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We quantified nitrate  (NO3
−) and phosphate  (PO4

3−) 
concentrations every 50 m along 11.5 km of a head-
water stream network during three summer periods of 
different drought intensity that encompassed some of 
the lowest discharges observed in this system over its 
70-year hydrologic record. Semi-variogram analysis 
indicated that concentrations of the dominant limiting 
nutrient,  NO3

−, became increasingly spatially heter-
ogenous during the most extreme drought conditions, 
whereas spatial variability of  PO4

3− concentrations 
remained similar across all three flows. Synoptic sam-
pling during the most severe low-flow period revealed 
hotspots of biogeochemical processing that would 
be missed if sampling were conducted during higher 
flows when surface water dilution and more rapid 
transport of limiting nutrients would dampen local 
signals. Along a 3 km section of the upper mainstem, 
an increase in N availability during the drought led to 
a reduction in the degree of N-limitation and a poten-
tial shift toward P-limitation. Our results suggest that 
projected climate-induced changes in hydrology in 
this region will modify local nutrient availability.

Keywords Nitrogen · Phosphorous · Stream 
network · Semi-variance analysis · Drought · Stream 
spatial patterns · H.J. Andrews

Abstract Nutrient availability is an important 
control on ecosystem processes in streams. In this 
study, we explored how an extreme summer drought 
affected spatial patterns of nutrient availability along 
a fourth-order stream network in western Oregon. 
Droughts are expected to become increasingly com-
mon and more severe across western North America 
and around the world. Understanding how nutrient 
availability changes locally and throughout a stream 
network during low-flow periods provides important 
insight into drought impacts on stream ecosystems. 
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Introduction

In lotic ecosystems, discharge is a fundamental driver 
of nutrient supply, demand, and biogeochemical pro-
cessing, which can in turn influence nutrient reten-
tion and flux within a stream network (Gomez-Gener 
et  al. 2020; Peterson et  al. 2001; Wollheim et  al. 
2018). Changing climate conditions are expected to 
alter stream discharge patterns across western North 
America and in many other regions around the world 
by creating more and longer periods of extreme 
low flow conditions (droughts) (IPCC 2021; Mote 
et  al. 2016). As flow decreases through a prolonged 
drought, the relative influence of localized nutri-
ent inputs and hotspots of biogeochemical process-
ing may each become more pronounced, resulting in 
greater spatial variability of nutrient availability along 
a stream with implications for spatial variability of 
nutrient limited ecosystem processes. In some regions 
drought may occur as a result of reduced rainfall, 
while in other regions total precipitation may remain 
unchanged, but changes in the timing and type of pre-
cipitation will lead to drought (Sheffield and Wood 
2008; Van Loon et al. 2016). In regions where sum-
mer flows are reliant upon winter snowpack, a shift 
toward more precipitation falling as rain rather than 
snow will result in reduced snowpack, earlier onset of 
spring snowmelt, and decreased summer flows (Lei-
bowitz et al. 2014; Sproles et al. 2013). In the western 
US, one such low-snowpack year occurred in 2015, 
leading to extremely low early- and mid-summer dis-
charge in streams across Washington, Oregon, and 
California (Mote et al. 2016; Segura 2021; Ward et al. 
2020).

A number of studies have assessed the effects of 
drought on nutrient concentrations at select locations 
or on nutrient fluxes from small watersheds within a 
network (Davis et  al. 2014; Kane et  al. 2008; Mast 
et al. 2014), and other studies have evaluated spatial 
patterns of stream nutrient concentration through-
out a network during a single time period (Bernal 
et al. 2015; Dong et al. 2017; Likens and Buso 2006; 
McGuire et al. 2014; Zimmer et al. 2013). Fewer stud-
ies have integrated spatial and temporal sampling in 
evaluating the impacts of drought on the spatial pat-
terns of nutrient concentrations throughout a stream 
network (Dent and Grimm 1999; Hur et  al. 2007). 
Assessing the spatial patterns of stream nutrients dur-
ing extreme low-flow events (drought) can provide 

information about potential patchiness of stream pro-
ductivity. For example, working in a desert stream 
through a period of benthic biofilm succession that 
also encompassed a severe reduction in stream dis-
charge (such that large sections of the stream became 
disconnected), Dent and Grimm (1999) evaluated 
changes in the spatial pattern of nutrients and found 
that spatial heterogeneity of the limiting nutrient 
(nitrogen) increased with time since the flood event. 
They attribute this heterogeneity to a combination of 
shifts in demand associated with changing algal com-
munities and localized areas of high input relative to 
surface discharge. This pattern has not been widely 
assessed outside of a desert landscape or at a high 
spatial resolution that may more clearly capture local-
ized patterns in stream nutrient dynamics.

The two most commonly limiting nutrients for 
aquatic primary producers and stream heterotrophs 
are nitrogen (N) and phosphorous (P) (Capps et  al. 
2011; Hill and Knight 1988; Tank and Dodds 2003). 
In most ecosystems, the inorganic soluble forms of N 
[nitrate  (NO3

−) and ammonium  (NH4
+)] and P (phos-

phate  (PO4
−3) are the most bioavailable. Streams 

often have distinctly different degrees of background 
availability of inorganic N or P, leading to differences 
in which element is likely to be limiting for biologi-
cal processes (Tank and Dodds 2003). In relatively 
unaltered systems, available inorganic N is primarily 
biologically derived, and in systems like the Oregon 
Cascades where N is frequently a limiting nutrient 
for primary production and decomposition in streams 
(Aumen et  al. 1983; Cairns and Lajtha 2005; War-
ren et  al. 2017), cycling of N is strongly influenced 
by biotic processes. In forested systems in the western 
US with limited anthropogenic nutrient input, inor-
ganic N in streams is often derived from trees with 
N-fixing symbionts in the upland catchment slopes as 
well as along stream riparian zones, which can gen-
erate net nitrification and subsequent nitrate leaching 
to groundwater which flows into streams (Cairns and 
Lajtha 2005; Compton et al. 2003). In contrast to N, P 
in these systems is derived primarily from an abiotic 
process (rock weathering), which occurs more uni-
formly throughout catchments than N fixation. Phos-
phorus has not been shown to strongly limit to stream 
biofilms in Pacific Northwest headwater stream sys-
tems (Hill and Knight 1988; Warren et al. 2017).

This study examines spatial patterns of  NO3
−–N 

and  PO4
−3–P concentrations in a forested temperate 
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fourth-order watershed in the western Cascade Moun-
tains in Oregon. We quantified stream nutrient con-
centrations every 50  m along 11.5  km of the stream 
network over three summer periods with different 
drought conditions, including an extreme drought 
in late summer 2015. In addition to assessing spatial 
and temporal trends in nutrient concentrations, we 
compared  NO3

−–N and  PO4
−3–P patterns to the spa-

tial patterns of chloride  (Cl−), which is sourced from 
sea salt aerosols in atmospheric inputs and is assumed 
to be a conservative and non-reactive in streams 
(Stream-Solute-Workshop 1990), providing a tracer 
of hydrologic inputs and simple dilution as well as 
potential evaporative concentration of stream water 
during drought. We focus specifically on how the 
severe drought conditions in summer 2015 affected 
the spatial and temporal patterns of stream nutrient 
availability in a headwater network. Given potentially 
high biological demand for N in these systems leading 
to areas of increased uptake, and given the increased 
importance of local groundwater input processes 
under low flow conditions (Segura et  al. 2019), we 
expected spatial variability of inorganic N availability 
to increase during the 2015 drought. Further, given 
that P has not been widely documented as a limiting 
nutrient for primary production in Cascade Mountain 
streams, and  the relatively easily weathered volcanic 
bedrock  that dominates that Cascade Mountains, we 
expected inorganic P availability to be less variable 
than inorganic N availability throughout the network 
and over a range of stream drought conditions.

Methods

Study site and field methods

This study was conducted along 11.5  km of the 
stream network of McRae Creek, a fourth-order 
16   km2 tributary to Lookout Creek in the H. J. 
Andrews Experimental Forest (Fig. 1) located in the 
central Cascade Mountains of western Oregon. This 
region has a Mediterranean climate with cool wet 
winters and hot dry summers, with more than 80% 
of total precipitation falling between November and 
May. The McRae Creek basin has snow throughout 
most winters at the highest elevations, and spring and 
early summer flows are strongly affected by snowmelt 
and snowpack depth.  Given  the absence of summer 

precipitation this system experiences the lowest flows 
between August and September.

The McRae Creek basin is dominated by old-
growth Douglas fir forests > 450  years of age, how-
ever, there are a number of small patch clearcuts 
that were implemented in the 1970’s and 1980’s that 
occur within the old-growth matrix, and many of 
these cuts extend down to and across streams (Kay-
lor et al. 2017). Riparian forests are a mix of Douglas 
fir (Pseudotsuga menziesii), western hemlock (Tsuga 
heterophylla), western red cedar (Thuja plicata), 
big leaf maple (Acer macrophyllum), and red alder 
(Alnus rubra), with red alder typically more com-
mon in previously harvested riparian forests com-
pared to late succession riparian forests (Kaylor and 
Warren 2017). The McRae Creek basin is underlain 
by Miocene andesitic tuff and tuff breccia (Swan-
son and Jones 2002). All of the survey areas in the 
tributaries and in the middle and lower parts of the 
mainstem are all on the ashflow tuff from the Sardine 
formation. The upstream section of the mainstem 
transitions to Sardine formation andesitic lava flows 
and pyroclastic flows (Bywater-Reyes et al. 2017). In 
this wet steep terrain runoff generally increases with 
drainage area. Although we did not measure stream-
flow, we assumed as in previous efforts (Segura et al., 

Fig. 1  Map of the McRae Creek stream network located in 
the HJ Andrews Experimental forest in the western Cascade 
Mountains of central Oregon. Dots represent sampling loca-
tions and collectively encompass ~ 11.5 km of stream ranging 
from the fourth-order mainstem at its confluence with Lookout 
Creek up to first-order headwaters
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2019), that McRae Creek system is a gaining stream 
network.

Nutrients were sampled during three separate cam-
paigns encompassing different discharges and differ-
ent phases in the annual hydrograph. The first sam-
pling event was conducted over four days from June 
29, 2015 to July 2, 2015. The second sampling event 
was conducted over three days from August 18, 2015 
to August, 21 2015, and the third sampling event was 
conducted from June 27, 2016 to July 1, 2016. The 
June 2015 and June 2016 sampling events occurred 
during the dry-down phase of the annual hydrograph, 
and the August 2015 sample event was conducted 
during baseflow. Water samples were collected every 
50  m throughout the McRae Creek mainstem and 
each of two key tributaries in all 3 sampling events 
(Fig. 1). The mainstem of McRae Creek was sampled 
from its confluence with Lookout Creek upstream 
for 8.1 km with 158 sampling locations per sampling 
event. Due to a series of waterfalls that limited safe 
access, samples were not collected from a 250  m 
section of McRae Creek mainstem (between meters 
4000 and 4300). We additionally sampled through 
each of the two main tributaries on either side of the 
valley draining to the mainstem (Fig.  1). In McRae 
Creek Tributary-West (MCTW) we collected sam-
ples along 2.8 km of stream (57 sampling locations), 
and in McRae Creek Tributary-East (MCTE) we col-
lected samples along 0.5 km of stream (11 sampling 
locations) during each collection period (Fig. 1). We 
also collected samples along 0.3 km of a tributary to 
MCTW (7 sampling locations per sampling event) 
extending from the confluence with MCTW upstream 
to the HJ Andrews W6 weir. The whole of the McRae 
Creek catchment is 1551  ha. MCTW is the largest 
sub-catchment and has an area of 258 ha, and MCTE 
has a catchment area of 120  ha (Fig.  1). Through-
out the sampling area in McRae Creek mainstem, 
in MCTW, and in the tributary to MCTW, streams 
remained connected with surface flow. The lower 
section of MCTE also had connected surface waters, 
however the upper ~ 100  m of the survey reach in 
this tributary had some disconnected pools. At each 
sampling location, three replicate 30  ml water sam-
ples were collected from the thalweg. Each sample 
was filtered on site (Whatmann GF/F) and immedi-
ately stored on ice. Samples were frozen within 6 h 
for later analysis. All samples were run at the Oregon 
State University Institute for Water and Watersheds 

Collaboratory on a Dionex ICS-1500 Ion Chromato-
graph for  NO3

−,  PO4
3−, and  Cl−. Chloride data are 

only available for August 2015 and June 2016. Nitrate 
and  PO4

3− are available for all 3 dates.

Data analysis

Our analyses assess spatial patterns in stream nutri-
ent concentrations during each of the three sampling 
events and evaluate how differences in summer dis-
charge affect the spatial variability of nutrient con-
centrations. We first explored longitudinal patterns in 
 NO3

−–N,  PO4
−3–P and  Cl− along stream distance in 

the mainstem and in each of the two tributaries over 
all three time periods (using average concentrations 
from the three replicates at each location). We then 
evaluated overall patterns in the molar  NO3–N:PO4–P 
ratio through the McRae Creek mainstem during each 
time period. This ratio analysis excludes  NH4

+–N, 
which is an additional inorganic N source, however 
previous data from this system found low contribu-
tion of  NH4

+ to DIN in McRae Creek (Supplement 
1). While this not a complete analysis of inorganic 
N:P ratios, the  NO3–N:PO4–P ratio here provides a 
broad picture of how dominant sources of inorganic 
N and P shift together along the mainstem stream. We 
also evaluated the spatial relationships of  Cl−, and of 
 NO3–N:Cl− and  PO4–P:Cl−. Chloride is atmospher-
ically-derived and is a conservative tracer which is 
not affected by biological processes or water–rock 
interaction. Concentrations of  Cl− vary as a function 
of differing evapotranspiration, and therefore can be 
used to identify hydrologic processes such as the stor-
age, transport, and mixing of water masses.

To assess overall effects of flow conditions on 
nutrient concentration along larger river segments, 
we separated the network into three sections: (1) the 
mainstem of McRae Creek (from meter 0 at its con-
fluence with Lookout Creek upstream to meter 8050); 
(2) MCTW, which encompassed MCTW upstream 
2850 m to the gauging weir on H.J. Andrews Water-
shed 8 and an additional small (~ 300  m) section of 
a headwater tributary entering this stream and drain-
ing Watershed 6; and (3) MCTE, which included the 
500 m second-order section of this stream. For each 
stream segment, we evaluated the mean, median, 
range, upper quartile, lower quartile, and coefficient 
of variation of both  NO3

−–N and  PO4
−3–P during 

each sample period and Cl– during the August 2015 
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and June 2016 sampling events. To evaluate our 
hypothesis that the influence of both variability in 
local inputs and variability in local uptake would be 
enhanced in the net surface water nutrient concentra-
tions during low flow conditions, we conducted an 
ANOVA comparing mean concentrations of each sol-
ute across the three survey periods. We also evaluated 
median concentration and the upper 90% and lower 
10% of concentrations along each section during each 
sampling period.

To assess our hypothesis that stream nutrient con-
centrations would be more spatially variable at the 
network scale during extreme drought conditions, we 
conducted semi-variogram analyses following meth-
ods in McGuire et  al. (2014) and Dent and Grimm 
(1999) for  NO3–N,  PO4–P, and  Cl− for the entire 
11.5 km stream network during each sampling event. 
Semi-variogram analysis provides an aggregate meas-
ure of how variability scales with distance between 
sampling points (i.e. spatial autocorrelation). We 
used the R package SSN (VerHoef et al. 2014) with 
a lag interval of 4000 m [~ 1/2 of the maximum dis-
tance between points (Journel and Huijbregts 1978) 
divided into 60 bins and a minimum of 20 pairs of 
sample points to estimate the semi-variance at each 
lag interval. Following Dent and Grimm (1999), we 
fitted a spherical model to the data and calculated the 
nugget (apparent y-intercept), sill, range, and initial 
slope of each semi-variograms to which a spherical 
model could be fit. The nugget represents sampling 
error or spatial variability that occurs at a spatial 
scale that is smaller than the sampling frame, (i.e., 
distance between sampling locations; 50 m in the cur-
rent study] (Dent and Grimm 1999). The sill is the 
asymptote of the semi-variance, indicating that there 
is no longer spatial dependence in the data (in con-
trast to a continuous increase in semi-variance that 
occurs when values become increasingly divergent at 
increasing spatial scales) (Dent and Grimm 1999). In 
cases where a sill develops, the lag distance at which 
the asymptote occurs is the range and represents the 
distance at which there is no longer spatial autocor-
relation for the metric of interest. Dent and Grimm 
(1999) considered this distance of spatial autocor-
relation to be a measure of patch size in a stream, 
indicating a region that is different from its surround-
ings. The slope of the relationship between lag dis-
tance and semi-variance up to the sill is the strength 
of the degree of spatial dependence over the range 

distance. In cases where a spherical model could not 
be fit, a linear fit is used. In these cases, there is no 
sill or range, but an intercept and slope can be fit for 
a comparison between years. If there is greater local 
variation in the concentration of a solute at a given 
distance interval, this will manifest as a larger semi-
variance at that lag distance.

We expected increasing semi-variance as lag dis-
tance increases, indicating that solute concentra-
tions are more dissimilar as the separation between 
points increases. If there is an asymptotic relationship 
between lag distance and semi-variance, the point at 
which semi-variance no longer increases with greater 
lag distance (i.e., the range) indicates that points sep-
arated by greater lag distances are no longer spatially 
auto-correlated. With greater demand for N than P in 
the larger stream network and a higher degree of local 
variability due to patchy inputs and areas of greater 
biological demand (“hotspots” of N input or uptake), 
we expect higher semi-variance values for  NO3

−–N 
relative  PO4

−3–P at each spatial scale (lag distance). 
Considering the different sampling periods, we 
expected more local variation and patchiness at lower 
flows for  NO3

−–N, which would manifest as larger 
semi-variance for the same lag distance in August 
2015 relative to the other two sampling periods. We 
also expected that more extreme drought conditions 
would enhance the patch-scale influence of local hot-
spots of uptake or input of nitrogen, which would 
manifest as a steeper increase in semi-variance as lag 
distances increase. Further, if extreme drought con-
ditions lead to a stronger influence of local hotspots 
on solute concentrations in the larger system, then we 
would expect to see a longer range for those solutes 
in the August 2015 data relative to the June 2015 or 
June 2016 data. Conversely, if the effects of a hotspot 
become more localized with decreasing flows, we 
would expect to see shorter ranges in August 2015 
relative to June 2015 or June 2016.

Results

Hydrologic conditions

During our first sampling event in last week of June 
2015, mean flow in the larger Lookout Creek basin 
into which McRae Creek drains was 400 L  s−1, which 
was 31% of the mean flow for that week based on 
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discharge records from 1950–2012 (Fig. 2). This was 
the 2nd lowest flow on record for this week of the 
year. During our second sampling period in the third 
week of August 2015, mean flow in the mainstem of 
Lookout Creek was 192 L  s−1, which was 48% of the 
mean discharge for this week over the 70-year record 
and the fifth-lowest discharge on record for this week 
of the year (Fig. 2). During our third sampling period 

in the last week of June 2016, stream discharge at the 
Lookout Creek mainstem gauge was 545 L  s−1. This 
was greater than either of the 2015 sampling weeks 
(26% higher than late June 2015 and 65% higher than 
August 2015), however flows during this week were 
still 42% of the mean flow at this gauge in the last 
week in June, and the fourth lowest mean flow for the 
last week in June over the 70-year record.

Fig. 2  Discharge at the Lookout Creek gauging station in the 
HJ Andrews Experimental Forest for 2015 (red), 2016 (blue) 
and the historic average from 1950 to 2012 (dark grey). The 
shaded area represents the central quartiles of the long-term 

averages. Panel A includes the full  calendar year.  The dotted 
box in panel A encompassing just the June 1 to September 1 
time period is expanded in Panel B. (Color figure online)

Fig. 3  Boxplots of nitrate–
N (upper panels), phos-
phate-P (middle panels), 
and chloride (lower panels) 
concentrations during the 
three sampling periods in 
McRae Creek mainstem, 
and tributaries MCTW, 
and MCTE. Plot whisk-
ers indicate 10th and 90th 
percentiles. Letters indicate 
significance groupings from 
Tukeys HSD
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Longitudinal patterns in solute concentrations and 
stoichiometric ratios

The mean concentration of  NO3
−–N was greatest dur-

ing August 2015 in the McRae Creek mainstem and 
in MCTE stream segments (Fig.  3, Supplement 2). 
In the MCTW tributary, mean and median  NO3

−–N 
concentrations were similar across all three sam-
pling events (Fig. 3; Supplement 2). At a finer scale, 
segments of the stream network exhibited different 
 NO3

−–N temporal patterns across the three sam-
pling periods (Fig.  4). For example, some sections 
exhibited the lowest  NO3

−–N concentrations during 
the peak of the drought (i.e., McRae m 4300–5300, 
and MCTW m 1300–2000), whereas other sec-
tions had the highest  NO3

−–N concentrations dur-
ing the peak drought (e.g., McRae m 2000–4300 and 
6200–7500; MCTW m 2300–2500; MCTE m 0–300). 
The range of  NO3

−–N was largest in all three streams 
sections (mainstem McRae Creek and both tributar-
ies) during August 2015. In all three network sec-
tions, variance in  NO3

−–N concentrations was low-
est during the June 2016 sampling event when flows 
were highest (Fig. 3; Supplement 2).

One site in the upper section of the McRae Creek 
mainstem (at ~ meter 8000) had substantially higher 
 NO3

−–N concentrations in August 2015 than any 

other location (Fig. 4). This high concentration value 
was not apparent in any of the other surveys at this 
site, but all three replicate samples collected from this 
location at this time were similar in value, suggest-
ing that this was an accurate measurement of a local-
ized area of high N input that was only evident during 
the extreme low flow conditions. When this extreme 
outlier at meter 8000 is excluded, the range of con-
centrations between the highest and lowest value was 
similar during June and August of 2015. This outlier 
was removed from the semi-variogram analysis as it 
substantially skewed the data in those analyses, and 
therefore impacted our ability to address broader pat-
terns across the network.

In the mainstem of McRae Creek and MCTW, 
mean stream  PO4

−3–P concentrations were slightly 
lower during June 2016 (when flows were greater than 
in either of the two 2015 sampling periods) (Fig. 3; 
Supplement 2). In MCTE,  PO4

−3–P concentrations 
were higher in June 2016, and largely comparable 
in August 2015 and June 2016. Along the mainstem, 
there was a clear longitudinal trend of increasing 
 PO4

−3–P concentrations moving downstream across 
all three sampling events (Fig. 5). The lowest P con-
centrations corresponded with the upper section of 
the McRae Creek mainstem with the highest inor-
ganic N concentrations. Chloride concentrations were 

Fig. 4  Spatial pat-
tern of  NO3

−–N in  
June 2015, August 2015, 
and  June 2016, through-
out the mainstem, McRae 
Creek (A) and its two major 
tributaries, MCTW (B) 
and MCTE (C). The x-axis 
values represent A distance 
from confluence between 
McRae Creek and Lookout 
Creek, B distance from 
the confluence between 
MCTW and McRae Creek 
mainstem, and C dis-
tance from the confluence 
between MCTE and McRae 
Creek mainstem. Error bars 
are ± one standard error 
from the three replicate 
samples collected at each 
location
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greater during August 2015 than in June 2016 in all 
three stream sections (Fig.  3, Supplement 2). The 
 Cl− concentrations were particularly elevated in three 
areas of the mainstem (~ 0–1000 m; ~ 2800–4500 m; 
and ~ 5600–5900  m) during the lowest drought 
flow in August 2015 relative to higher flows in June 
2016 (Fig.  6; Supplement 3). In the two tributaries, 
although concentrations of  Cl− were higher during 

August 2015, overall longitudinal patterns did not 
change.

The ratios of  NO3
−–N:PO4

−3–P were much higher 
in the upper part of the network, generally above 
6000  m (Fig.  7). In an upper 2000  m section of 
McRae Creek mainstem (from ~ 6000 m to ~ 8000 m), 
the molar  NO3

−–N:PO4
−3–P ratios reached peaks of 

55–67, which far exceeded in the rest of the stream 

Fig. 5  Spatial pattern of 
 PO4

−3–P in  June 2015, 
August 2015, and 
June 2016, throughout the 
mainstem, McRae Creek 
(A) and its two major 
tributaries, MCTW (B) 
and MCTE (C). The x-axis 
values represent A distance 
from confluence between 
McRae Creek and Lookout 
Creek, B distance from 
the confluence between 
MCTW and McRae Creek 
mainstem, and C dis-
tance from the confluence 
between MCTE and McRae 
Creek mainstem. Error bars 
are ± one standard error 
from the three replicate 
samples collected at each 
location
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Fig. 6  Spatial pattern of 
chloride  (Cl−) in August 
2015, and  June 2016, 
throughout the mainstem, 
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network where ratios ranged from roughly 0.5 to 3.5. 
The pattern of elevated  NO3

−–N:PO4
−3–P ratios in the 

upper section of McRae Creek was consistent across 
all three sampling events, but there were differences in 
the magnitude of the ratio and in the spatial extent of 
stream over which the  NO3

−–N:PO4
−3–P ratios were 

elevated. The increase in  NO3
−–N:PO4

−3–P ratios 
was largest during extreme low flow in August 2015. 
During this sampling period,  NO3

−–N:PO4
−3–P ratios 

were dramatically elevated along the upper 2  km of 
McRae Creek (Fig. 6). This contrasts with both June 
2015 and June 2016 sampling when a shorter section 
of the stream had elevated  NO3

−–N:PO4
−3–P ratios 

(Fig.  7). The ratio of  NO3
−–N:Cl– along McRae 

Creek mainstem was more variable in August 2015 
than in June 2016 and as with the raw  NO3

−–N con-
centration data, there was a substantial increase in 
the upper 2000  m of McRae Creek mainstem (Sup-
plement 4). The ratio of  PO4

−3–P:Cl– was generally 
consistent with the overall trends in  PO4

−3-P con-
centration  with general increases downstream on the 
mainstem of McRae Creek (Supplement 4).

Semi-variogram analysis

For  NO3
−–N, spherical models were a strong fit to 

semi-variograms and sill and range values could 
be estimated (Fig.  8A). The semi-variance sill 

(A) (B)

(C)

Fig. 7  Spatial pattern of the molar  NO3
−–N:PO4

−3-P ratio in  
June 2015, August 2015, and  June 2016, throughout the main-
stem, McRae Creek (A) and its two major tributaries, MCTW 
(B) and MCTE (C). The ratio of 24:1 shown here is the global 
average N:P ratio in streams from Maranger et al. (2018). The 

x-axis values represent A distance from confluence between 
McRae Creek and Lookout Creek, B distance from the conflu-
ence between MCTW and McRae Creek mainstem, and C dis-
tance from the confluence between MCTE and McRae Creek 
mainstem
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Fig. 8  Semi-variance of nitrate–N (A), phosphate-P (B), and 
chloride (C) through the McRae Creek network during mod-
erate (June 2016) and severe (June and August 2015) drought 
conditions. Fitted lines are spherical models with the quality 
of the fit expresses as an  r2 value. The x-axis indicates lag dis-
tances between points for the semi-variance analysis
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(asymptote) was greatest in August 2015, indicating 
that overall  NO3

−–N concentrations were more spa-
tially variable during peak drought conditions (Sup-
plement 3). The  NO3

−–N semi-variance lag distance 
(range) was approximately 1450  m in both June of 
2015 and 2016 and up to approximately 1850  m in 
August 2015 (Supplement 3). These values indicate 
that spatial variability in  NO3

−–N concentrations 
along the stream sections increase up to distances 
between points of about ~ 1400 m in June of 2015 and 
2016 and up to distances of ~ 1800 m apart in August 
2015. Beyond these ranges,  NO3

−–N concentrations 
are spatially independent (i.e. concentrations at point 
x are not related to concentrations in the stream that 
are more than ~ 1400 or ~ 1800  m away—the range 
distance). Overall, these empirical semi-variograms 
indicate that during the drought local  NO3

−–N con-
centrations were more different from each other and 
were spatially autocorrelated for longer lag distances 
compared to periods of higher flows.

The  PO4–P semi-variance patterns differed in 
multiple ways from  NO3

−–N (Fig.  8B). In contrast 
to  NO3

−–N, over distance intervals (range) up to 
1500  m, we observed the greatest semi-variance 
of  PO4–P during the period with highest flow (June 
2016) and the least semi-variance in the period with 
the lowest flow (August 2015; Fig. 8B). The  PO4

−3–P 
semi-variograms did not reach an asymptote during 
any sampling period (indicating spatial dependence 
at all lag distances throughout the network). Conse-
quently, these semi-variograms are best represented 
by a linear model, and spherical model parameters 
(e.g. range and sill) could not be obtained.

As with the  NO3
−–N, variation in the concentra-

tions of  Cl− was greater across all spatial scales dur-
ing August 2015 as compared to the higher flow con-
ditions of June 2016 (Fig.  8C). The range was also 
larger in August 2015 (949  m) than in June 2016 
(845  m), although the difference in range between 
the two time periods was much smaller for  Cl− than 
for  NO3

−–N (~ 100  m for  Cl− versus ~ 400  m for 
 NO3

−–N).

Discussion

Nutrient availability is an important control on pri-
mary production and heterotrophic respiration rates in 
aquatic ecosystems. In streams, a number of studies 

have documented how nutrient concentrations can 
affect ecosystem processes (Bernhardt et  al. 2018; 
Bernot et  al. 2010; Rosemond et  al. 2015, 2000), 
and conversely, how ecosystem processes can influ-
ence nutrient concentrations (Bernhardt et  al. 2005; 
Hall and Tank 2003), which can affect nutrient avail-
ability patterns at larger spatial scales (Dong et  al. 
2017; Dupas et al. 2019; Tank et al. 2018). Therefore, 
understanding spatial and temporal patterns of stream 
nutrient availability throughout stream networks 
can inform our understanding of the spatial dynam-
ics of stream ecosystem processes including primary 
production, respiration, and ultimately stream sol-
ute fluxes (Abbott et  al. 2018; Hoellein et  al. 2011; 
Raymond et al. 2013; Rosemond et al. 2015). In the 
McRae Creek semi-variogram analysis results indi-
cated that watershed spatial variability of the most 
commonly limiting nutrient [nitrogen (N) as  NO3

—N] 
increased during a severe summer drought. We attrib-
ute this increase in spatial heterogeneity to reduced 
surface water dilution and transport associated with 
decreasing streamflow, which in turn enhanced the 
relative influence of local input and retention pro-
cesses on stream  NO3–N concentrations along the 
network.

The increased importance of localized areas of 
nutrient processing, as well as increased river network 
regulation of the key nutrient under lower flow condi-
tions is most clearly illustrated in the  NO3–N concen-
tration pattern with longitudinal stream distance in 
the McRae Creek mainstem (Fig. 4). During the very 
lowest flows in August 2015, the highest concentra-
tions of  NO3-N occurred between meters 6500 and 
7000, while some of the lowest concentrations are 
present just a few kilometers downstream between 
meters 4500 and 5000. This is consistent with ear-
lier stream research documenting the role of stream 
ecosystem processes in affecting nutrient availability 
(e.g. Dent and Grimm 1999; Hall and Tank 2003; 
Bernhardt et  al. 2005; Hoellein et  al. 2011; Gomez-
Gener et  al. 2020). The pattern of higher highs and 
lower lows of  NO3

−–N concentrations was also evi-
dent in the McRae Creek tributary MCTW during 
the lowest flow conditions in August 2015. In MCTE, 
total  NO3

−–N concentrations were lower during the 
lowest flow conditions in August 2015, which we also 
attribute to increased importance of local processing 
during baseflow drought conditions.
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This pattern of decreasing  NO3–N is also apparent 
when stream  NO3–N concentrations are normalized to 
 Cl− concentrations suggesting that  net decline in con-
centration is not accounted for by simple dilution or 
evaporative processes alone. Chloride concentrations 
can be used to determine if multiple groundwater 
regimes exist, and if so, changing  Cl− concentrations 
can indicate shifts in the proportions of groundwater 
derived from those different regimes (Mengis et  al. 
1999). The lack of change in  Cl− concentrations in 
the upper portion of the network from m 7000–6000 
on the mainstem of McRae Creek suggests that no 
major shifts occurred in the relative contributions 
of deep groundwater versus potential shallower 
flowpaths along this section of the upper mainstem 
(Fig. 6), despite a possible transition between bedrock 
units along this section (Bywater-Reyes et al. 2017). 
Similarly,  NO3

−–N:Cl– ratios can be used to tease 
apart dilution versus consumption or production pro-
cesses (Altman and Parizek 1995; Devito et al. 2000). 
The decline in both  NO3-N and in  NO3

−–N:Cl– ratios 
in the upper section implies either that water inputs 
have experienced greater denitrification with increas-
ing downstream longitudinal distance, or that greater 
in-stream net  NO3–N uptake occurs along this reach. 
While not conclusive, together these data suggest that 
these strong declines in net  NO3

−–N concentrations 
were likely driven by  NO3

−–N processing during the 
low flow conditions.

In contrast to the upper section of the McRae 
Creek mainstem, in the middle and lower sec-
tion of this stream we saw significant variations in 
 Cl− concentrations, which suggests that differing 
groundwater inputs play a larger role in controlling 
spatial patterns of solutes in this section. The chang-
ing concentrations of nitrate in the lower section of 
McRae are tightly coupled with Cl whereas they are 
largely decoupled in the upper reach. This leads to a 
 NO3

−–N:Cl− ratio that increases in the upper reach, 
but is relatively constant in the lower section of the 
mainstem. These differences suggest that in some 
sections of the stream spatial variability of N during 
a drought is driven by changes in the proportion of 
different groundwater input sources whereas in other 
sections of the stream spatial variability is more likely 
to be driven by unique chemistry of groundwater 
inputs or in-stream processing.

The spatial patterns of  PO4-P concentrations 
across the stream network were largely similar during 

all three sampling periods indicating that overall pat-
terns of  PO4–P availability in this network were com-
parable during dry-down period and baseflow condi-
tions of an extreme drought (Fig.  5). The dominant 
spatial pattern in  PO4–P is of increasing concentra-
tion with downstream distance. This longitudinal pat-
tern may be related to the transition between the two 
bedrock units, either relating to a difference in bed-
rock P chemistry or in hydrologic flowpaths and/or 
residence times. While spatial patterns were relatively 
consistent, there were still temporal differences in 
absolute  PO4–P concentrations among the three low 
flow periods. Throughout most of the lower mainstem 
of McRae Creek (m 0–6000), mean concentrations 
of  PO4

3−–P were generally comparable between June 
and August of 2015, but were lower in June 2016 
when flows were highest. In the upper mainstem (m 
6000–8500), concentrations were similar not only in 
both 2015 sampling events, but also in June 2016. 
When normalized to  Cl−,  PO4

3−–P spatial patterns 
in the mainstem showed a similar pattern as the raw 
concentration data (Supplement 5). This contrasts the 
 NO3

−–N data where differences in availability along 
the stream were diminished but still clearly present 
when normalized to  Cl−. We attribute this P behavior 
to the fact that in most of the network, except—for the 
section of the mainstem between 6000 and 8000 m—
PO4–P does not appear to be a limiting nutrient.

In Pacific Northwest headwater stream ecosystems, 
N is the most common limiting nutrient (Aumen 
et  al. 1983; Warren et  al. 2017), and throughout the 
majority of the mainstem McRae Creek, MCTW and 
MCTE, the  NO3–N:  PO4–P ratio is low (roughly ≤ 2) 
for all three sampling events. Limitation of N versus 
P in stream ecosystems cannot be reduced to just a 
simple ratio due to variations in nutrient requirements 
among various autotrophs within a community, and 
plasticity in nutrient acquisition and retention with 
changing nutrient availability (Maranger et al. 2018). 
However, stream nutrient enrichment experiments 
generally indicate that N limitation exists when N:P 
ratios are lower (closer to 1:1), and that P limitation 
exists when N:P ratios are higher (closer to 100:1) 
(Keck and Lepori 2012). Based on this understanding 
of the stream nutrient limitation context, most of the 
McRae network was likely N-limited during all three 
low-flow conditions, a result consistent with previ-
ous assessments of nutrient limitation using bioassays 
under adequate light conditions (Warren et al. 2017).
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Although most of the stream network appeared 
to be N-limited, an approximately 1.5  km sec-
tion of the upper mainstem of McRae Creek was 
potentially P-limited. In this stream section, the 
spatial and temporal patterns in the  NO3–N:PO4–P 
ratio changed substantially across the three flow 
conditions, and the area of potential P limitation 
increased substantially during extreme low flow 
conditions in August 2015 relative to the other sam-
pling periods (Fig.  7). We suggest that this is due 
to more consistent input of inorganic N (either as 
 NO3

− or as  NH4
+ which is then nitrified) from deep 

groundwater flowpaths that are no longer (or to a 
lesser degree) diluted by surface waters and shallow 
flowpaths during baseflow of an extreme drought. 
This is consistent with lower degree of hydrologic 
connectivity to older ground water that resulted 
in shorter mean transit times for 2015 compared 
to 2016–2018 (Segura 2021). Because we do not 
have bioassay results from this upper section of the 
McRae Creek mainstem or  NH4

+ data that would 
allow us to determine the total concentration of 
inorganic N, we cannot definitively suggest a point 
at which this system shifts to P-limitation. How-
ever, a potential transition to P-limitation is likely 
in areas along this section of McRae Creek based 
on  NO3

−–N:  PO4–P ratios that regularly exceed 30. 
Further, in this reach above meter 6000 along the 
mainstem of McRae Creek where nitrate concen-
trations were elevated,  PO4–P concentrations were 
lower at a majority of sampling locations during the 
most extreme drought, which is consistent with the 
interpretation of potential P limitation.

The contrast between  NO3–N and  PO4–P behav-
ior reflects the distinct sources and reactivity of each 
solute. Nitrate is an almost entirely biogenic solute 
and is actively biologically cycled in both soils and 
stream water. Phosphate is both geogenic (derived 
from rock weathering), biologically cycled in both 
soils and stream water, and susceptible to adsorption 
on stream sediments. A comparison of  Cl−,  NO3

−, 
and  PO4

3− between extreme drought conditions and 
more moderate low-flow conditions (August 2015 
relative to June 2016, with ~ 2.5 × differences in dis-
charge) indicates that in addition to input processes 
from groundwater sources or in-stream nitrification 
becoming increasingly important in enhancing spa-
tial variability of stream nutrient solutes (per Segura 
et al. 2019), for a limiting nutrient, the role of local 

biological processes in driving patterns of spa-
tial variability also increases and may exceed input 
effects in extreme low flows. For a non-limiting nutri-
ent  (PO4

−3–P in the majority of the network in this 
study), inputs seemed to dominate over in-stream pro-
cessing. The finding that the more limiting nutrient 
exhibits greater spatial variability is consistent with 
Hoellein et  al.’s (2011) work in the Bronx River in 
New York where P was more often limiting than N 
and  PO4

−3–P also exhibited greater spatial variability.
The semi-variograms illustrate how nutrient con-

centrations in a given location relate to nutrient con-
centrations in a series of binned distances away from 
that point. Greater variability between nearby points 
yield greater semi-variance values, while cases in 
which concentrations at one point are more similar 
to those nearly (and at a series of distance intervals 
away) will yield lower semi-variance. The increase 
in semi-variance of  NO3

−–N at all spatial scales dur-
ing August 2015 baseflow, relative to the summer 
dry-down phase of a drought in June 2015 and June 
2016 indicated greater spatial variability of this solute 
and was generally consistent with seasonal patterns 
observed in southwestern streams as flows declined 
through the summer (Fig.  8A) (Dent and Grimm 
1999). While the pattern in semi-variance across a 
range of distance intervals was similar in June 2015 
and August 2015, the magnitude of the semi-variance 
was lower in June of this year, suggesting that a simi-
lar process was occurring but had not fully developed 
early in the summer. The pattern held in June 2016 
as well but was further diminished. This was some-
what surprising given that flows at this time were still 
well below average. In addition to greater semi-var-
iance values for a given lag distance (distance inter-
val between points), the distance over which stream 
nitrate concentrations were related to one another—
the range—was also larger in August 2015, indicat-
ing that patterns in nutrient concentration of  NO3

−–N 
manifested over a longer distance in the stream during 
baseflow of this extreme drought. Although the semi-
variance analysis indicates strong response in the spa-
tial characteristics of nutrient availability during an 
extreme drought, it does not address mechanism. Fur-
ther work is needed across a wider range of flows and 
with more direct assessment of adjacent groundwater 
to add more context to these data in regard to dis-
charge conditions and factors that may affect the spa-
tial dynamics of a limiting nutrient. The relative lack 
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of pattern and increased homogeneity during extreme 
low flow in the semi-variance analysis of  PO4

−3–P is 
consistent with our expectations for a nutrient that is 
broadly and more homogeneously sourced and largely 
not limiting (Fig.  8B). The clear establishment of a 
sill in the semi-variance of  Cl− suggests that during a 
drought localized areas of groundwater input become 
increasingly influential, but that this effect is lost at a 
scale of about 700 m (Fig. 8C). This result is consist-
ent with a hydrologic analysis of the larger Lookout 
Creek stream system during the 2015 drought (Segura 
et al. 2019).

Our results are consistent with recent work from 
Sweden, which suggested that changes in flow during 
droughts can promote shifts in local biogeochemical 
processes that can impact the larger network (Gomez-
Gener et  al. 2020). And, beyond implications for 
ecological processing along a network, the observed 
increases in spatial heterogeneity of a key limiting 
nutrient (inorganic N) during a drought also has prac-
tical implications for data collection efforts that are 
intended to characterize stream spatial dynamics. In 
regard to the status of a limiting nutrient, results sug-
gest that the spatial scope of inference from a single 
sampling location reflects longer stream sections dur-
ing high flows and shorter sections during low-flows. 
Characterizing the spatial patterns of a nutrient in a 
given stream therefore requires fewer samples during 
high flows than during low-flows. This pattern toward 
homogenization of stream nutrients as flow increases 
is similar to those seen for stream temperature where 
low flows create greater spatial variability as the rela-
tive importance of groundwater dominated tributaries 
and groundwater input areas along the stream increase 
(Segura et  al. 2019; Steel et  al. 2019). However, in 
addition to input-driven differences, nutrient uptake 
is also important and sampling background nutrient 
concentrations during moderate or high flows—at 
high or low resolution—will likely miss key areas of 
both in-stream nutrient input or retention. In addition 
to changes in the spatial scope of inference around 
a single point, differences in spatial autocorrelation 
between sampling points at different flows may influ-
ence sampling efforts when using spatial interpolation 
tools such as spatial stream network (SSN) models 
(Isaak et al. 2014). The number of sampling locations 
required to achieve a given degree of accuracy will be 
denser during low-flows compared to higher flows as 
fine-scale heterogeneity may be missed more easily. 

At low stream discharge, or over longer time periods 
when spatial dynamics are often more stable (Abbott 
et al. 2018; Dupas et al. 2019) areas of high input and 
high retention that were not apparent during higher 
flows can be clearly identified.

The observations in this study can be placed in 
the context of the River Network Saturation concept, 
which invokes hydrologic changes as a key driver 
that alters the balance between nutrient supply and 
demand (uptake by physical, chemical, or biological 
processes) (Wollheim et al. 2018). In this framework, 
nutrient supply is expected to exceed demand in 
headwater streams during high flows, and alignment 
between supply and demand is expected to increase as 
flows decline. The concept has been evaluated across 
flows that encompass standard baseflow and flood 
events (Bernal et al. 2019), as well as in the context 
of community succession in recovery from high flow 
events (Dent and Grimm 1999; Wollheim et al. 2018). 
However, there is limited data available to directly 
assess the influence of drought conditions on the spa-
tial patterns of nutrients in stream networks. At the 
network scale, our  NO3

−–N data support the hypoth-
esis that nutrient supply and demand are well-con-
nected during the drought. However, at smaller spatial 
scales, our data suggests that supply and demand for 
 NO3

−–N actually became increasingly decoupled dur-
ing the drought as local processes of input and loss 
become disproportionately important. Even though 
our system remained connected by surface flow dur-
ing the drought, the dominance of local processes led 
to increasing spatial variability of  NO3

−–N with some 
patches having higher demand relative to supply and 
others having higher supply relative to demand. For 
 PO4

−3–P, supply effects appeared to dominate over 
in-stream processing effects across all flows resulting 
in low spatial heterogeneity, but the demand for P was 
much lower in our study system than demand for N.

Conclusions

Drought is projected to be an increasingly frequent 
and severe disturbance in the Pacific Northwest of 
North America and indeed around the world in the 
coming decades. In stream ecosystems, determining 
how declining flows affect the spatial heterogene-
ity of stream nutrient concentrations has important 
implications for understanding how droughts will 
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affect spatial and temporal processes influenced 
by stream nutrient availability such as carbon pro-
cessing, primary production, and nutrient export. 
Within the McRae Creek stream network in the 
Oregon Cascade Mountains, flow-mediated effects 
of the drought on spatial dynamics were more pro-
nounced for the limiting nutrient  (NO3

−) compared 
to the non-limiting nutrient  (PO4

3−). The differ-
ences in the responses of N and P in our system also 
led to shifts in the potential amount and degree of 
N-limitation (and potentially P-limitation) with net-
work position. While the system was predominantly 
N-limited, a hotspot of N input created a localized 
section where P-limitation likely occurred during 
low flows. Our study demonstrates that low-flow 
drought conditions that are expected to become 
increasingly common under future climate regimes 
can alter the spatial dynamics of stream nutrients. 
Under these conditions, not only is there a shift in 
local availability of a limiting nutrient, but the dif-
ferential response of nutrients alters stream stoichi-
ometry along a network.
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