (Hill & Walter, 2020). Depending on water demand

for irrigation, some water may be returned to the main channel at a downstream location or it may be

entirely consumed.

While models commonly estimate nitrogen concentration in streams based on factors such as point sources, land

use, and land cover (Preston et al., 2011), the highly variable hydrologic connections between nitrate (NO3
−)

sources and streams leave room for substantial temporal disconnections between nitrogen inputs to the landscape

and transport to streams (Welter et al., 2005). In dryland streams, NO3
− is the predominant form of biologically

available nitrogen (Grimm& Fisher, 1986). Dryland streams are generally nitrogen‐limited with high uptake rates

relative to other ecosystem types (Grimm & Fisher, 1986; Grimm & Petrone, 1997; Hall et al., 2009; Martí &

Sabater, 1996). Therefore, the interplay between stream NO3
− uptake and NO3

− loading from the landscape adds

further complexity, particularly in dryland contexts where in‐stream uptake holds potential to substantially

attenuate nitrogen concentration relative to inputs (Bernal et al., 2013). Failure to represent spatial and temporal

variations in hydrology and the influence of stream NO3
− uptake hampers the study of nutrient dynamics in

dryland streams, particularly at the network scale (Helton et al., 2011).

The goal of this study is to evaluate how in‐stream NO3
− concentration, in‐stream NO3

− uptake, and NO3
−

loading from the land to streams vary spatially and seasonally along a dryland stream network. To achieve this

goal, we (a) measured and compared stream NO3
− concentration, stream flow, and in‐stream NO3

− uptake among

seasons and stream sizes (tributaries and ditches vs. mainstem), (b) integrated these data in a mass‐balance model

that explicitly incorporates hydrologic dynamics (groundwater recharge and flow diversions) critical for

modeling nitrogen dynamics in dryland streams to scale in‐stream NO3
− uptake to the whole river network, (c)

evaluated spatial and temporal patterns of modeled lateral NO3
− loading, in‐stream NO3

− uptake, and their re-

lationships with each other and land cover across the stream network. We hypothesized that high in‐stream NO3
−

uptake (as is typical from dryland systems) would result in low stream NO3
− load at the Oak Creek outlet and high

stream network NO3
− uptake during drier seasons with lower landscape to stream hydrologic connectivity.

During seasons with higher hydrologic connectivity (higher precipitation), we hypothesized there would be

higher lateral NO3
− loads to the stream that would eventually exceed in‐streamNO3

− uptake capacity, resulting in

higher NO3
− loads at the Oak Creek outlet.
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2. Materials and Methods

2.1. Site Description

Oak Creek is a tributary of the Verde River in the transition zone between the Basin and Range Province and the

Colorado Plateau in Arizona, U.S. The creek originates at an elevation of 2,300 m in ponderosa pine forest and

descends through pinyon‐juniper and high desert ecosystems to its confluence with the Verde River at 950 m

elevation. Central Arizona has two rainy seasons separated by two dry seasons. The winter‐spring rainy season

(January–April) is characterized by frontal systems dominating precipitation in the form of rain and snow. The dry

summer season (May–July) can feature daytime high temperatures that regularly exceed 36°C. The summer rainy

season (August–September) is characterized by convective monsoon storms. The post‐summer rainy season

(October–December) is a dry period characterized by lower temperature and less rainfall. Rainfall amounts and

timing in both rainy seasons exhibit high interannual variability.

Oak Creek drains a 1,200 km2 watershed. The main stem of Oak Creek is perennial, as are short sections of three

spring‐fed tributaries. The remainder of the network is temporary (including intermittent and ephemeral streams),

with some channels having seasonal surface water and many others supporting surface flow only during large

storms. The Oak Creek main stem and perennial tributaries are bordered by a riparian gallery forest of cottonwood

and willow; however, the stream channel's canopy is open except for the smallest, high‐elevation tributaries (most

of which are not perennial).

Land cover in the watershed is mostly undeveloped (>95%), with some green space, residential, and commercial

developed area (4%) around the cities of Sedona and Cornville and a small proportion of agricultural cover (<1%).

There are two fish hatcheries in the watershed that rely on springs for water supply and discharge water to the

main channel of Oak Creek (Oak CreekWatershed Council, 2012). Residential and agricultural areas are irrigated

through a combination of diverted stream water and groundwater wells.

To test our hypothesis that seasonal differences in precipitation increases hydrologic connectivity that would

change the balance of lateral NO3
− loading and in‐stream NO3

− uptake at the network scale, we conducted

synoptic surveys coupled with NO3
− uptake experiments (Figure 1). We then integrated these data in a mass‐

balance model to scale in‐stream NO3
− uptake to the entire stream network.

2.2. Synoptic Sampling

We conducted four seasonal sampling campaigns of stream water chemistry and discharge across Oak Creek.

Campaigns took place in 2017 during the winter wet season (February; minimum and maximum air temperature

for sample dates: 0 and 11°C), summer dry season (June; 20 and 36°C), summer wet season (September; 15 and

29°C), and winter dry season (November; 10 and 23°C; Figure 2). During each campaign, we sampled 25–29 sites

distributed across the watershed. Sites along the main stem were selected to target locations above and below

confluences and irrigation divisions, and otherwise were evenly spaced. Both perennial and intermittent (when

flowing) tributaries as well as irrigation ditches were sampled. Often, only one site along an irrigation ditch was

accessible. We identified and sampled two sites that drain fish hatcheries, and noted a trout farm adjacent to the

main stem of Oak Creek in the upper portion of the watershed. The main stem sites included locations below these

potential point sources. Most sites were accessed via public lands with a small subset accessed via private land

with permission. The campaign during the winter wet season was the first completed and took place during a

Figure 1. Schematic diagram of (a) the seasonal synoptic surveys (Section 2.2), (b) stream NO3
− uptake experiments

(Section 2.3), and (c) stream network model (Section 2.4).
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period of high discharge relative to the latter campaigns. As a result, many

sampling locations were difficult or impossible to access during this season.

Subsequent campaigns were adjusted and thus there are fewer sampling sites

in the winter wet season in common with those collected in the latter seasons.

To estimate stream discharge and surface area, we measured stream wetted

width and recorded 10–15 depth measurements at regular width intervals at

each site. We calculated cross‐sectional area by summing the area bounded by

each depth measurement. For the main channel, tributaries, and larger irri-

gation ditches, we measured water velocity at each depth measurement. We

calculated discharge as the cross‐sectional area times the mean water velocity.

For smaller irrigation ditches, we used pulse injection of sodium chloride

(NaCl) to measure discharge via dilution gauging (Day & Day, 1977).

At each site, we collected duplicate, field‐filtered water samples (0.7 μm GFF

syringe filter, Fisher Scientific) for analysis of NO3
−, ammonium (NH4

+),

and chloride (Cl−). Chloride is a non‐biologically reactive ion that can indicate a change in water source. Samples

were stored in a cooler on dry ice until returned to the lab where samples were stored at −20°C until analysis.

Nitrate (NO3
− plus NO2

−; hereafter NO3
− in units of μg N/L), NH4

+ (μg N/L), and Cl− (mg/L) concentrations

were analyzed via Lachat QC 8000 flow injection analyzer (Lachat Instruments, Loveland, CO). Ammonium was

uniformly low across seasons with approximately 20% of samples below the detection limit (10 μg N/L) and 80%

of samples below 20 μg N/L. As a result, NH4
+ will not be discussed further.

2.3. Nitrate Uptake Experiments

To determine the NO3
− uptake rate in Oak Creek and tributaries, we conducted seasonal nutrient‐spiraling ex-

periments to pair with the sampling campaigns (Newbold et al., 1981). We conducted a total of nine experiments

by pulse injection (Covino et al., 2010). The experiments were conducted once per season on the main stem of

Oak Creek in 2017 in the spring (April), summer dry season (June), summer rainy season (September), and winter

dry season (November). Discharge in the main stem was prohibitively high earlier in the winter wet season

(February and March) and only dropped to a level that allowed the experiment in April. Experiments also took

place once per season in the perennial tributary Spring Creek in the winter wet, summer dry, summer wet, and

winter dry seasons. An additional experiment was conducted in Dry Creek, an intermittent tributary, in the winter

wet season. The winter wet season was the only period for which Dry Creek had flowing surface water during

2017.

Each experiment was conducted by dissolving NaCl (conservative tracer) and sodium nitrate (NaNO3, reactive

tracer) into 10–50 L of stream water collected from the site. The mass of NaCl and NaNO3were adjusted such that

the solution would raise the NO3
− concentration by 50 μg N/L and chloride by 6.5 mg/L at the downstream

collection location when added in a single pulse. The reach lengths from the injection point to the collection point

were 710, 400, and 370 m for Oak, Spring, and Dry Creeks, respectively. Reach lengths were determined during

pre‐experiment tests to ensure that both tracers had fully mixed across the stream width and depth. Following

collection of background water samples, the tracer‐enriched water was added to the stream instantaneously.

Monitoring at the collection location took place with an electrical conductivity meter (either YSI 556 MPS, YSI

600 XLM, YSI DSM Pro, or Eureka Manta) and a SUNA NO3
− sensor (Sea‐Bird Scientific, Bellevue, WA). The

SUNA is factory calibrated by Sea‐Bird Scientific. For the Dry Creek experiment, due to SUNA instrument

failure, we instead collected 23 grab samples distributed across the breakthrough curve at the collection location

for analysis of NO3
−. An injection was considered complete when electrical conductivity had returned to within 1

µS/cm of the background measurement or more than 3 hr had elapsed sinced the injection time. In cases where

experiment were concluded after the full 3 hr, electrical conductivity was 2–3 µS/cm above the pre‐experiment

background. All grab samples were collected in duplicate in 500‐mL HPDE Nalgene® bottles; subsamples were

poured into 50‐mL centrifuge tubes for transport to the lab on ice and stored at −20°C until analysis as described

above.

Data from the experiments were processed using the TASCC method described by Covino et al. (2010). Briefly,

electrical conductivity together with NO3
− data were background‐corrected, and interpolated to 1‐min intervals

over the breakthrough curve. The breakthrough curve was adjusted to have an equal number of observations for

Figure 2. Discharge on the main stem of Oak Creek (USGS Gage:

09504500). Dots indicate when each synoptic sampling campaign took

place.
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the rising and falling limbs of the curve. The first‐order uptake‐rate coefficient was calculated by taking the log of

the background‐corrected ratio of NO3
−:Cl− of each observation divided by the same ratio in the injection so-

lution all divided by the distance between the injection and collection points. Uptake length (Sw) was calculated

for each observation by taking the inverse of the uptake coefficient. A regression between Sw and the associated

NO3
− concentration was used to estimate Sw for the stream at the background NO3

− concentration by extrapo-

lation. Either a first‐order (linear) or loss of efficiency (log‐transformed) regression was used according to

O'Brien et al. (2007), including estimation of 95% confidence intervals for the uptake parameters at the back-

ground NO3
− concentration. The vertical uptake velocity (vf) was calculated by multiplying the inverse of Sw by

the reach discharge and dividing by the mean reach width. We used a travel‐time correction to control for the

differing amounts of time each sample had in the stream prior to collection (Covino et al., 2010).

2.4. Stream Network Model

We used a steady‐state mass‐balance model to combine the field measured in‐stream NO3
− concentrations and

NO3
− uptake rates at the network scale in order to evaluate how much in‐stream uptake attenuates lateral NO3

−

loads (Helton et al., 2011; Mulholland et al., 2008). Following Helton et al. (2011), we implemented the model

using an inverse approach to estimate patterns of lateral NO3
− loading from land to stream reaches. The model

estimates the lateral NO3
− load necessary to reproduce the observed spatial patterns in stream NO3

− load, given

the field‐based stream NO3
− uptake rate, discharge, and stream NO3

− concentration. The model accounts for both

serial processing of NO3
− along the network and water diversions.

Discharge (Q, in volume/time) for each reach was calculated by subtracting outgoing water from incoming water

according to the following equations

Qp = (3Qp−1i + QL) − (QW + Qp+1i) (1)

where

QL = Ap × Yp (2)

where Qp is the discharge in‐stream reach p, 3Qp− 1i
is the sum of the discharge of upstream reaches, p−1i,

contributing discharge to stream reach p, QL is the lateral discharge from the adjacent drainage area, QW is water

loss from reach p, Qp+ 1 is the discharge to the next downstream reaches p+1i, Ap is the area of the catchment

draining directly to stream reach p, and Yp is the per unit subcatchment area lateral water yield to stream reach p.

We modified the existing model to include the term QW , which represents the sum of water loss to diversion or

groundwater recharge.

For flowing reaches, we parameterized the lateral water yield (Yp in Equation 2) for each season and stream

segment based on the discharge measured during the respective synoptic sampling campaign. The change in

discharge for each reach was calculated as the discharge at the reach outlet minus the sum of discharge from the

upstream reach and any tributary confluences and irrigation returns. Generally, only one site was accessible along

irrigation ditches and we assumed discharge to be uniform along their length for the model. For network reaches

containing an irrigation diversion, the discharge in the ditch was subtracted from the main channel. Each season

included both net gaining and net losing stream reaches. We parameterized lateral water yield as a gross process

where each stream reach has both lateral water input and loss. Lateral water yield was calculated by dividing the

change in discharge by the lateral drainage area to the reach (Equation 2). We implemented this by applying a

lateral water yield to each subcatchment that would produce the maximum discharge measured in each season.

From this, we calculated a stream water loss term (QW in Equation 1) necessary to produce the field‐measured

discharge. Water loss encompasses stream water transfer to the hyporheic zone and groundwater

(Lange, 2005; Valett et al., 1994), mechanical withdrawal to supply potable or irrigation water (Alger

et al., 2021), and evapotranspiration (Dahm & Molles, 1992). By implementing the lateral water flows as a gross

rather than net process, we allow for lateral inputs of NO3
− to stream reaches that have net discharge loss.

Stream NO3
− load (N, in mass/time) is modeled similarly by subtracting the outgoing NO3

− load from incoming

load
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Np = (3Np−1i + NL) − (NR + NW + Np+1i) (3)

where

NL = Ap × Lp (4)

where Np is the NO3
− load in stream reach p, 3Np− 1i

is the sum the of NO3
− load from all upstream reaches

contributing NO3
− to stream reach p, NL is the lateral NO3

− load from the adjacent drainage area, NR is the stream

NO3
− load taken up from reach p, NW is NO3

− loss due to water loss from the reach, Np+ 1i
is the stream NO3

−

load to the next downstream reach p+1, Ap is the area of the catchment draining directly to stream reach p, and Lp

is the lateral NO3
− load per unit drainage area to stream reach p. Nitrate loss stemming from water loss (NW) is

calculated by multiplying the water loss by the NO3
− concentration in stream reach p. Lateral NO3

− load per unit

drainage area is the primary model term of interest in this analysis. Negative lateral NO3
− loading (Lp) signifies

that there was not sufficient uptake capacity in a stream reach or not a sufficient decrease from water loss to

achieve the measured NO3
− concentration (i.e., that NO3

− concentration was lower than would be predicted based

on upstream concentration and uptake rate). For each stream reach, the mass of NO3
− removed (NR, in mass/time)

is equal to the total NO3
− load in the stream reach times the fractional removal factor

NR = R × Np (5)

The fractional removal factor is determined according to the following equation from Wollheim et al. (2006).

R = 1 − e(−v f/HL) (6)

where

HL = Qp/SAp (7)

and v f is the experimentally determined vertical uptake rate for NO3
− (in length/time).

We parameterized in‐stream NO3
− uptake in the model based on field data. The vertical uptake rate (v f in

Equation 6) was determined based on the median of all stream NO3
− uptake rates measured in the main channel

and tributaries (Section 2.3) since v f did not vary significantly based on season or stream type. Initial model

testing with the minimum and maximum NO3
− uptake values measured experimentally changed only the

magnitude of the lateral NO3
− load, but patterns and overall stream network NO3

− attenuation remained high. The

v f is normalized by hydraulic load (HL in length/time), which is a measure of the rate of water passage through the

stream relative to the benthic surface area. Hydraulic load is calculated by dividing the discharge (Qp in volume/

time) by the surface area (SAp, calculated as stream length times average width). Average stream width (w) is

estimated as

w = aQb (8)

where a and b are the width coefficient, which controls the scaling, and width exponent, which controls the rate of

increase, respectively (Leopold & Maddock, 1953). Both a and b were determined from field survey data from

each season (Table S1 in Supporting Information S1).

We implemented four steady‐state models, one for each synoptic sampling campaign that represents the dynamics

of each season: Winter wet, summer dry, summer wet, and winter dry. We derived network structure from the

National Hydrography Data set Plus Version 2 (NHDPlusV2) flowlines, flow direction, and drainage area. This

included the two largest irrigation ditches in the watershed that have both diversions from and returns to the main

channel of Oak Creek. We derived subcatchments for each synoptic sampling location for each season by

delineating the drainage area for each reach between sampling locations. Reaches were further subdivided into
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segments between network junctions (e.g., tributary confluences, irrigation diversions, irrigation returns) or

1,000 m, whichever was shorter.

The extent of the flowing portion of the drainage network varied between campaigns. For the summer dry,

summer wet, and winter dry seasons, the extent of the flowing network followed the perennial flow designations

in the NHDPlusV2. For the winter wet season, one large tributary and two headwater streams had flowing surface

water that were coded as intermittent or ephemeral in the NHDPlusV2. Across surveys, flowlines that did not have

flowing surface water were parameterized to have negligible lateral water yield. We estimated lateral NO3
−

loading (Lp) by using a model‐independent parameter estimator (PEST 16.0, Model‐Independent Parameter

Estimation & Uncertainty Analysis). PEST adjusts model parameters, based on their values and model outputs,

compared to observed data. In this instance, PEST was used to adjust the lateral NO3
− loads to reproduce the

measured in‐stream NO3
− load observed at each sampling location. The lateral NO3

− loads lack error estimates

because these would be based largely on error associated with the in‐stream NO3
− uptake. Initial model testing

revealed that varying the stream NO3
− uptake changed only the magnitude of the lateral NO3

− load, but patterns

in lateral NO3
− load and overall stream network NO3

− attenuation remained similar.

2.5. Land‐Cover Data

To test whether lateral NO3
− loads are associated with land cover, we used the 2011 National Land Cover

Database (NLCD) (Dewitz, 2014). We calculated zonal statistics for land‐cover types at two scales: (a) The

subcatchment area and (b) a 200‐m buffer area extending perpendicular to the direction of flow (100 m on both

sides of the stream). For each subcatchment and buffer area, we calculated the proportions of total agricultural

land (sum of NLCD cropland and hay/pasture), developed land (sum of NLCD developed open spaces and low‐,

medium‐, and high‐intensity development), and wetland area (sum of NLCD herbaceous and woody wetlands).

The 2011 NLCD was the best available data at the time of the analysis; however, we reviewed changes in the

percent cover of the classes included in this study between the 2011 and 2016 NLCD and found that most changes

were negligible to small (<2.5%).

2.6. Data Analysis

We evaluated seasonal differences and spatial patterns within Oak Creek watershed using the measured

discharge, stream NO3
− and Cl− concentrations, NO3

− uptake experiments, and hydrologic and lateral NO3
−

loading model outputs. We evaluated the fluvial network patterns in stream discharge, NO3
− concentration, and

Cl− concentration by plotting the data against distance from the watershed outlet, and plotted the lateral NO3
−

loads in map format. Nitrate and Cl− concentration measurements below the detection limit were replaced with a

value one half of the detection limit for visualization and statistical analysis. We tested for seasonal differences in

discharge, chemistry, NO3
− uptake, and lateral NO3

− loads using a one‐way analysis of variance (ANOVA). In

addition, we tested for differences in‐stream chemistry among site types (i.e., main channel, tributary, irrigation

ditch) using ANOVA. We varied the base group in the ANOVA to evaluate pairwise differences between groups.

We evaluated the ratio of NO3
− to Cl− to identify outliers that may indicate a difference in source water. We

evaluated differences in spatial patterns of discharge and NO3
− and Cl− concentrations from the synoptic

campaigns by calculating Spearman's correlation coefficient between data for the same sampling locations in

different seasons, as a measure of synchrony. We expected that seasons would either (a) have a similar spatial

pattern in sources and sinks for discharge, NO3
− concentration, and Cl− concentration and therefore exhibit

synchrony (i.e., positive pairwise correlations between seasons) or (b) would have a different pattern and thus be

asynchronous (i.e., negative or no pairwise correlation between seasons), potentially indicating a different set of

sources and sinks. An assumption of this analysis is that the NO3
− and Cl− concentrations in the sources do not

change much across seasons, which is supported based on findings from another desert stream showing con-

sistency of source chemistry across seasons (Dent &Grimm, 1999) and years (Dong et al., 2017). We completed a

similar correlation analysis for the lateral NO3
− loads from the model, but applied an additional constraint that the

subcatchment area needed to cover identical areas among seasons for pairwise comparison. In both correlation

analyses, the number of sites included differed in each pairwise comparison because the sample locations differed

between the campaigns. In particular, the winter wet season took place during a period with high discharge,

making sampling difficult or impossible in many locations. As a result, the winter wet season had comparatively

fewer sites and subcatchments that matched the summer dry, summer wet, and winter dry seasons. Finally, we

evaluated the relationship between lateral NO3
− loading and land cover variables as well as stream characteristics
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(e.g., discharge, width, depth, and chemistry) using correlation analysis. Correlations with land‐cover variables

were evaluated at the subcatchment scale and for a 200‐m buffer area centered on the stream channel. We

evaluated the correlations at these two scales because the subcatchments could be very large, and land cover

several kilometers from the stream may be hydrologically disconnected from the stream channel.

In all cases, correlations were calculated using Spearman's rank correlation coefficient (rho) because of non‐linear

relationships among variables. For correlations between NO3
− loading and land cover variables, we excluded

sites that we suspected were influenced by point sources of nutrients, including the two fish hatcheries and one

trout farm. At these locations, we reasoned that NO3
− loading would be influenced more by the point source than

the land cover variables included in the analysis. All statistical analyses were performed in R version 4.3.2 (2023‐

10‐31 ucrt) (R Core Team, 2023).

3. Results

3.1. Patterns of Stream Discharge

The extent of the watershed with flowing surface water was highest in the winter wet season due to several

flowing tributaries and headwaters (Table 1). These areas lacked surface water in summer dry, summer wet, and

winter dry seasons. As a proportion of the total area in Oak Creek watershed, the catchment area draining to

flowing surface water in the winter wet season was 23%, compared to 15%–16% in the other seasons. Discharge in

the main stem of Oak Creek ranged from 0.145 m3/s near the headwaters to 5.55 m3/s near the watershed outlet

and was variable along the length of the main stem (Figure 3). Based on the discharge measurements, 25%–45% of

reaches were net losing reaches, meaning that the discharge measured at the downstream location was lower than

the sum of all upstream sites (main channel, tributaries, and irrigation returns) draining to that location. The

summer wet season had the most losing reaches (N= 9 of 20) while the summer dry season had the fewest (N= 5

of 19). The summer dry season also had the lowest measured discharge loss across all losing reaches (2.2 m3/s)

while the winter wet season had the highest loss (9.1 m3/s). There were seasonal differences in mean discharge for

the main channel (ANOVA: F(3, 51) = 10.70, p < 0.001). The winter wet season had significantly higher mean

discharge (mean ± standard deviation: 3.1 ± 2.0 m3/s) than the summer dry (0.7 ± 0.4 m3/s), summer wet

(1.4 ± 0.8 m3/s), and winter dry (1.5 ± 1.0 m3/s) seasons.

3.2. Patterns of Stream Chemistry

Nitrate concentration varied from below the detection limit (5 μg N/L) to 236 μg N/L (Figure 3). Chloride varied

from below detection (<2.5 mg/L) to 36.7 mg/L. Longitudinal patterns in stream chemistry were similar in the

summer dry, summer wet, and winter dry seasons and contrasted with those of the winter wet season. In the

summer dry, summer wet, and winter dry seasons, chloride was elevated in the lower (0–25 km from outlet)

section of the watershed compared to the upper section. In contrast, the winter wet season had lower chloride in

the lower section of the watershed but was elevated in the upper section relative to the three other seasons.

Concentration of NO3
− was positively correlated between paired sampling sites (i.e., was synchronous) in the

Table 1

Characteristics and Results of the Synoptic Sampling in Oak Creek, Arizona, USA

Season

Sites

sampled

Flowing contributing

area (km2)

Flowing stream

length (km)

Outlet discharge

(m3/s)

Outlet [NO3
−] (μg

N/L)

Modeled sub‐

catchments

Sub‐catchments net losing

discharge

Winter

Wet

25 279 (23%) 167 5.42 ND 21 7 (33%)

Summer

Dry

29 196 (16%) 111 1.20 8.0 19 5 (26%)

Summer

Wet

27 181 (15%) 111 2.12 24.6 20 9 (45%)

Winter

Dry

27 182 (15%) 111 2.51 7.1 19 6 (32%)

Note. For each season, the total number of sites sampled, contributing area and parenthetical proportion of the total watershed (area = 1,200 km2) that was draining to

flowing surface water, total stream length with flowing surface water, watershed outlet discharge, watershed outlet NO3
− concentration (ND = non‐detect), the number

of modeled subcatchments for each season, and the number (%) of subcatchments that were net losing discharge.
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summer dry, summer wet, and winter dry seasons (Table 2). Similarly, concentration of Cl− exhibited synchrony

for summer dry, summer wet, and winter dry campaigns. The winter wet season NO3
− concentration was un-

correlated with those of the summer dry, summer wet, and winter dry seasons. Concentration of Cl− in the winter

wet season was negatively correlated with the winter dry season and uncorrelated with the summer dry and

summer wet season (i.e., was asynchronous). Mean Cl− concentration differed significantly based on site type

(ANOVA: F(2,105) = 11.08, p < 0.001), with highest concentration in tributaries (13.9 ± 12.3 mg/L), followed by

irrigation ditches (7.9 ± 6.7 mg/L), and lowest in the main channel (5.5 ± 3.8 mg/L). Mean NO3
− concentration

did not vary significantly by site type. Some sampling locations had exceptionally high NO3
−/Cl− ratios relative

to the mean of 0.009 (Figure S1 in Supporting Information S1).

3.3. Stream NO3
− Uptake

Stream NO3
− uptake length (Sw) varied from a minimum of 219 m (95% confidence interval: 183–255 m) in Dry

Creek in the winter wet seasons to a maximum of 575 m (548–602 m) in Oak Creek in spring (April, Figure 4).

Stream NO3
− vertical uptake velocity (vf) varied from a minimum of 5.5 mm/min (4.7–6.6 mm/min) in Spring

Creek in the summer dry season to a maximum of 18.0 mm/min (15.5–21.6 mm/min) in Oak Creek in the winter

dry season. Neither of the uptake parameters was correlated with background NO3
− concentration (Sw rho= 0.65,

p > 0.05; vf rho = 0.28, p > 0.05) nor was there a systematic difference in uptake between the main channel and

tributaries (ANOVA: Sw F(1,7) = 5.08, p > 0.05; vf F(1,7) = 4.82, p > 0.05). The median vf of 12.3 mm/min was

used as the uptake rate parameter for the model.

3.4. Model Results

Integrating across Oak Creek watershed, in‐stream NO3
− uptake removed >98% of lateral NO3

− inputs in all

seasons before streamflow exited the watershed (Table 3). More than 81% of the lateral NO3
− load was removed

by in‐stream NO3
− uptake across searons. Total lateral NO3

− load ranged from 157 kg N/d in the winter dry

Figure 3. Synoptic survey‐measured stream discharge (top row), Cl− concentration (middle row), and NO3
− concentration

(bottom row) for each season plotted against distance from the watershed outlet (headwaters are to the right in each plot).
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season to 673 kg N/d the summer wet season. At the watershed outlet,

combining discharge with the measured NO3
− concentration yielded stream

NO3
− export ranging from 0.8 kg N/d in the summer dry season to 4.5 kg N/

d in summer wet season.

Modeled lateral NO3
− loading was variable across the network, spanning

seven orders of magnitude, including negative and positive values (−1.25 to

51.33 kg N km−2 d−1; Figure 5). In total there were six negative lateral NO3
−

loading values (−1.25 to −2.88 · 10−4 kg N km−2 d−1); all but one of them

occurred on the main stem and four of six occurred during the winter wet

season. The mainstem had substantially higher lateral NO3
− loading during

the summer wet season, but in general lateral NO3
− loading varied widely

within seasons and was not statistically different among seasons (ANOVA:

F(3,75) = 1, p > 0.05). However, lateral NO3
− loading was positively corre-

lated among the summer dry, summer wet, and winter dry seasons (i.e., was

synchronous; Table 2). Lateral NO3
− loading in the winter wet season was

positively correlated with the summer dry season (rho = 0.93, p < 0.05), but

no relationship in lateral NO3
− loading was detected between the winter wet,

summer wet, or winter dry seasons.

There were 11 total observations near three suspected point sources of

nutrient inputs due to the fish hatcheries and fish farm. These locations had

among the highest measured NO3
− concentrations and NO3

−/Cl− ratios. The

modeled lateral NO3
− loading ranged from 0.02 to 5.58 kg N km−2 d−1

(med = 0.16 kg N km−2 d−1) for the subcatchments adjacent to these point

sources. Since these locations were presumed influenced by a point source of

nutrients, these observations were excluded from the correlation analysis with

land cover variables.

3.5. Land Cover and Lateral NO3
− Loading

Agriculture accounted for a small proportion of land cover at the subcatch-

ment scale (median = 0%–7%; Table S2 in Supporting Information S1).

Depending on the season and area evaluated, 4–11 subcatchments of the 16–19 included in the land cover analysis

lacked agricultural land cover. At the subcatchment scale, developed area accounted for a similar proportion of

Table 2

Synchrony in Chemistry and Loads Across Seasons

Season Winter wet Summer dry Summer wet Winter dry

Stream NO3
− Concentration

Winter Wet +1

Summer Dry −0.16 (14) +1

Summer Wet +0.15 (13) +0.86 (24)** +1

Winter Dry +0.15 (13) +0.85 (25)** +0.91 (23)** +1

Stream Cl− Concentration

Winter Wet +1

Summer Dry −0.46 (14) +1

Summer Wet −0.48 (13) +0.84 (24)** +1

Winter Dry −0.59 (13)* +0.85 (25)** +0.93 (23)** +1

Lateral NO3
− Load

Winter Wet +1

Summer Dry +0.93 (7)* +1

Summer Wet +0.50 (7) +0.71 (16)* +1

Winter Dry +0.60 (6) +0.87 (12)* +0.95 (13)** +1

Note. Spearman rank correlation matrix of measured stream NO3
− and Cl−

concentration, as well as modeled lateral NO3
− loads across seasons. Values

are Spearman's rho with the number of paired observations in parentheses.

Asterisks denote a significant correlations (*p < 0.05; **p < 0.001), indi-

cating synchrony. Pairwise correlations were computed for sites that were

sampled in each season for stream NO3
− and Cl− concentration. For lateral

NO3
− loads, pairwise correlations were computed for subcatchments that

cover identical areas among seasons.

Figure 4. Stream NO3
− uptake length (Sw; a) and vertical uptake velocity (vf; b) estimated for the background NO3

−

concentration at the time of the experiment in the main channel and tributaries of Oak Creek. Points are colored according to

the season that the experiment took place. Error bars represent the 95% confidence intervals for the uptake parameters.
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Table 3

The Total Watershed Lateral NO3
−
Load and Fate of NO3

−
as Export at the Stream Outlet, Output Along the Stream Network From Water Loss, and Removal by

In‐Stream Uptake

Season Total lateral NO3
− load (kg N/d) Stream outlet NO3

− load (kg N/d) Total NO3
− loss via water loss (kg N/d)

Total in‐stream NO3
− removal (kg

N/day)

Winter Wet 187.4 1.2 (0.6%) 28.3 (15.1%) 157.9 (84.3%)

Summer Dry 274.7 0.8 (0.3%) 0.9 (0.3%) 272.0 (99.4%)

Summer

Wet

673.0 4.5 (0.7%) 28.1 (4.2%) 640.4 (95.1%)

Winter Dry 157.2 1.5 (1.0%) 27.1 (17.2%) 128.6 (81.8%)

Figure 5. Modeled lateral NO3
− loads to the stream for each subcatchment for the (a) winter wet, (b) summer dry, (c) summer

wet, and (d) winter dry seasons. Subcatchments drain to stream reaches that are bounded by samples collected in the synoptic

sampling campaigns. Fish operations include hatcheries and farms that were included as point sources in the model. Note the

non‐linear scale for the lateral NO3
− loads and differences in subcatchment areas between seasons.
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land cover (median = 0%–7%) as did wetlands (median 0%–7%). Generally,

correlations between land‐cover type and lateral NO3
− loading were more

often detected, had higher correlation coefficients, and lower p‐values when

evaluated for the 200‐m buffer area compared to the subcatchment area

(Table 4). Evaluated at the subcatchment scale, lateral NO3
− loading was

positively correlated with agricultural cover only in the summer wet season.

Evaluated at the 200‐m buffer scale, lateral NO3
− loading was positively

correlated with agricultural cover in the summer wet and winter dry seasons.

Evaluated at the subcatchment scale, lateral NO3
− loading was positively

correlated with developed area for only the summer wet season. Lateral NO3
−

loading was not correlated with wetland area for any of the seasons. Evaluated

at the 200‐m buffer scale, lateral NO3
− loading was positively correlated with

developed land area in both summer dry and summer wet seasons. In contrast

to land cover, we found no consistent seasonal relationship between lateral

NO3
− loading and either modeled lateral water yield or measured stream

discharge, width, water depth, or chemistry (Table S3 in Supporting

Information S1).

4. Discussion

Our study of Oak Creek watershed addresses the crucial need to understand nitrogen dynamics and ecosystem

functioning of dryland stream networks across seasons and along the fluvial network. We found that the pattern

along the fluvial network in stream NO3
− concentration and lateral NO3

− loading was synchronous among three

of the four seasons sampled. The winter wet season had more headwaters and tributaries with flowing surface

water. This hydrologic connection facilitated lateral NO3
− loads in these parts of the watershed while downstream

sections had lower lateral NO3
− loads that were not related to land cover. In contrast, the summer dry, summer

wet, and winter dry seasons lacked surface water in the headwaters and many tributaries, but had consistently

higher lateral NO3
− loads in the lower section of the watershed. While our expectation was that seasons with

higher precipitation and higher lateral NO3
− loads might exceed in‐stream NO3

− uptake, we instead found high

in‐stream NO3
− uptake maintained low stream NO3

− concentration along the fluvial network and low NO3
−

export at the watershed outlet in all seasons (Table 5).

Table 4

Spearman Rank Correlations Coefficients Between the Lateral NO3
−

Loading and Proportion of the Subcatchment and 200‐m Stream Buffer Area

That is Wetlands, Agriculture, or Developed Land Cover

Area Winter wet Summer dry Summer wet Winter dry

Observations 19 16 17 16

Subcatchment

Wetland +0.23 +0.34 +0.40 +0.17

Agriculture +0.37 +0.31 +0.56* +0.19

Developed +0.28 +0.50 +0.55* +0.25

200‐m Stream Buffer

Wetland +0.17 +0.32 +0.34 +0.30

Agriculture +0.28 +0.49 +0.73* +0.56*

Developed +0.40 +0.60* +0.53* +0.44

Note. Asterisks denote a significant correlation (*p < 0.05).

Table 5

Summary of the Major Findings of This Study Comparing the Seasonal Patterns of Hydrologic Connectivity, Lateral NO3
−

Load, and Stream NO3
−
Dynamics for the Headwater and Tributaries Region Versus the Lower Main Stem and Irrigation

Ditches in Oak Creek

Winter wet Summer dry summer wet winter dry

Intermittent Headwaters & Tributaries

Flowing surface water Present Absent

Land‐stream connectivity Higher Lower

Lateral NO3
− loading Higher Lower

Lower Main Stem and Irrigation Ditches

Irrigation water demand Lower Higher

Land‐stream connectivity Lower Higher

Lateral NO3
− loading Lower Higher

Whole Stream Network

Stream NO3
− uptake High

Stream NO3
− hydrologic loss Low

Stream NO3
− concentration Low

Stream NO3
− export Low
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4.1. Seasonal Differences in Fluvial Network Patterns

Our investigation of Oak Creek's dryland stream network revealed distinct spatial patterns in lateral NO3
− loading

across seasons. The summer dry, summer wet, and winter dry seasons had lower overall discharge and a smaller

proportion of the network maintaining flowing surface water compared to the winter wet season. The similarity in

hydrologic variables across these three seasons appears to have consequences for stream chemistry and nitrogen

cycling. We found NO3
− and Cl− concentrations as well as lateral NO3

− loading were correlated among

resampled sites and subcatchments in the summer dry, summer wet, and winter dry seasons. This consistency in

the spatial pattern under baseflow conditions could be indicative of the importance of geomorphic control on

hydro‐nutrient dynamics, including the connection to surrounding land cover. At low flow, a greater proportion of

the stream discharge is connected to lateral and hyporheic subsurface flowpaths, the chemistry of which is distinct

from surface water. This finding is consistent with studies from Sycamore Creek, an intermittent stream in

Arizona, where the geomorphic template exerts strong influence on nutrient patterns in the stream by controlling

the exchange of shallow subsurface water and groundwater with surface water (Dent & Grimm, 1999; Dent

et al., 2001; Dong et al., 2017). The high demand for irrigation water during these seasons may also contribute to

the seasonal synchrony in nutrient concentration and lateral NO3
− loading during periods of low flow. In contrast,

the larger contributing area and lack of irrigation inputs during the winter wet season may signal a greater

proportion of inputs coming from surface runoff derived from snowmelt and precipitation, particularly in the

intermittent headwaters.

There were distinct fluvial network patterns in the stream NO3
− and Cl− concentrations between the lower and

upper portion of Oak Creek watershed the summer dry, summer wet, and winter dry seasons compared to the

winter wet season. In the lower section of the watershed, the higher Cl− may be sourced from a combination from

groundwater inputs, developed land cover, and agricultural activities. Groundwater tends to be higher in Cl− than

precipitation (Brooks & Lemon, 2007). Developed land cover and agricultural activities can contribute Cl− from

fertilizer application (Lowrance et al., 1985) and runoff from impervious surfaces (Kaushal et al., 2018; Walsh

et al., 2005). In contrast, the winter wet season took place during a period of comparatively higher discharge from

a combination of precipitation and snow melt. These additional water inputs may dilute the incoming Cl− in

combination with lower inputs during the cooler winter months.

The winter wet season also had a distinct spatial pattern in NO3
− concentration and lateral NO3

− loading

compared to the three other seasons. This may be evidence of different dynamics in this wetter, cooler season.

Snow melt and runoff may transport nitrogen pools that have accumulated during the preceding dry period to the

headwaters and tributary that had flowing surface water only in this season (Meixner et al., 2007; Merbt

et al., 2016). In addition, irrigation demand would be lower during this period given the low temperatures, leading

to lower irrigation water‐driven hydrologic connectivity between landscape sources of NO3
− and the stream

network. The winter wet season was the one campaign where lateral NO3
− loading had no significant relationship

with any of the land cover variables. While we hypothesized that the wetter seasons would have higher lateral

NO3
− loading, these findings indicate instead that the spatial pattern of lateral NO3

− loading is different in the

wetter winter season with high NO3
− loading to the headwaters and tributaries that lacked surface water in other

seasons. It is important to point out, however, that the contrasts between seasons in this particular study year are

not necessarily predictive of all years, given the high interannual variability in both winter and summer pre-

cipitation. In particular, a relatively weak monsoon may have led longitudinal patterns in the summer wet season

to more closely resemble those of the summer dry and winter dry seasons.

4.2. Drivers of Stream NO3
− Load: Land Cover and In‐Stream NO3

− Demand

We found in‐streamNO3
− uptake and hydrologic losses from the stream removed >98% of lateral NO3

− inputs by

the time water reached the Oak Creek outlet across all seasons. This was the case despite high lateral NO3
−

loading from land to stream in parts of the watershed. In all seasons, overall stream NO3
− concentration, flow‐

weighted concentration, and NO3
− export in Oak Creek remained low. The majority of the removal (>81%)

occurred through in‐stream NO3
− uptake. This finding confirms our hypothesis that stream NO3

− uptake can

attenuate most lateral NO3
− load in streams that are highly nitrogen‐limited even with higher hydrologic

connectivity.

Our findings underscore the importance of in‐stream NO3
− uptake in regulating nitrogen dynamics in Oak Creek.

The NO3
− uptake capacity in this study is high relative to streams across the U.S. (Hall et al., 2009). The median
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vertical uptake velocity for this study was 12.3 mm/min, and ranged from 5.5 to 18.0 mm/min. For comparison,

Hall et al. (2009) compiled 69 measurements of NO3
− uptake in U.S. streams and found a median vertical uptake

velocity of 0.44 mm/min, nearly two orders of magnitude lower than our study, with a range from 0.024 to

17.9 mm/min. The high NO3
− uptake in Oak Creek is consistent with other dryland streams (Grimm &

Fisher, 1986; Martí et al., 1997; Schade et al., 2001). Streams in Arizona are generally nitrogen‐limited given the

high phosphorus availability from geologic sources (Grimm& Fisher, 1986). In addition, high light availability in

streams leads to high potential for algal productivity in the presence of nutrients (Martí et al., 1997). This finding

aligns with the observation that, while lateral NO3
− loading may be influenced by land cover combined with

irrigation practices, these signals are substantially modified by the high in‐stream NO3
− demand (Seybold &

McGlynn, 2018).

In Oak Creek, the lower portion of the watershed exhibited the highest lateral NO3
− loading. This area of the

watershed is characterized by large horseshoe bends with some agricultural operations and residential devel-

opment as well as two large irrigation ditches. This lower portion of the watershed was a large driver of the

correlations between lateral NO3
− loading and both agricultural and developed land use in the summer dry,

summer wet, and winter dry seasons. In these three seasons, temperature is moderate to high, precipitation is low

or episodic, and demand for irrigation is moderate to high. While we expected that the warmer and drier seasons

would have lower lateral NO3
− loading, our findings instead indicate that irrigation‐water inputs and high hy-

draulic conductivity in the lower portion of the watershed sustain lateral NO3
− loads from land to stream during

periods with discharge conditions close to baseflow (Gardner & McGlynn, 2009; Soil Survey Staff, 2019).

The relationship between land cover and stream nitrogen load and concentration is well established across many

ecosystems (Dodds & Oakes, 2006; Poor & McDonnell, 2007; von Schiller et al., 2008; Walsh et al., 2005). A

common practice in modeling stream nitrogen dynamics is to estimate lateral nitrogen loads to the stream based

on the land cover in the watershed (Preston et al., 2011). This approach in Oak Creek may be appropriate during

periods with low precipitation and high irrigation; however, this assumption is likely less appropriate in seasons

or areas where there is less hydrologic connection between nutrient sources and the stream. This conclusion is

consistent with other studies demonstrating a seasonal or spatial disconnect between nitrogen sources and the

streams draining the landscape (Compton et al., 2019; Helton et al., 2011; Yates et al., 2014).

While the amount of agricultural and developed land cover in Oak Creek was low, these areas were associated

with higher lateral NO3
− loads in some seasons. Even small amounts of these land cover types can have a

disproportionate impact on streams (Walsh et al., 2005; Walsh & Webb, 2015). The relationships between land

cover and stream NO3
− loading were more often detected, had higher correlation coefficients, and lower p‐values

when evaluated for a 200‐m buffer area around the stream than when calculated for the subcatchment area,

indicating that land cover near the stream has a larger effect than more distal land use (Walsh &Webb, 2014). The

subcatchment area generally had lower proportions of the relevant land cover classes compared to the 200‐m

buffer area (Table S2 in Supporting Information S1). These land‐cover types are regularly associated with

higher lateral nitrogen loads to streams and high flow‐weighted nitrogen concentration in surface waters

(Aguilera et al., 2012; Allan et al., 1997; Sobota et al., 2009).

Comparing lateral NO3
− loading values from this study to the literature is a challenge because the values in this

study represent lateral NO3
− loading from the landscape to the stream and are distinct from the stream NO3

−

uptake. The most comparable estimates come from the incremental total nitrogen load produced by the SPAR-

ROW model that incorporates stream channel nitrogen retention through both uptake and loss to the hyporheic

and groundwater zone (Schwarz et al., 2006). To compare, we converted our lateral NO3
− loading to total ni-

trogen. Nitrate can be near 90% of total nitrogen in dryland streams during stormflow but is generally closer to

0%–10% at lower flows (Grimm, 1987). Conservatively assuming that NO3
− accounts for 20% of the total ni-

trogen in Oak Creek, then lateral total nitrogen loading estimates range from 0.0005 to 254 kg N km−2 d−1 with a

median of 1.05 kg N km−2 d−1. The median for Oak Creek is near the mean reported for Spain

(1.1 kg N km−2 d−1) (Aguilera et al., 2012) and much of the US (range: 0.55–3.48 kg N km−2 d−1) (Brown

et al., 2011; Hoos & McMahon, 2009; Moore et al., 2011; Rebich et al., 2011; Wise & Johnson, 2011). High

lateral NO3
− loading (>6 kg N km−2 d−1) identified in this study is also within the range of that reported for

agriculturally intensive areas, including California's Central Valley (range: 0.008–795 kg N km−2 d−1) (Saleh &

Domagalski, 2015) and the Great Lakes basins (0.002–1,263 kg N km−2 d−1) (Robertson & Saad, 2013). Just 15%

of the observations from this study are within the same order of magnitude or less than that measured for the
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dryland Orange River in South Africa (0.09 kg N km−2 d−1) (Caraco & Cole, 2001) and below the low range for

California (0.08 kg N km−2 d−1) (Saleh & Domagalski, 2015). Thus, compared to other studies, Oak Creek

features lateral NO3
− loading that spans a range from very low to high nitrogen inputs.

4.3. Modeling Challenges Addressed and Remaining Limitations

Our model addresses several challenges in representing the spatial hydrological complexities of dryland stream

networks. A flexible modeling approach was necessary to represent the variable discharge conditions including

(a) varying the extent of flowing surface water in the drainage network, (b) irrigation ditch diversions, and (c) net

gaining and net losing stream reaches. This last feature was particularly important, as representing discharge as a

net process of inflows and outflows in the model allowed for lateral NO3
− loads to flow from landscape to stream

even in reaches that were net losing discharge. These features are critical to representing the hydrology of dryland

stream networks, but may also be common in other climatic regions (Acuña et al., 2017; Stubbington et al., 2017;

von Schiller et al., 2011). Thus, the concepts are applicable to other ecosystem types (Fitzhugh & Richter, 2004;

Helton et al., 2011).

One of the critical challenges in measuring and modeling nitrogen dynamics in dryland stream networks is the

extent of variable discharge conditions coupled with the crucial role that water availability plays for nitrogen

cycling. A small minority of streams in Arizona have perennial flow and the majority have temporary surface flow

in response to precipitation or seasonal water availability (Botter et al., 2021; Marshall et al., 2010). With

discharge conditions varying between the two extremes of low or zero flow and high‐discharge floods, mean

conditions are unlikely to capture the nitrogen dynamics of the system. Therefore, we employed a seasonal

investigation of the NO3
− dynamics in Oak Creek to characterize the transport and uptake of the nutrient ac-

cording to seasonal conditions in water availability and associated nitrogen cycling. Yet the conditions that

prevailed during this 1‐year study also are unlikely to reflect mean conditions in the region, given high interannual

variability in precipitation. In other words, another year with low winter precipitation and a strong summer

monsoon season might have looked different than the study year. Nevertheless, our approach incorporates

flexibility to address seasonal and interannual hydrologic variability characteristic of drylands.

In addition to challenges addressed, our study has several limitations that should be acknowledged. The first

limitation is that we conducted nine stream NO3
− uptake experiments and applied a single median of these NO3

−

uptake measurements in the model regardless of season or site type. We took this approach for two reasons: (a)

There was some temporal mismatch between the winter wet season campaign and the associated NO3
− uptake

experiments in the main channel (April) and tributaries (March) and (b) there were no detected statistical dif-

ferences based on season, site type, or the background streamNO3
− concentration. However, there was variability

in the measurements and the lack of inclusion of this variability may be in part why the model produced negative

lateral NO3
− loading for some subcatchments and seasons. Negative lateral NO3

− loads are produced when the in‐

stream NO3
− uptake and NO3

− loss through water loss to groundwater are not high enough to account for the

measured decrease in stream NO3
− export between two consecutive reaches. While accurate estimates of NO3

−

loss via water loss is beyond the scope of this analysis, assigning variable NO3
− uptake rates across seasons or site

types that are within the range of the high NO3
− uptake rates measured would yield similar spatial patterns in

lateral NO3
− loads and overall network uptake. Indeed, initial model tests with a higher or lower NO3

− uptake

parameter revealed the NO3
− delivered to the stream is still mostly consumed by in‐stream demand. In streams

where or times when hydrologic retention may make up a larger proportion of NO3
− loss, an important area of

future work includes integrating field and modeling approaches to better constrain NO3
− hydrologic loss through

both diversion and groundwater in dryland networks.

The second limitation is the low number of subcatchments that match between the winter wet season and the three

other seasons. While the summer dry, summer wet, and winter dry seasons had 12–17 subcatchments that covered

identical areas for each pairwise seasonal comparison, the winter wet season only had 6–7 subcatchments that

covered identical areas for pairwise comparison with the three other seasons. The low number of matching sub-

catchments between the winter wet season and the three other seasons may limit the statistical power to detect

correlations between lateral NO3
− loads among seasons. We found that the pairwise correlations for the lateral

NO3
− loads between the summer dry, summer wet, and winter dry seasons were not detected when we limited the

matching subcatchments to those that cover identical areas in the winter wet season. Therefore, the lack of a

correlation between the lateral NO3
− loads in the winter wet season compared to the other three seasons may be a
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consequence of the low number of comparable subcatchments. However, this limitation is absent in other analyses

including the correlation of NO3
− and Cl− concentrations between pairwise comparisons of the winter wet season

to the three other seasons and the relationship between lateral NO3
− loads and land cover. As a result, the number of

observations available for these two analyses was similar to those used in pairwise comparisons for the three other

seasons. In both analyses, the lack of detectable relationships is further evidence that the winter wet season had a

distinct pattern of stream chemistry and connection to nitrogen sources along the fluvial network despite this

limitation.

5. Conclusions

Oak Creek, a dryland stream network, exhibits seasonal and spatial variations in lateral NO3
− loads and

stream uptake. The variation in loads was driven in part by seasonal variability in precipitation inputs,

evapotranspiration, and irrigation practices which affect the extent of the flowing stream network and

discharge. Previous studies have found that diversions for irrigation water can facilitate hydrologic connec-

tions between the surrounding landscape and the stream in otherwise dry ecosytems (Alger et al., 2021). In

addition, we found that land cover closer to the stream was more often positively correlated with lateral NO3
−

loads. Even when lateral NO3
− loading was high, the high capacity for in‐stream NO3

− uptake in Oak Creek

played a pivotal role in the nitrogen dynamics by maintaining low in‐stream NO3
− concentration. These

findings challenge conventional approaches to modeling stream nitrogen dynamics based largely on land

cover, as they may not fully capture the dynamics of dryland streams with seasonal hydrologic disconnects

and high in‐stream nitrogen demand. Taken together, our results indicate that managing the land use activities,

including nutrient sources and irrigation practices, near the stream channel may be an effective strategy for

managing nutrient fluxes to the stream.

This study advances our knowledge of drylands and contributes to the broader understanding of ecosystems,

encompassing not only the 40% of Earth's landmass that is dryland but also the remaining 60% (Prăvălie, 2016),

where similar complexities and challenges in nitrogen dynamics may exist. While the conditions exhibited by

Oak Creek are especially pronounced in dryland settings, they are not exclusive to such regions. Many eco-

systems, even those in more mesic climates, may exhibit similar hydrologic complexities and concommittant

modification by biogeochemical processes. While much more common in dryland ecosystems, temporary

streams are widespread throughout different climatic regions (Skoulikidis et al., 2017; Stubbington et al., 2017).

Water diversions are also widespread for irrigation (Goodrich et al., 2018) and interbasin‐transfers (Fitzhugh &

Richter, 2004). In addition, while there is evidence that streams can become nitrogen‐saturated due to large

inputs from human activities (Earl et al., 2006), many streams remain nitrogen‐limited (Andersen et al., 2006).

In nitrogen‐limited systems, landscape nitrogen loads can be heavily modified by the in‐stream nitrogen de-

mand. Taken together, the recognition and refinement of models capable of capturing both hydrologic context

(season, extent of flowing network, and discharge) and biological controls will not only enhance our under-

standing of drylands but also contribute to the understanding of stream network biogeochemistry in other

climatic regions. Moreover, the threat of climate change emphasizes the urgency of comprehending the

ecological dynamics of dryland stream networks that will become increasingly common in a warmer and drier

future (Leigh et al., 2015).

Data Availability Statement

The data and code for this analysis are available at https://doi.org/10.6073/pasta/68273eab165af073371b12

6d6d8c05f8 (Handler et al., 2024).
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