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Abstract
Quantifying the spatial and temporal dynamics of stream metabolism across stream networks is key to understanding car-
bon cycling and stream food web ecology. To better understand intra-annual temporal patterns of gross primary production 
(GPP) and ecosystem respiration (ER) and their variability across space, we continuously measured dissolved oxygen and 
modeled stream metabolism for an entire year at ten sites across a temperate river network in Washington State, USA. We 
expected GPP and ER to increase with stream size and peak during summer and autumn months due to warmer temperatures 
and higher light availability. We found that GPP and ER increased with drainage area and that only four sites adhered to our 
expectations of summer peaks in GPP and autumn peaks in ER while the rest either peaked in winter, spring or remained 
relatively constant. Our results suggest the spatial arrangement and temporal patterns of discharge, temperature, light and 
nutrients within watersheds may result in asynchronies in GPP and ER, despite similar regional climatic conditions. These 
findings shed light on how temporal dynamics of stream metabolism can shift across a river network, which likely influence 
the dynamics of carbon cycling and stream food webs at larger scales.
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Introduction

Ecosystem metabolism is an integrated functional measure-
ment of the formation and utilization of organic matter by 
all the organisms within an ecosystem. The dominant path-
way of metabolism includes production of organic matter 
via photosynthesis (gross primary production, GPP) and 
consumption of organic matter by both autotrophs and het-
erotrophs (ecosystem respiration, ER).

The primary drivers of stream metabolism are light avail-
ability, temperature, nutrients, autotrophic biomass, organic 
matter supply, and hydrology (Bernot et al. 2010). Each 
driver has a spatial and temporal pattern of its own, which, 
along with the transfer of energy and materials through a 
watershed, leads to a dynamic landscape of energy produc-
tion and consumption (Uehlinger 2006; Roberts et al. 2007; 
Bernot et al. 2010; Tank et al. 2010). Peaks in metabolism 
are expected when energy inputs (light or leaf litter) and 
temperature are elevated and disturbance events (high flows) 
are absent. In montane regions, for example, snowmelt flows 
peak in the spring and can reduce GPP and ER (Uehlinger 
and Naegeli 1998) due to high turbidity and bed scour, but as 
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flows decline, elevated light and temperature can stimulate 
in stream metabolism.

Seasonal patterns of metabolism, however, may be more 
controlled by local drivers rather than regional (Valett et al. 
2008; Ogdahl et al. 2010; Dodds et al. 2018). Valett et al. 
(2008) suggested that seasonal patterns of stream metabo-
lism differ along a gradient depending on the relative influ-
ences of local resource subsidies and in-stream autoch-
thonous resources. For example, although the amount of 
incoming sunlight may be relatively homogenous across a 
river network, the amount of light available for primary pro-
duction at the reach-scale is a function of local hillslope and 
vegetation shading (Greenwood and Rosemond 2005; Julian 
et al. 2008; Finlay et al. 2011). Consequently, conditions at 
the local scale could result in asynchronous patterns in GPP 
and ER within river networks.

In streams, ecosystem metabolism varies spatially across 
a network and temporally throughout the year and reflects 
environmental conditions across a range of spatial and tem-
poral scales (e.g. local to regional, immediate to annual) 
(Roberts et al. 2007; Ogdahl et al. 2010; Yates et al. 2013). A 
number of studies have examined spatial (e.g., Finlay 2011; 
Yates et al. 2013; Dodds et al. 2018) and temporal varia-
tion (e.g., Uehlinger and Naegeli 1998; Roberts et al. 2007; 
Beaulieu et al. 2013) in stream metabolism, but seldom 
simultaneously (but see, Young and Huryn 1996; Griffiths 
et al. 2013; Venkiteswaran et al. 2015), continuously (but 
see, Izaguirre et al. 2008), and rarely in winter (but see, Hart 
2013; Val et al. 2016; Ulseth et al. 2018). There is need for 
a more continuous description of the spatial and temporal 
arrangement of stream metabolism because GPP and ER 
control basal resource dynamics and in turn the structure and 
function of river food webs (Bernhardt et al. 2017, Saunders 
et al. 2018).

In this paper, to better understand intra-annual temporal 
patterns of GPP and ER and their variability across space, 
we continuously measured dissolved oxygen and modeled 
stream metabolism for an entire year at ten sites across a 
river network. We asked the following questions: (1) what 
are the seasonal patterns of GPP and ER and how do they 
vary across the river network? And, (2) what environmental 
factors control spatial and temporal dynamics? We expected 
that GPP and ER would generally increase with stream size 
because of greater light availability and water temperature 
in a wider river segment that occupy lower elevations. We 
also expected that GPP and ER would peak in the summer/
autumn due to low flows, warmer water temperatures, and 
elevated resource availability (light and organic matter). 
However, we anticipated potential variability in GPP and 
ER at finer temporal scales due to variation in local environ-
mental conditions across the river network.

Methods

Study area

The Methow River is an alluvial tributary to the Columbia 
River in north central Washington State (USA). The Methow 
River catchment area is 4462 km2, ranging in elevations from 
2700 m in the Cascade Mountains to 240 m at the confluence 
with the Columbia River. The basin has a snowmelt driven 
hydrology with high altitude areas on the western side of 
the basin receiving approximately 2000 mm of precipitation 
annually (mainly as snow) and areas in the lower river valley 
receiving 300 mm (Konrad 2006). The river has a largely 
unaltered flow regime with high flows during May–June, 
and low flows during August-March. Flows during the study 
were representative of flows within the historic record at 
USGS gage 12448500 (Methow River at Winthrop), except 
for flows in September and October 2013 that were more 
than twice as high as mean average flows (1912–2014). The 
riparian corridors are generally intact and dominated by 
Douglas-fir (Pseudotsuga menziesii) and pine (Pinus spp.) 
in higher elevation reaches, and black cottonwood (Populus 
trichocarpa), and grey alder (Alnus incana) in lower areas 
(Zuckerman 2015).

Study design

To examine the spatial and temporal patterns in stream 
metabolism across a stream network, we continuously 
measured dissolved oxygen (DO) from June 2013 to May 
2014 at 10 sites (Fig. 1) selected from a list of 52 inten-
sively monitored sites that were part of the Columbia River 
Habitat Monitoring Program (CHaMP; http://www.champ​
monit​oring​.org). Sites were selected to represent the range of 
natural variability in environmental factors that might influ-
ence stream metabolism (Table 1). Sites ranged from small 
streams in confined valleys to relatively large streams in 
unconfined floodplains. Site selection was also constrained 
to those that had access in winter, landowner permission, 
and lacked nearby irrigation drains and major groundwater 
or tributary inputs.

Stream metabolism measures

At each site, we measured stream metabolism via the open 
channel, single-station, diel O2 method (Odum 1956). The 
single-station method generally integrates anywhere from 
1 to 20 km up-stream from the point where dissolved oxy-
gen is recorded. In our study, the reaches likely integrated 
between 200 m in the smaller creeks to near a kilometer 
in larger main-stem sections of the Methow River (Grace 
and Imberger 2006). These distances are corroborated by 

http://www.champmonitoring.org
http://www.champmonitoring.org
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a previous metabolism study in the Methow River where 
single-station distances were calculated to be between 500 
and 1700 m. We recorded dissolved oxygen concentrations 
and water temperature every 10 min from June 2013 to May 
2014 in the channel thalweg with an YSI sonde (Yellow 
Springs, Ohio, USA) outfitted with an optical oxygen probe 
and a temperature probe.

We re-calibrated the sondes in the field approximately 
every 2 weeks in a bucket of air-saturated water using an air 

pump and air stone (Hall et al. 2016). We later corrected our 
DO readings for drift that occurred between calibration peri-
ods (Grace and Imberger 2006). Gaps in data occurred when 
sondes were removed for high flows, ice-over conditions, or 
sensor malfunction and we did not estimate metabolism for 
these days.

We used the 3-parameter version of the BAyesian Sin-
gle-station Estimation (BASE) program (light saturation 
and temperature dependence coefficients fixed) to estimate 

Fig. 1   Map of the Methow 
River basin. The ten sites, main 
tributaries and Columbia River 
are identified by name. The 
inset indicates the location of 
the Methow River in Washing-
ton State, USA. Black star rep-
resents location of PAR sensor. 
Black crosses represent USGS 
stream gages at Twisp River, 
Methow River near Twisp and 
Methow River near Winthrop, 
and Chewuch River
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stream metabolism from the diel DO curves (Grace et al. 
2015). The BASE program estimates single-station whole 
stream metabolism using Bayesian statistics. We recon-
structed the diurnal cycle of DO concentration to estimate 
daily GPP and ER through 8000 iterations, after allowing the 
model to reach equilibrium (i.e., burn-in of 2000 iterations), 
using a Markov Chain Monte Carlo (MCMC) method to 
estimate values of each parameter.

The batch mode of the BASE program fits observed oxy-
gen data for many days by selecting best fit parameter val-
ues for reaeration, ER and GPP, and then provides visual 
and statistical measures of “goodness-of-fit”. This dynamic 
modeling approach allows for the simultaneous estima-
tion of reaeration (K), GPP and ER and provides a way to 
mechanistically characterize GPP, ER and K in larger sys-
tems (Demars et al. 2015; Song et al. 2016). We selected 
the BASE program because of its capability to indirectly 
estimate reaeration. This was necessary because most of 
the reaches were large enough that air–water gas exchange 
measurements would be logistically challenging and difficult 
to completely mix across the reach.

We evaluated daily model fit using: (1) the correlation 
coefficient (R2) between the modeled and measured DO 
data, (2) a posterior predictive check (PPC) that measures 
the overall fit based on the 8,000 Markov chain Monte Carlo 
iterations used to estimate GPP and ER (Grace et al. 2015) 
and (3) visual assessment of K. We only used daily mod-
els with an R2 ≥ 0.6 and a PPC between 0.1 and 0.9. The 
mean R2 for all daily models was 0.92 (± 0.08 SD) and mean 
PPC = 0.63 (± 0.13 SD). After applying this set of criteria 
for model fitting, we deemed 1373 days across the calen-
dar year and ten sites as good fits (56% of the total days 
modeled). Grace et al. (2015) found that BASE successfully 
converged and fitted 78% of the DO diel curves included in 
their evaluation of their model. Our lower percentage may 
be attributed to cold water temperatures, low productivity 
and high turbulence (M.R. Grace, Monash University, Mel-
bourne, Australia, Personal Communication). We discarded 
the poorly fit diel curves and did not include incomplete 
days or periods where DO probes malfunctioned. Because 
we solved for K, GPP and ER simultaneously there was a 
risk of overfitting the model (Demars et al. 2015; Hall and 
Hotchkiss 2017) so we further evaluated the quality of our 
K estimates after we discarded the poorly fit diel curves. We 
converted our K estimates to K600 to compare our estimates 
to those published in the literature (Hall and Hotchkiss 2017) 
and determined that they were within the range of values 
provided by Hall et al. (2012), Griffiths et al. (2013), and 
Hall et al. (2016). In addition, we determined that half of 
the sites had K600 variability equal or less than two stand-
ard deviations and that variability was larger for the smaller 
streams. K600 variability was close to or exceeded 50% for 
smaller streams indicating high uncertainty in K600 estimates Ta
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(Table 1). We plotted K600 against log Q and found that most 
sites were not correlated (Fig. 2). However, we observed a 
strong relationship between K600 and river slope (R2 = 0.73, 
p = 0.001) indicating that site geomorphology may have a 
greater influence on K600 than discharge. We also plotted 
K600 against ER and found that most sites were also not 
correlated.

We converted GPP and ER estimates from per volume 
rates (mgO2 l−1 day−1) to areal rates (g O2 m−2 day−1) by 
dividing by the mean stream depth. Stream depth was meas-
ured monthly along a transect representative of the reach at 
each site. Continuous depth estimates were then calculated 
by generating equations that related discharge and depth as a 
power function from either the data collected in the transects 
measured monthly or at the USGS gages (Table 2).

In addition to DO data, the BASE program requires inputs 
of barometric pressure, water temperature, photosynthetic 
active radiation (PAR; described below), and salinity to esti-
mate metabolism. We obtained barometric pressure data (in 
Hg) recorded from Chief Joseph Dam Washington Agrimet 
Cooperative Agricultural weather network station, which 
we corrected for the local altitude at each site. We assumed 
salinity to be 0 because of the low electric conductance in 
the Methow River (maximum electrical conductance < 500 
µS cm−1) (following Grace and Imberger 2006).

Periphyton, nutrient and physical measurements

To explore which environmental factors control stream 
metabolism at each site, we measured periphyton biomass, 
nutrient concentration, PAR, discharge, drainage area, and 
relative bed stability (RBS). At each site, we took monthly 
samples of periphyton from five randomly selected rocks 
in the active channel at 10 m intervals upstream of the 
dissolved oxygen sensors. We removed all periphyton 
from each rock, filtered the slurry, and froze the slurry for 
later lab analysis for Chlorophyll-a (Chl-a, mg m−2) and 

Fig. 2   Relationship between discharge (log Q, m3 s−1) and gas exchange scaled to a Schmidt number of 600, K600 day−1 for all sites ordered from 
smallest to largest drainage area. Asterisk represents a significant relationship

Table 2   Exponents and coefficients for the power function relation-
ship between depth (m) and discharge (m3  s−1) for sites sampled in 
the Methow River basin

Site Exponent Coefficient R2

BD 0.2526 0.2912 0.87
EW 0.4125 0.207 0.93
BV 0.5105 0.6081 0.63
T1 0.4281 0.1963 0.99
T2 0.3222 0.2411 0.89
C1 0.2025 0.2661 0.65
M1 0.2778 0.2193 0.94
C2 0.4242 0.2149 0.91
M2 0.4107 0.1838 0.97
M3 0.3439 0.2519 0.87
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ash-free-dry-mass (AFDM, g m−2), following Standard 
Methods (APHA 2005). To quantify planar surface area, 
we traced the top surface of each rock on paper (Bergey 
and Getty 2006). Periphyton samples were taken monthly 
except on a few instances when flows were too high to 
access the streambed.

We collected one water sample at the downstream end 
of each site at monthly sampling intervals. Samples were 
immediately filtered (0.45 µm), stored frozen and then ana-
lyzed using EPA standard methods (United States Environ-
mental Protection Agency 1983) by IEH Analytical Labora-
tories (Seattle, Washington, USA) for ammonium (NH4–N), 
nitrate + nitrite (NO3–N, NO2–N), and soluble reactive 
phosphorus (SRP). In this study, we considered all three 
dissolved nitrogen species together as dissolved inorganic 
N (DIN). Detection limits for NH4–N, NO3–N, and NO2–N 
were 0.01 mg L−1 and for SRP was 0.001 mg L−1.

We measured PAR with a PAR sensor and data logger 
(sensor model S-LIA-M003, data logger model H21-002, 
Onset Computer Corporation, Bourne, Massachusetts, USA) 
at a single, central, location free of aerial obstructions near 
Winthrop, WA. Readings were recorded every 30 min for the 
duration of the study to include in the metabolism model. 
This dataset represented the total incoming PAR available 
for primary production, which was adjusted for shading at 
each site by using a Solmetric Suneye 210 (Solmetric Corpo-
ration, Sebastopol, California, USA). At each site, we placed 
the Suneye near the center of the channel at three locations 
during August 2013 visits. The Suneye estimates the solar 
access percentage for every day of the year by taking into 
consideration sun paths. Solar access is the amount of site-
specific solar insolation available given the shade-causing 
obstructions (e.g. tree canopy, topographic shading, struc-
tures) divided by the solar insolation if there were no shad-
ing. We multiplied each PAR measurement taken at the open 
site by the daily percentage solar access to estimate PAR 
experienced at each site.

We generated daily discharge (Q, m3 s−1) estimates using 
the ratio of daily discharge to bankfull discharge from the 
closest USGS gages for each site. We multipled the ratio by 
the bankfull discharge at the ungaged site (bankfull discharge 
was assumed to be the 2-year discharge as obtained from 
USGS StreamStats; Table 1) to create an adjusted dataset of 
mean daily discharge, as suggested by Leopold (1994) and 
Biedenharn et al. (2000). We obtained daily discharge from 
four nearby USGS gages (12448000, 12448500, 12448998, 
12449500; Fig. 1). We estimated drainage area (Table 1) at 
each sampling location using StreamStats (USGS accessed 
August 7, 2015).

We calculated RBS as the ratio of the critical velocity 
required to move a particle to the predicted (bankfull) water 
velocity near the bed (Gordon et al. 2004). A ratio less than 
1.0 represents the value at which particles are expected to 

move. The streambed is considered highly stable if RBS 
values are greater than 1.0 at bankfull discharge (i.e., the 
2-year discharge). The equation for critical velocity in SI 
units is Vc = 0.155 sqrt(d) where d is the average particle 
diameter in mm. Bed velocity is 0.7 multiplied by the mean 
stream velocity (m s−1) at bankfull discharge.

Statistical analyses

To test our expectation that GPP and ER would increase with 
stream size, we conducted Pearson correlations between 
metabolic rates (GPP and ER) and drainage area for each 
season. To evaluate our expectation that metabolism would 
peak in summer/autumn (with finer-scale temporal asyn-
chronies), we plotted daily metabolism, and compared them 
across the network and visually inspected their respective 
peaks and valleys.

To infer potential drivers of metabolism, we used a linear 
mixed modeling approach (Zuur et al. 2009) with the nlme 
package for mixed effects modeling (R Development Core 
Team 2013). We conducted this analysis at both the water-
shed and reach scale to evaluate factors controlling metabo-
lism both across and within sites. The explanatory variables 
for the models were AFDM, SRP, DIN, temperature (Temp), 
PAR and discharge (Q) and the dependent variables were 
either GPP or ER. We also included GPP as an explanatory 
variable in the ER models. For the across site (watershed 
scale) analysis of GPP and ER, we included site and month 
as random effects to account for the repeated measures. For 
the within site (reach scale) analysis we included month as a 
random effect. We also used the variance structure varIdent 
to represent a constant variance function structure which is 
generally used to allow different variances according to the 
levels of a classification factor (e.g. month and site). varI-
dent was used when the Akaike Information Criterion (AIC) 
values determined this variance function structure was more 
appropriate than the unstructured variance function struc-
ture, as lower AIC values were associated with better model 
fits. We also accounted for the repeated measures and poten-
tial autocorrelation in both scales models (watershed and 
reach) by adding the autocorrelation structure corARMA. 
This correlation structure class represents an autocorrelation 
moving average correlation structure. We inspected devia-
tions from the analysis assumptions using model diagnostic 
plots and accounted for heteroscedasticity by including vari-
ance functions (Pinheiro et al. 2017; Zuur et al. 2009). We 
did not find evidence of multicollinearity among explanatory 
variables (variance inflation factor < 3); hence, all variables 
were included in the model selection procedure. We used the 
Akaike’s Information Criterion corrected for small sample 
sizes (AICc) to select the best models and retained models 
that had a delta < 2. We also estimated R2

GLMM (m), marginal 
R2, for fixed factors and R2

GLMM(c) conditional R2 for both 
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fixed and random factors R2
GLMM(m) using the R function 

‘r.squaredGLMM’ from the package ‘MuMIn’ (Bartoń 
2015). Before conducting the linear mixed modeling, we 
tested predictor variables for multicollinearity by compar-
ing Pearson correlations between metabolism and predictor 
variables. We also tested normality with the Shapiro–Wilk 
test. All statistical analyses were performed in R (R Core 
Team 2013) and results were deemed significant if p < 0.05.

Results

What are the seasonal patterns of GPP and ER 
and how do they vary across the river network?

Temporal patterns of gross primary production and ecosys-
tem respiration were strongly variable at different sites across 
the river network (Fig. 3). For GPP, the peaks and troughs in 
production were highly asynchronous and bimodal if the site 
remained ice-free during the winter. Some sites peaked in 
production in summer (BD, EW, C2, and T2), while others 
either had multiple peaks including winter peaks (C1, M1, 
M3, BV, and M2) or remained relatively consistent (T1). 
Summer peak sites either froze-over completely or partially 
from December to February (Fig. 3).

We found a similar result for ecosystem respiration 
(Fig. 3). Four sites exhibited generally higher ecosystem 
respiration in autumn (BD, EW, C2, and T2), where five 
exhibited more of a winter peak (BV, M1, C1, M2, and M3) 
and one remained relatively constant (T1).

Mean annual GPP and ER significantly increased with 
drainage area (r = 0.86, p < 0.0001; r = 0.75, p < 0.0001, 
Table 1). On average, there was approximately two orders 
of magnitude increase in GPP (0.02–2.53 g O2 m−2 day−1, 
Table  1) and one order of magnitude increase in ER 
(0.22–3.03 g O2 m−2 day−1, Table 1) with increasing drain-
age area (Fig. 4). The positive correlations with drainage 
area was observed across seasons, although the relationship 
was weaker for ER during the spring (Fig. 4). Mean annual 
GPP and ER also were significantly correlated with Q (Pear-
son correlations of 0.50 p < 0.0001 and 0.52 p = 0.002), a 
variable related to stream size.

How Do Environmental Conditions Change Through 
the Year?

Generally, decreasing daily discharge (Q) in the summer/
autumn baseflows, coincided with decreasing light avail-
ability (PAR) and decreasing water temperatures across the 
basin (Figs. 3, 5). Discharge progressively decreased from 
July 2013 to April 2014 except for four smaller spates during 
the Summer/Autumn baseflow (two in August, one in Sep-
tember, and one in October). The number of days between 

the last spate in October and the increasing flows in spring 
was approximately 180 days. We also determined that all 
sites are highly stable (RBS > 1) at bankfull discharge. The 
RBS ratio ranged from 0.86 at T2 to 6.6 at BD. Most values 
were higher than 1.0, except for T2 and M2. Additionally, 
BD, EW C2 and T2 study reaches were 30–90% covered by 
ice in winter (Fig. 3).

Water temperature was highest in the spring and sum-
mer and lowest in the winter, for all sites (Fig. 5). Water 
temperatures near 0 were observed in most sites in winter, 
except at M1 where temperatures stayed above 2.5 °C. M1 
also had the narrowest range of variation in water tempera-
ture (2.6–14.5 °C). In contrast, the greatest range of varia-
tion was observed in T2 (0.4–18.5 °C). Maximum PAR was 
observed in the summer in all sites with the lowest PAR site, 
BD receiving only half of that of the site with highest PAR 
observed, M1(370 vs. 725) (Fig. 5). DIN concentrations 
increased in the winter for BV, C2 and M2 (Fig. 6) and was 
highest for BV. Soluble reactive phosphorus was generally 
very low but peaked in the summer for BV and C1 (Fig. 6). 
AFDM was highest for BV in winter and spring followed 
by M2 and M3 which also had AFDM peaks in the winter 
(Fig. 7). AFDM biomass was lowest in EW.

Which environmental factors control spatial 
and temporal dynamics?

Based on the results of linear mixed models for individu-
als stream sites, GPP was positively associated with water 
temperature in most sites (Table 3). GPP was also strongly 
negatively associated with discharge at half of the sites. This 
association with discharge when present,was stronger than 
the positive association with water temperature.

The linear mixed model for ecosystem respiration (ER) 
at individual sites confirmed that ER was highly correlated 
with GPP (Table 4). ER was positively associated with GPP 
in all sites. For the summer peak sites, ecosystem respira-
tion was positively associated with discharge except for one 
stream.

Across the ten sites, both linear mixed models (GPP 
and ER) accounted for 36% and 56% of the fixed effects, 
respectively (Table 5). The linear mixed model for GPP 
showed that AFDM was the best predictor of differences 
in GPP (p < 0.0001; Table 5). Soluble reactive phosphorus 
(SRP) and Q also significantly explained across site vari-
ability, although the percentages explained were low. For the 
across sites ER model, GPP was the best explanatory vari-
able (p < 0.0001). Discharge (Q), Temp and PAR explained 
a small portion of the across site variability as well.
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Fig. 3   Daily gross primary production (GPP) and daily ecosystem 
respiration (ER) estimated across 10 sites within the Methow River 
network (sites were ordered from smallest to largest drainage area). 

GPP and ER are in g O2 m−2 day−1. Sites, BD, EW, C2 and T2 were 
partially frozen from mid-December to mid-February. Dotted line 
represents daily discharge
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Discussion

Our findings illustrate that stream metabolism at sites 
within river networks can exhibit asynchronous temporal 
dynamics. However, on an annualized basis, metabolism 
followed an increase of GPP and ER with drainage area. 
These findings emphasize that inferences drawn from 

“snap-shots” of metabolism (i.e., short duration studies; 
days to weeks) may strongly bias our understanding of the 
spatial arrangement of metabolism within watersheds, and 
points to the need for studies that incorporate both spatial 
and temporal dynamics.

We found distinct seasonal patterns in gross primary pro-
duction (GPP) and ecosystem respiration (ER) across our ten 

Fig. 6   Dissolved inorganic nitrogen (DIN, mgl−1) and soluble reactive phosphorus (SRP, mgl−1) sampled monthly across 10 sites within the 
Methow River network (sites were ordered from smallest to largest drainage area)

Fig. 7   Ash free dry mass 
(AFDM, gm−2 day−1) sampled 
monthly across 10 sites within 
the Methow River network 
(sites were ordered from small-
est to largest drainage area)
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sites. Four sites exhibited expected unimodal GPP dynam-
ics with peaks in summer and troughs in winter. Five sites 
exhibited a surprising bimodal pattern with GPP peaks in 
both summer and winter and one site was relatively constant. 
The sites where GPP peaked in summer are the sites where 
ER peaked in autumn and those where GPP peaked in winter 
or had bimodal GPP peaks also exhibited ER winter peaks 
or bimodal peaks.

To our knowledge, only one other study has reported 
seasonal asynchrony for metabolism within a watershed 
(Ogdahl et al. 2010) and like in our study, metabolism 
increased downstream. Additionally, although few stud-
ies have measured GPP in winter, GPP peaks in winter 
and fall have been described for at least two studies in 
the northern hemisphere. In the Little Tennessee River, 
North Carolina, Hart (2013) observed late winter- early 
spring GPP peaks, which were most positively associated 

Table 3   Coefficient estimates, 
standard errors, percent of the 
explained variance for fixed 
(R2

m) and random and fixed 
effects combined (R2

c) for gross 
primary production (GPP) 
models for each site (all dates 
combined)

Value Std. error DF t-value p-value R2
m R2

c

BD 0.55 0.62
 Intercept − 4.423 0.156 42 − 28.310 0.000
 Temp 0.055 0.010 42 5.730 0.000
 Log (Q) − 0.334 0.112 42 − 2.990 0.005

EW 0.43 0.51
 Intercept − 2.128 0.894 126 − 2.381 0.019
 Temp 0.191 0.030 126 6.300 0.000
 Log (N) 0.919 0.337 7 2.729 0.029

BV 0.48 0.56
 Intercept − 7.914 0.995 158 − 7.953 0.000
 Log (AFDM) 1.876 0.333 9 5.640 0.000
 Temp 0.164 0.030 158 5.401 0.000
 Log (Q) − 0.368 0.192 158 − 1.917 0.057

T1 0.20 0.36
 Intercept − 0.925 0.298 177 − 3.102 0.002
 Temp 0.073 0.027 177 2.718 0.007
 Log (Q) 0.227 0.102 177 2.232 0.027
 Log (PAR) − 0.467 0.075 177 − 6.209 0.000

T2 0.56 0.56
 Intercept − 1.591 0.166 95 − 9.587 0.000
 Temp 0.090 0.014 95 6.229 0.000

C1 0.43 0.64
 Intercept 0.303 0.026 144 11.757 0.000
 Temp 0.011 0.003 144 3.743 0.000
 Log (Q) − 0.099 0.018 144 − 5.390 0.000

M1 0.18 0.48
 Intercept 0.521 0.080 217 6.533 0.000
 Temp 0.015 0.007 217 2.194 0.000
 Log (PAR) − 0.069 0.016 217 − 4.403 0.000

C2 0.49 0.64
 Intercept 0.247 0.037 108 6.656 0.000
 Log (Q) − 0.072 0.028 108 − 2.608 0.010
 Temp 0.016 0.003 108 4.952 0.000

M2 0.30 0.69
 Intercept 1.347 0.276 85 4.886 0.000
 Temp 0.041 0.017 85 2.397 0.019
 Log (Q) − 0.400 0.111 85 3.590 0.000

M3 0.30 0.53
 Intercept 1.027 0.095 109 10.814 0.000
 AFDM 0.015 0.006 6 2.523 0.000
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with leaf abscission, and the amount of available light, and 
negatively associated with canopy cover. In the Kuparuk 
River, Alaska, GPP values were greater during the fall 
shoulder-season than those measured during the arctic 
summer and that increased nutrient availability, high chl-a 

biomass and/or algal taxonomic composition were the 
main drivers for these peaks. (Kendrick and Huryn 2015).

The metabolic asynchrony observed in our study was con-
trary to our expectation that peaks would occur in the sum-
mer at all sites due to high temperatures, low flows and clear 

Table 4   Coefficient estimates, 
standard errors, percent of the 
explained variance for fixed 
effects (R2

m) and random and 
fixed effects combined (R2

c) 
for ecosystem respiration (ER) 
models for each site (all dates 
combined)

Value Std. error DF t-value p-value R2
m R2

c

BD 0.43 0.43
 Intercept 0.540 0.077 42 7.038 0.000
 Log (GPP) − 2.993 1.348 42 − 2.221 0.000
 Log (Q) 0.307 0.064 42 4.786 0.000

EW 0.37 0.91
 Intercept 0.378 0.092 125 4.119 0.000
 Log (GPP) 0.613 0.176 125 3.480 0.001
 Temp − 0.045 0.009 125 − 4.870 0.000

BV 0.39 0.39
 Intercept 7.921 1.245 158 6.362 0.000
 Log (GPP) 0.461 0.053 158 8.767 0.000
 Log (AFDM) − 2.384 0.407 9 − 5.859 0.000
 Temp − 0.238 0.033 158 − 7.209 0.000

T1 0.20 0.90
 Intercept 0.915 0.087 179 10.493 0.000
 GPP 2.523 0.254 179 9.919 0.000

T2 0.40 0.80
 Intercept 0.756 0.240 93 3.152 0.000
 GPP 1.270 0.081 93 15.590 0.000
 Temp − 0.087 0.018 93 − 4.769 0.000
 log (Q) 0.486 0.09 93 5.376 0.000

C1 0.55 0.90
 Intercept 0.518 0.074 145 6.977 0.000
 Log (GPP) 0.589 0.058 145 10.102 0.000

M1 0.48 0.94
 Intercept 1.138 0.200 217 5.681 0.000
 GPP 1.731 0.126 217 13.791 0.000
 log (Q) − 0.219 0.072 217 − 3.067 0.000

C2 0.22 0.87
 Intercept 0.28 0.100 106 2.816 0.000
 Log (GPP) 0.991 0.097 106 10.213 0.000
 log (Q) 0.136 0.045 106 3.027 0.003
 Temp − 0.023 0.008 106 − 2.980 0.000
 PAR 0.000 0.000 106 2.708 0.008

M2 0.72 0.98
 Intercept 2.303 0.346 84 6.651 0.000
 GPP 0.840 0.054 84 15.474 0.000
 Temp − 0.079 0.024 84 − 3.239 0.002
 Log (PAR) − 0.156 0.019 84 − 8.032 0.000

M3 0.70 0.80
 Intercept 1.889 0.369 107 5.119 0.000
 GPP 0.692 0.051 107 13.632 0.000
 Log (PAR) − 0.150 0.054 107 − 2.788 0.000
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water. Furthermore, it suggests that stream metabolism can 
be controlled by local variation in driving variables despite 
overall similar watershed-scale drivers (e.g. mean tempera-
ture and light and their seasonality). Observed asynchrony 
in ecosystem production and consumption could, in turn, 
have implications for food web dynamics and organisms that 
occupy higher trophic levels (Moore et al. 2015). For exam-
ple, mobile fish species as well as many aquatic-depend-
ent terrestrial consumers (e.g., water birds) move between 
reaches to take advantage of differences in food availability 
that likely result from asynchronies in ecosystem metabo-
lism (Schindler et al. 2015; Walter et al. 2017).

Timing of peaks in GPP across the ten sites were likely 
due to different local environmental conditions. Our obser-
vational study does not allow us to make definitive conclu-
sions about specific drivers, so we discuss some observa-
tions from our analysis. Sites where GPP peaked in the 
winter were generally larger and more productive sites 
located lower in the watershed, compared to summer peak-
ing sites. Sites with winter peaks also lacked seasonal dis-
turbance (i.e., high discharge events, ice formation), which 
could have allowed periphyton biomass to buildup until high 
flow events in the spring. The number of days between the 
last spate that took place in October and the beginning of 
the spring flows in early April was approximately 180 days. 
Larger river sites have also been shown to have higher nitro-
gen recycling (Ensign and Doyle 2006), which might also 
have stimulated GPP in the cooler months. In contrast, all 
the summer peak sites, were either partly or entirely frozen 
over during the winter month, which can substantially limit 
the amount of light reaching the benthos to fuel GPP (Wetzel 
2001). Summer peak sites may have potential simultaneous 
or serial colimitations by light/temperature and nutrients. 
In summer peak sites, GPP was positively associated with 
water temperature, but not PAR. However, PAR also likely 
mediated stream temperatures.

In most sites, DIN and SRP concentrations were very 
low and characteristic of oligotrophic conditions (Minshall 
et al. 2014). Surprisingly, individual sites were not con-
sistently associated with nutrients. This could be because 
nutrient samples were only taken once a month and these 
samples could have been taken at times where nutrients in 
the water column were uncharacteristically high or low. 
Future studies should consider more frequent sampling 
of DIN and SRP. Alternatively, measurements of nutrient 
uptake may be better indicator of biological activity at the 
time of measurement (Hoellein et al. 2013).

Ecosystem respiration (ER) peaks for both groups 
(autumn and winter) were associated with GPP. Overall, 
GPP and ER were highly coupled during base flow condi-
tions (October through March), when labile autochtho-
nous carbon is likely to be an important source of organic 
carbon fueling ER (Townsend et al. 2011). The positive 
associations of ER with GPP may suggest high auto-
trophic respiration where high rates of GPP yield higher 
ER because of the combined respiration of autotrophs and 
heterotrophic organisms present in the biofilms (Hall et al. 
2016).

Despite observed temporal asynchronies among sites, 
spatial patterns of GPP and ER corresponded with our 
expectation of increased metabolism with drainage area. On 
average, GPP increased two orders of magnitude and ER 
increased one order of magnitude with increasing drainage 
area. This pattern corresponded to that found in other studies 
(Lamberti and Steinman 1997; Finlay 2011). Although the 
mechanism for this downstream increase was not entirely 
clear from our analyses, our results of relative bed stabil-
ity showed most sites in the watershed are rather stable so 
these stable downstream sites that did not ice-over were able 
to accumulate greater biofilm standing stocks, which sup-
ported greater GPP and ER. It is also likely that light avail-
ability, temperature and nutrients were also responsible for 
observed downstream increases in GPP and ER (Lamberti 

Table 5   Coefficient estimates, 
standard errors, percent of the 
explained variance for fixed 
effects (R2

m) and random 
and fixed effects combined 
(R2

c) for across sites gross 
primary production (GPP) and 
ecosystem respiration (ER) 
models

Value Std. error DF t-value p value R2
m R2

c

GPP (all sites) 0.36 0.86
 Intercept − 5.675 0.730 1276 − 7.77 0.000
 Log (AFDM) 1.075 0.122 81 8.78 0.000
 Log (Q) − 0.068 0.03 1276 − 2.291 0.022
 Log (Temp) 0.061 0.0135 1276 4.48 0.000
 Log (SRP) − 0.412 0.101 81 − 4.067 0.000

ER (all sites) 0.56 0.87
 Intercept 1.027 0.067 1274 15.32 0.000
 Log (GPP) 0.282 0.010 1274 27.55 0.000
 Log (Q) 0.076 0.014 1274 5.45 0.000
 Temp − 0.034 0.004 1274 − 8.92 0.000
 Log (PAR) 0.02 0.007 1274 2.80 0.005
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and Steinman 1997; Finlay 2011). Individually, however, 
these variables were only weakly correlated with the down-
stream increase in metabolic rates.

Our main purpose was to explore the relative temporal 
and spatial patterns of ecosystem metabolism among the 
ten sites in the Methow River watershed, and how local and 
network scale factors may be driving these patterns. How-
ever, we acknowledge that we may be under- or over-esti-
mating rates of GPP and ER in some of the sites. This may 
be especially true in the smaller streams where reaeration 
was highest (McCutchan et al. 1998; Aristegi et al. 2009). 
Under these circumstances, a benthic chamber method may 
be more appropriate for estimations (Grace and Imberger 
2006) or estimating gas exchange using a tracer addition 
(Demars et al. 2015; Hall and Hotchkiss 2017). Furthermore, 
when GPP and ER estimates are low, our ability to estimate 
stream metabolism may not be precise enough to accurately 
assess temporal and spatial changes. Thus, sites with low 
productivity like, BD and EW where we assigned summer 
peaks (GPP < 0.10 g O2 m−2 day−1) could also be consid-
ered relatively constant like T1. Nevertheless, the summer 
peak patterns for BD and EW are more evident than that of 
T1. Despite the low estimates of BD, EW and T1, our esti-
mates are consistent with those of other rivers in the western 
United States (Hall and Tank 2003; Marcarelli et al. 2010; 
Benjamin et al. 2016).

While our statistical results did not point to a strong 
influence of nutrients on GPP, nutrient recycling is com-
plex, and rates may be influenced by the algal community 
found in the stream network (Kendrick and Huryn 2015). 
We observed Didymosphenia geminata (didymo), an inva-
sive alga in cold, oligotrophic conditions, in over half of the 
stream sites. The semi-labile nature of the didymo stalks 
(Aboal et al. 2012) may affect the availability of labile car-
bon for bacterial consumption (Bothwell et al. 2014). Labile 
carbon is readily available at the time scale of hours to days 
whereas semi-labile carbon turnover is at the scale of weeks 
or months (Piontek et al. 2011). Semi-labile organic matter 
is consumed more efficiently in areas with low nutrient con-
centrations (Romaní and Sabater 2000) and by heterotrophic 
bacteria, when labile compounds are not sufficient to meet 
the bacterial carbon and energy requirements (Piontek et al. 
2011).

In addition, we acknowledge that trophic (e.g. grazing) 
and non-trophic (e.g. nutrient excretion and bed scour asso-
ciated with spawning salmon) biotic interactions could have 
been an important factor responsible for some of the GPP 
and ER patterns observed (McIntyre et al. 2008; Griffiths 
and Hill 2014). For instance, top-down grazing by aquatic 
macroinvertebrates can alter periphyton growth and com-
munity composition (Rosemond 1994; Wellnitz and Rader 
2003). Previous research from the Methow has also shown 
that spawning salmon can increase GPP during and shortly 

following spawning (Benjamin et al. 2016). More specifi-
cally, low densities of spawning salmon in the Methow River 
have been shown to increase GPP by 46% during spawn-
ing (Benjamin et al. 2016), and model simulations suggest 
that these effects are likely to vary across river networks 
as local geomorphology and nutrient status shift (Bellmore 
et al. 2014).

Similar intra-annual patterns of GPP and ER may be 
expected in winter because ice cover is likely to occur every 
year at the sites where it was observed. However, as climate 
changes due to warming, ice cover may not be as preva-
lent. Additionally, most of the sites have a high relative bed 
stability so flows higher than average, as those during our 
study, but lower than bankfull discharge in the summer and 
fall should not influence stream metabolism substantially 
because it will not mobilize the streambed.

Finally, other studies have shown that metabolism is also 
variable at smaller and larger spatial (Finlay 2011; Yates 
et al. 2013; Bernhardt et al. 2017; Dodds et al. 2018) and 
temporal scales (Uehlinger and Naegeli 1998; Roberts et al. 
2007; Beaulieu et al. 2013). The metabolic profiles of riv-
ers may be fractal in nature in that metabolic heterogene-
ity observed at coarse temporal resolution and broad spa-
tial extent is likely to be matched by heterogeneity at finer 
temporal and spatial scales—albeit the controls on metabo-
lism are likely to be different at each scale. This pattern of 
nested heterogeneity has emerged from the recent expansion 
of water temperature monitoring in river networks (Steel 
et al. 2017), and as dissolved oxygen loggers become more 
affordable and reliable, the same patterns may be found for 
metabolism.

Implications

Our findings emphasize the idea that ecological systems 
are scale dependent (sensu Levin 1992). Stream networks 
are heterogeneous patches that interact hierarchically, and 
we show that this heterogeneity can provide a template for 
asynchronous patterns of ecosystem function, such as stream 
metabolism. In turn, these patterns are likely to influence 
food web dynamics and the capacity for river systems to 
deliver desired goods and services, such as fish production. 
For instance, peaks in upstream production may subsidize 
downstream reaches during times of lower productivity via 
transport of biologically available organic matter and nutri-
ents (Bellmore and Baxter 2014; Hotchkiss and Hall 2015). 
Quantifying spatial heterogeneity in ecosystem metabolism, 
as we have done here, combined with concurrent measure-
ments of consumer data can lead to new insights in our 
understanding of energy flows in aquatic systems (Bernhardt 
et al. 2017). It also illuminates yet another component of 
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ecological heterogeneity that may be compromised by the 
ongoing homogenization of natural landscapes (Moore et al. 
2010).
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