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Abstract 

Streams and rivers are dynamic systems that vary over space and time.  

Understanding the relationship of spatial and temporal heterogeneity to ecosystem functions 

such as gross primary productivity, ecosystem respiration and growth is critical so we can 

understand and predict the consequences of human impacts on spatial and temporal patterns 

of lotic systems.  These modifications have the potential effect of homogenizing and 

simplifying stream and river networks.  I aimed to understand how the spatial organization 

and temporal patterns of a stream network affect stream productivity at different trophic 

levels.  Chapter 2 focused on how the network spatial organization and temporal patterns 

influence groundwater inputs and subsequently how areas of active groundwater-surface 

water exchange increased stream productivity of multiple trophic levels (i.e. post emergent 

salmon, benthic invertebrates, and periphyton biomass).  In Chapter 3, I used metabolic 

theory concepts to predict variation on the relationship between stream temperature and 

stream metabolism across the network.  These findings highlight how stream networks may 

play a role in the global carbon cycle as increasing global surface temperatures have been 

associated with climate change.  Lastly, in Chapter 4, I described the spatial and temporal 

patterns of stream metabolism at the reach and network scales.  I found that stream 

metabolism increased with stream size and peaked asynchronously across the network with 

three main peaks observed (summer, winter and multiple).  These findings underline the 

importance of sampling throughout the year and capturing the temporal variability of the 

system.  My results suggest predictions derived solely from summer estimates can have the 

potential to either overestimate or underestimate metabolism depending on the location in the 

watershed.  I also discussed the influences of these patterns on higher trophic levels and the 
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implications on management, conservation and restoration efforts.  Each chapter focused on 

different temporal and spatial scales because to evaluate biological responses, ecological 

relevance must be taken into account to select the appropriate spatial and temporal scale.  For 

example, post-emergent salmon operate at a smaller spatial and narrower temporal scale than 

stream metabolism.  Thus, study designs reflected this to match the scale of observation with 

the scale of response.  
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CHAPTER 1: General Introduction 

 

Background 

Food webs and river networks are dynamic hierarchical systems that interact with 

gradients of productivity, disturbance and habitat structure to impose a spatial and temporal 

organization (Power and Dietrich 2002, Benda et al. 2004).  Stream productivity is an 

integrated response that incorporates abiotic and biotic processes that take place at different 

spatial and temporal scales (Poff and Huryn 1998, Warnaars et al. 2007), thus multiple 

insights can be gained from examining stream productivity at different scales across a river 

network.  For example, at the reach scale, stream metabolism is driven by light availability, 

nutrient concentration, organic matter quantity and quality and hydrology. These factors are 

in turn controlled by larger scale features such as climate, soil, vegetation and disturbance 

(Bernot et al. 2010).  Using whole-stream metabolism estimates combined with key physical 

habitat characterizations of the entire basin can inform us about the overall potential for a 

system to support fish and identify hot spots of productivity.  Given that stream metabolism 

measures production and use of organic carbon, it provides an estimate of the food base, how 

subsidies are used and how energy is transferred through the food web (Young et al. 2008, 

Marcarelli et al. 2011).   

Numerous approaches have been used to identify what types of habitat improvements 

or restorations are likely to yield the best results, with fish production being the ultimate goal 

(Feist et al. 2003, McGarvey and Johnston 2011, Naiman et al. 2012).  Although the majority 

of food web studies have focused on small spatial scales (Thompson et al. 2012, Naiman et 

al. 2012), a food web approach at the watershed level used to examine the efficacy of the 
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restoration activities can reveal insights into supporting ideas regarding system carrying 

capacity and resilience that cannot be gained from the more traditional habitat-focus 

approaches routinely used in basins like the Columbia River.  The food web approach 

emphasizes the concept that available energy in river ecosystems is produced through local 

primary production and resources subsidies from outside the system, be it from lateral, 

vertical, upstream or marine sources (Wipfli and Baxter 2010) and that given the fluid nature 

of temperate rivers, energy sources available to stream biota are highly spatially and 

temporally variable, and driven by an array of environmental factors (Bilby et al. 2003). This 

variability in energy production is a key determinant in fish assemblages, and therefore vital 

to understand in river restoration efforts.   

In this dissertation I aimed to understand how the spatial and temporal organization of 

the network affects stream productivity at different trophic levels.  Each chapter focused on 

different temporal and spatial scales because ecological relevance must be taken into account 

when selecting spatial and temporal scale to evaluate biological responses (Torgersen et al. 

2012).  Post-emergent salmon were more likely to operate at a smaller (spatial) narrower 

(temporal) scale than stream metabolism.  Thus, study designs reflected this to match the 

scale of observation with the scale of response.  

 

Chapter 2 

Production and transfer of energy across ecological systems is spatially and temporally 

heterogeneous (Vanni et al. 2004).  This cross-systems view emphasizes energy dependence 

of communities (termed donor-controlled) on subsidies of resources from adjacent systems 

(Pimm 1982, Polis and Hurd 1996).  Materials, energy, and organisms from groundwater 
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serve as resource subsidies to streams and rivers.  These resource subsidies influence 

energetic conditions and production of food for rearing fish through nutrient inputs and water 

temperature changes.  I tested the hypothesis that upwelling flows in gaining sites cause 

higher growth rates in rearing salmon.  To examine this, I conducted an enclosure experiment 

using post-emergent Chinook salmon across a gradient of groundwater-surface water 

exchange in the Methow River, Washington.  I also measured periphyton, benthic 

invertebrates and wild salmon, and applied a bioenergetics model to simulate fish growth 

trajectories.  Results from the experiment with hatchery fish and surveys of wild fish 

revealed fish grew almost twice as fast in gaining (2.7 % g d-1) than in losing sites (1.5 % g 

d-1).  Fish from transient sites grew as much as gaining sites, but their condition was 

significantly lower (18.3 % compared to 20.7 %).  My results suggest direct and indirect 

pathways by which groundwater inputs may affect fish growth and energetic condition.  I 

showed that elevated nitrogen concentrations and consistently warmer water temperature 

associated with sites gaining groundwater have a strong effect on basal production with 

subsequent effects on invertebrate biomass and growth of post-emergent salmonids and their 

energetic status.  These findings highlight the importance of groundwater-surface water 

exchange to rearing salmon in winter and early spring, emphasize the importance of vertical 

connectivity as a spatially and temporally dynamic source of resource subsidies, and may 

inform strategies for conserving and restoring critical fish rearing habitat. 

 

Chapter 3 

Metabolic theory (MTE) scales variation in gross primary production (GPP) and ecosystem 

respiration (ER) with biomass and temperature.  Thus, it provides an approach to predict how 
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temperature influences ecosystem processes (Welter et al. 2015).  I hypothesized that the 

degree to which GPP and ER are temperature dependent varies with drainage area and 

channel confinement. Here, I measured stream metabolism at 10 sites across a stream 

network for 11 months. I quantified the effects of temperature on GPP and ER, and examined 

potential landscape features (i.e. drainage area and channel confinement) driving these 

patterns.  I found that the effects of temperature on GPP, mass specific GPP, and ER varied 

substantially throughout the river network and that these relationships not always fit the 

predictions of the MTE.  We initially anticipated that GPP was strongly related to water 

temperature, but we found that not all sites were associated with temperature and when they 

were, GPP was more temperature dependent than ER at most sites. We also found that 

drainage area and channel confinement can influence GPP and ER response to temperature.  

In addition, because the temperature dependence of GPP is larger than that of ER, our 

findings suggest that that carbon emissions in open canopied floodplain rivers although larger 

than carbon emissions in forested headwaters, could still lead to increased carbon 

sequestration under future global warming scenarios because in larger streams, most CO2 

emissions are produced directly in the stream itself derived from autochthonous production 

(Hotchkiss et al. 2015).  

 

Chapter 4 

My overall objective with this chapter was to describe the spatial and temporal patterns in 

stream metabolism across a stream network and examine potential drivers.  To investigate 

these patterns, I measured dissolved oxygen continuously for 11 months to derive estimates 

of stream metabolism at 10 stream reaches across a temperate stream network. Here, I 
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hypothesized: (1) GPP and ER increase with stream size and streams become less 

heterotrophic; and  (2) GPP and ER were highest when available light and temperature were 

highest after the high stream flows (summer months); but potential co-limiting environmental 

conditions, that vary by site, drive seasonal patterns in GPP and ER.  I found that there was 

substantial variation in GPP and ER across the network and throughout the year, and that 

spatial variability was greater than temporal variability, but within the range reported in other 

studies in temperate streams (Hoellein et al. 2013, Hall et al. 2015).  I confirmed that GPP 

and ER increased with drainage area as predicted by the River Continuum Concept RCC 

(Vannote et al. 1980) and that the stream network was largely heterotrophic except for few 

days in the spring and summer.  I also determined three main seasonal patterns for GPP and 

two for ER.  For some stream reaches, GPP peaked in the summer, others in the winter and 

some had multiple peaks.  ER peaked either in the fall or in the winter.  The spatial 

arrangement and temporal patterns of discharge, temperature, light and nutrients and their 

relative importance resulted in asynchrony of the peaks of GPP and ER despite consistent 

regional climatic conditions across the stream network. 
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CHAPTER 2: Linking Groundwater-Surface Water Exchange to Food Production and 

Salmonid Growth 

 

Chapter 2 is written in the plural “we” because it was submitted to the Canadian Journal of 

Fisheries and Aquatic Sciences with co-authors Colden V. Baxter, Eric K. Berntsen, and 

Alexander K. Fremier. 

 

Introduction  

Fluxes of materials, energy, and organisms across habitat boundaries, referred to as 

resource subsidies, are ubiquitous ecological phenomena that link land and water (Polis et al. 

1996, Vanni et al. 2004).  Stream food webs, because of close connections to their 

watersheds and the constant downstream movement of materials and organisms, are often 

strongly influenced by subsidies of resources from adjacent habitats (Baxter et al. 2005, 

Richardson et al. 2009).  Subsidies from terrestrial, tributary, marine, and hyporheic habitats 

can be important to sustaining populations of stream fishes like salmonids (Wipfli and Baxter 

2010, Nelson and Reynolds 2015).  However, the importance of subsidies created by either 

hyporheic flows or groundwater-surface water exchange (GW-SW exchange) to fish has 

received less investigation.   

An abundant body of literature indicates GW-SW exchange as a significant  

transport process of materials and nutrients, which can enrich basal production in lotic 

ecosystems (Valett et al. 1994, Jones et al. 1995, Wyatt et al. 2008).  In this paper, we refer to 

the combined subsurface flows (which may include, shallow hyporheic flow) as GW-SW 

exchange, because of the complex interaction between groundwater and subsurface flows 
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(Larned et al. 2015, Boano et al. 2014).  Studies of GW-SW influence on fishes have 

principally focused on physical habitat conditions, especially as it relates to spawning habitat 

and egg survival (Curry and Noakes 1995, Malcolm et al. 2003, Bowerman et al. 2014), but 

less so for its influence on the energetic conditions for growth (Power et al. 1999, Whitledge 

et al. 2006, French et al. 2014), and rarely for its possible direct and indirect influences on 

prey resources (but see French et al. 2014).   

Several mechanisms exist by which GW-SW exchange may directly and indirectly 

influence the energetic conditions for fish growth and prey resources.  GW-SW exchange 

flows can affect energetic conditions for growth by stabilizing water temperature and 

providing thermal refugia (Power et al. 1999, Whitledge et al. 2006), increasing metabolic 

rates (Brown et al. 2004) and increasing primary production and invertebrate production in 

the absence of other limiting factors such as light and nutrients (McCullough et al. 2009).  

GW-SW exchange in upwelling areas that are rich in nutrients may influence prey resources.  

Nutrients in upwelling water can directly stimulate primary production and primary 

producers in these habitats may recover quickly from disturbance (Valett et al. 1994, Wyatt 

et al. 2008).  In turn, higher primary production may influence invertebrate biomass (Pepin 

and Hauer 2002).  Fluxes of invertebrates derived from the hyporheic zone also provide prey 

to stream fishes (Wissmar et al. 1997).  In this light, we view materials, energy and 

organisms provided by GW-SW exchange flows as a resource subsidy that is both temporally 

and spatially dynamic in a watershed. 

Locations of GW-SW exchange are often associated with unconstrained stream 

reaches (floodplains), and this exchange is often cited as part of the basis for the high 

productivity and fish use of these habitats (Stanford et al. 2005).  Stream reaches with GW-



12 
 

 

SW exchange are actively selected by adult salmonids during spawning (Geist and Dauble 

1998, Baxter and Hauer 2000, Hall and Wissmar 2004) and have been shown to be important 

sites for salmonid rearing (Sommer et al. 2001, Bellmore et al. 2013, Malison et al. 2015).  

Areas of GW-SW exchange may also be critical habitat for post-emergent salmonid growth 

and survival, though this has received less study.  As post-emergent salmonids transition 

from endogenous to exogenous feeding, their bodies contain minimal energy reserves after 

yolk absorption (Armstrong and Nislow 2006).  This transition occurs in Chinook salmon in 

late winter or early spring when input of terrestrial prey resources may be low (Baxter et al. 

2005).  GW-SW resource contributions delivered during critically low food periods may 

maintain fish growth at higher levels than in the absence of this subsidy.  However, evidence 

from experimental studies regarding the causal connections between GW-SW exchange and 

fish growth are lacking.   

In this study, we investigated the influence of GW-SW exchange on post-emergent 

fish growth and prey resources.  In particular, we tested the overarching hypothesis that post-

emergent fish grow faster in gaining sites due to the effects of a consistent water temperature 

regime on fish bioenergetics, and in response to nutrient and temperature influences that 

contribute to increased invertebrate food availability. 

 

Methods  

Study Area and Site Selection 

The Methow River watershed in the Columbia River basin in Washington, USA has a 

catchment area of 4,462 km
2
 and elevations ranging from 2,700 m in the Cascade Mountains 

to 240 m near the confluence with the Columbia River.  The Methow River basin has a 
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snowmelt driven hydrology with high-altitude areas on the western side of the basin 

receiving approximately 2000 mm in precipitation annually and areas in the lower river 

valley receiving 300 mm (Konrad 2006).  The river has no major impoundment, and a typical 

snowmelt hydrograph - high flows in late spring (May –June) and early summer and low 

flows in late summer and winter (August-January).  Discharge (Q) during the duration of the 

study was representative of discharge within the historic flow record.  Groundwater 

discharge from the floodplain aquifer (comprised of alluvium and glacio-fluvial sediments) is 

the primary source of base flow in the Methow and Twisp Rivers and is highest during the 

summer and lowest in the late winter and early spring (Konrad 2006).   

The Methow River basin, with its low nutrient levels and cool water temperatures, 

supports among other native and non-native fish species populations of spring and summer 

Chinook salmon (Oncorhynchus tshawytscha) runs, steelhead (Oncorhynchus mykiss), bull 

trout (Salvelinus confluentus) and Coho salmon (Oncorhynchus kisutch) (Willms and Kendra 

1990, Konrad et al. 2006, Bellmore et al. 2013).  Despite the relatively intact, connected 

river-floodplain segments in the basin, native salmonid populations have decreased 

considerably.  These declines have led to numerous restoration efforts to improve habitat for 

juvenile salmonids, including efforts to improve habitat of floodplain side channels, 

providing additional motivation for our study.   

We classified and selected our study sites according to large-scale groundwater 

discharge and recharge areas identified by Konrad (2006) as gaining, losing and transient.  

To classify streams in the Methow River basin, Konrad (2006) used a mass-balance budget 

of inflows and outflows and attributed gains in streamflow to ground-water discharge, and 

losses to ground-water recharge.  Transient sites were located in neutral areas.  We selected 
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six accessible sites across a gradient of GW-SW exchange; two of each classified as gaining, 

losing or transient, including low velocity habitats used by post-emergent salmonids such as 

alcoves, side channels or springs (Figure 2.1).  The selected sites had similar instream and 

riparian cover, water velocity and water depth.  We conducted the study for five weeks from 

March 1 to April 5 in 2014 and measured environmental conditions and biota at the 

beginning and end of the study.   

 

Multi-Trophic Level Responses 

Growth of fish in enclosures  

We conducted an enclosure experiment to compare growth rates among sites 

spanning the range of GW-SW exchange conditions (gaining, transient and losing exchange) 

encompassed by the selected sites.  We built enclosures with PVC pipes of 4 m
2
 and 0.5 m 

high, and mesh walls (3 mm).  We added boulders or large woody debris to each enclosure to 

provide fish refugia and to better mimic natural conditions.  The mesh allowed movement 

(e.g., drift) of aquatic invertebrates and insects but prevented fish from moving in or out of 

the enclosure.  We measured dissolved oxygen at each enclosure with a handheld YSI 

multiprobe (Yellow Springs, Ohio, USA) at the beginning and end of experiment and 

monitored fish behavior every other day to ensure enclosures were not placed under anoxic 

conditions.   

We constructed four separate enclosures at each site, into which we placed ten un-fed, 

recently emerged Chinook salmon fry (0.36g ±0.02g) obtained from the Winthrop National 

Fish Hatchery.  We weighed fish at the beginning and end of the experiment and estimated 

specific growth rates for each site.  Specific growth rate (SGR) is the difference between the 
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natural logarithm of successive weights over a unit of time and expressed as a percentage.   

 

𝑆𝐺𝑅 =  
ln(𝑤𝑓) − ln (𝑤𝑖)

𝑑𝑎𝑦𝑠
× 100 

 

Where wf is the final weight and wi is the initial weight and days is the total number 

of days between weight measurements.  At the end of the experiment, we euthanized the fish 

with a buffered solution of 10mL of tricaine methane sulfonate (MS222) per liter of water.  

We froze fish carcasses to estimate percent dry weight (DW) to infer energetic status.  We 

also removed and froze their stomachs to later identify their contents to the lowest practical 

taxon using a dissecting microscope and weight to the nearest 0.001 g.  We estimated energy 

density (ED) by relating ED to DW (Trudel et al. 2005).  Gut contents and ED were 

subsequently used in the bioenergetics model.  Hatchery post-emergent Chinook salmon 

were weighed wet (± 0.001 g) and oven dried to constant weight at 70°C.  We weighed each 

fish and calculated the percent dry weight.  One enclosure at a gaining site (G2; see Figure 

2.1) was removed due to dewatering.  We assumed the constrained movement of fry in 

experimental enclosures did not yield erroneous results.  Although few studies of post-

emergent Chinook salmon exist, we used an enclosure size based upon the range of 

movement observed while fish in this post-emergent life stage rear within a given habitat 

(e.g., 2-26 m for Atlantic salmon, Einum et al. 2011).  

 

Observation of wild fish 

We complemented our experimental approach with field surveys (Power et al. 1998) 

of wild post-emergent salmon during the five-week experiment.  We dip netted, snorkeled 
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and electrofished wild post-emergent Chinook salmon to obtain lengths and weights, and 

record evidence of yolk sac for the first 30 wild post-emergent Chinook salmon collected at 

each site.  We did not keep wild fish for stomach analysis as spring Chinook salmon are 

protected under the Endangered Species Act.  We continued fish surveys until recently 

emerged fry were observed at all sites, except for sites Losing Site 2 (L2) and Gaining Site 1 

(G1) where no fish were observed.  We conducted extensive electrofishing at G1 in March 

and April, after which, we deemed reasonable to assume fry did not emerge from the gravel.  

At least one recently-built spawning nest (redd) had been previously identified in G1 near 

where sampling took place.  At L2, we snorkeled and dip netted multiple occasions; the 

closest redds identified near this site were approximately nine kilometers upstream and 0.6 

kilometers downstream.  Because of the difference in emergence dates among redds, we only 

used weights from the first set of surveys to compare among sites, as incorporation of new 

sibling groups made discerning growth patterns difficult.  Lastly, we drew inferences about 

the fish growth trajectories by comparing their length-weight distributions among the sites 

we were able to sample.   

 

Benthic invertebrates, gross primary production and periphyton biomass 

We sampled benthic invertebrate biomass, gross primary production (GPP) and 

periphyton biomass to examine food availability for post-emergent Chinook salmon, more 

specifically, whether gaining sites produced more food.  We sampled benthic substrates for 

invertebrates at each site at the beginning and end of the experiment.  On each sampling date, 

we collected two benthic samples using a standard Hess sampler (sample area of 0.086 m
2
, 

250-um mesh, Wildlife Supply Company, Yulee, Florida) at the most downstream area of the 
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sampling site, near the enclosures.  One person held the sampler in place, while disturbing 

substrate to a depth of 10 cm.  Our sampling technique would only have reached 

invertebrates inhabiting the shallow hyporheic zone, or perhaps those in motion from deeper 

areas.  We sorted samples and identified invertebrates to family.  We counted all 

invertebrates, then combined and dried at 60
o
C for 24 hours, and weighed them to 0.001 g.  

Because Chironomidae was the most common family of prey item in spring Chinook salmon 

stomachs, the first 30 Chironomidae of each sample were measured.  Chironomid weights 

were based on published length weight relationships (Benke et al. 1999).   

We measured gross primary production (GPP) to determine whether increased 

primary production in gaining sites might drive a “bottom-up” increase in food availability 

responsible for any response observed in post-emergent fish growth.  We measured GPP and 

ER via the open channel, single-station, diel O2 method by recording dissolved oxygen (DO) 

concentrations and water temperatures in each site every 10 minutes for at least a week with 

an YSI sonde (Yellow Springs, Ohio, USA) outfitted with an optical oxygen probe.  We used 

the BAyesian Single-station Estimation (BASE) program (Grace et al. 2015) to generate 

estimates of metabolism from the diel DO curves.  We used the average of the daily GPP 

estimates for the statistical analysis.   

The open channel method provided an estimate of GPP, integrated over a scale larger 

than that of enclosures (likely 10s of meters versus a few meters).  Thus, we used standing 

periphyton biomass collected at the enclosure scale in our predictive models of fish growth.  

We collected periphyton to measure the standing biomass available to invertebrates by 

scrubbing the surface of three randomly selected rocks near enclosures at the beginning and 

end of the experiment.  From the slurry of each rock, we collected two replicate samples.  We 
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then traced the top surface of sampled substrate to determine planar surface area (Bergey and 

Getty 2006).  We sent samples to the University of Idaho, Analytical Science Laboratory 

(Moscow, Idaho) where they followed standard APHA methods to determine chlorophyll-a 

(Chl-a) content.  Chl-a biomass is the measurement most commonly used as a proxy for 

primary production, as it is a measure of the photosynthetically active biomass (Steinman et 

al. 2006). 

 

Groundwater-Surface Water Exchange 

We used piezometric measurements of vertical hydraulic gradient (VHG, cm cm
-1

) 

and specific vertical discharge (Qs, cm
3
 cm

2
 s

-1
) as a proxy for groundwater discharge.  VHG 

is a dimensionless ratio that estimates pressure differentials between hyporheic and surface 

waters (Baxter et al. 2003).  VHG is positive in areas of hyporheic discharge and negative in 

areas of hyporheic recharge.  Qs is the vertical component of water flux in the streambed and 

K, is the hydraulic conductivity (cms
-1

).  To measure VHG and Qs and K at each site, we 

drove four PVC pipe piezometers (38.1mm diameter) with a sledgehammer approximately 

30-35 cm deep during the fall preceding the experiment; this was done after salmon 

spawning occurred, to minimize disturbance to redds.   

 

Environmental Variables 

We measured a suite of environmental variables known to be influenced by 

groundwater-surface water exchange, and/or may influence invertebrate prey or the feeding 

and growth of salmonid fishes.  We measured water depth (cm) inside the enclosures at each 

site at the beginning and end of the experiment.  Water velocity (m s
-1

) was measured in front 
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of each enclosure at the beginning and end of experiment.  We also measured substrate size 

at each site before enclosures were placed by randomly selecting one hundred rocks and 

determining each rock diameter using a gravelometer (Wolman 1954).  We estimated the 

median grain size (D50; mm) at each enclosure location.   

Because GW-SW exchange is known to positively influence primary production via 

delivery of available forms of nutrients (Valett 1994, Jones et al. 1995), we collected samples 

of surface and hyporheic water at each site at the beginning and end of the experiment for 

chemistry analysis.  For the hyporheic samples, water was drawn from piezometers with a 

peristaltic pump (Pegasus Athena, Mississauga, Ontario, Canada), the first 500 ml were 

discarded, and then water was directly pumped and filtered into the sample bottles.  Water 

samples intended for ammonium nitrogen (NH4-N), nitrate nitrogen (NO3-N), nitrite nitrogen 

(NO2-N) and soluble reactive phosphorus (SRP) analyses were frozen immediately after 

collection, while dissolved organic carbon, (DOC) was kept refrigerated and later sent for 

analysis to the IEH Aquatic Research Laboratory and Consulting Services (Seattle, 

Washington, USA).   

Water temperature (
o
C) and light intensity (Lux) data were recorded at each site on an 

hourly basis throughout the study using Onset HOBO data loggers (Pocasset, Massachusetts, 

USA).  Water temperature data were used to verify areas of groundwater discharge, as an 

input to bioenergetics simulations, and in the multivariate analysis to investigate which 

factors were most important for predicting growth of post-emergent Chinook salmon. 

 

Bioenergetics Simulations 

After empirically estimating daily growth of post-emergent Chinook salmon, we 
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simulated the effects of water temperature and diet on the Chinook salmon growth trajectory 

under the different site conditions (Stewart and Ibarra 1991).  Bioenergetic models can be 

used to estimate rates of consumption using data on observed growth and physiological 

parameters.  This approach requires site-specific data on initial and final fish weights, diet 

composition, energy density (ED) of predator and prey and thermal distribution (Table 2.1).  

Energy density (ED) is not only a measure of fish condition that integrates the history of the 

fish feeding environment (Fergusson et al. 2010), but is also necessary to provide an accurate 

estimate of consumption.  EDs for prey items were obtained from the literature (Cummins 

and Wuycheck 1971, Beauchamp et al. 2004).  We used several bioenergetic model output 

variables, including proportion of maximum consumption (P, 0 to 1), specific consumption 

rates (C, g g
-1

 d
-1

) and percent gross conversion efficiencies (GCE) to examine fish 

consumption and how fish growth trajectories differed under different sets of diet and 

temperature regimes.   

 

Statistical Analyses 

GW-SW exchange associations 

To evaluate the direct effect of GW-SW exchange on each trophic level, we used 

repeated measures mixed-effects models in R (R Development Core Team 2013) using lme4 

(Bates et al. 2015) package for the log and squared root transformed data (Chl-a, GPP, total 

invertebrate and chironomid biomass, SGR and percent fish dry weight).  The models 

included random intercept terms (grouped by site and cage) to account for non-independence 

of repeated measurements.  The random effects structure for the models was selected by 

using the restricted maximum likelihood approach (REML).  Throughout the paper, we refer 
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to these models as treatment-effects models.  We tested normality with the Shapiro–Wilk test 

and deemed results significant if p < 0.05 and marginally significant if p was between 0.05 

and 0.1 but of potential ecological importance, given the low sample size and statistical 

power of our study.  We used this graded approach because p-values are a continuous 

measure of evidence and are influenced by small sample size (Gelman 2013).  P-values were 

generated using the lmerTest package (Kusnetzova et al. 2015) based on Satterthwaite 's 

approximations.  R²GLMM(m), marginal R² for fixed factors and R²GLMM(c) conditional R² for 

both fixed and random factors R²GLMM(m) were estimated with the R function 

'r.squaredGLMM' from the package 'MuMIn' (Bartoń 2015). 

Comparisons among GW- SW exchange categories were also carried out for each of 

the environmental variables using linear mixed models, with the exception of nutrient 

chemistry measures.  All of these models included a random intercept term grouped by site to 

account for non-independence of repeated measurements.  For nutrients, we used the 

nonparametric method for non-detects in the NADA package (Lopaka 2013) to test for 

treatment effects because measurements of stream water ammonia and SRP contained many 

values at or below method detection limits (0.001 mg L
-1

 for SRP and 0.01 mg L
-1

 for 

ammonia).  In addition, we also carried out Kruskal-Wallis test using substitution of one-half 

of reporting limit.  Both analyses yielded similar results.  Thus, we decide to use substitution 

of one-half of reporting limit for subsequent multivariate analysis.  Additionally, surface 

water and hyporheic stream water samples were not significantly different, so they were 

grouped and their mean values used for further multivariate analysis.   
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Direct and indirect associations across trophic levels 

To investigate direct and indirect associations between specific fish growth rates and 

water temperature and food availability, we developed complementary linear mixed models 

based on a priori causal hypotheses (Benjamin et al. 2013).  We fit a multivariate model of 

periphyton as a function of light, temperature, SRP, N, and water velocity, which are all 

factors known to mechanistically influence streambed periphyton (Larned 2010).  Similarly, 

we fit a multivariate model of invertebrate biomass as a function of water temperature, Chl-a 

biomass and D50 because these are factors that have been identified to affect invertebrate 

biomass, particularly grazers (Lamberti et al. 2006).  Lastly, specific fish growth rate was 

estimated as a function of water temperature and invertebrate biomass (Sommer et al. 2001).  

We also included D50, water velocity and water depth in the multivariate fish model to 

account for potential energetic costs associated with habitat characteristics because post-

emergent fish seek out shallow, slow habitats (Power et al. 1999, Einum et al. 2011).  When 

detecting and quantifying indirect effects in a study, researchers traditionally use statistical 

methods such as path analysis or structural equation modelling.  However, as described by 

Benjamin et al. (2013), small number of replicates and potential confounding influences of 

covariates make these statistical approaches impracticable.  We tested models for collinearity 

using the function vif (variance inflation factor) from the car package (Fox and Weisberg 

2011).  Variables were considered collinear if vif values were greater than three and they 

were subsequently removed from the model.  Finally, we estimated for each trophic level the 

percent increase or decrease attributed to each explanatory variable in the multivariate 

models after combining the influence of the treatment effect models.   
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Results 

 

GW-SW Exchange and Associated Environmental Variables 

We chose sites to control variation in environmental variables other than GW-SW 

exchange.  As a result, water velocity (F2,5.6=0.766, p=0.5082), median substrate (D50, 

F2,6=0.668, p=0.547) and light intensity (F2,2443= 1.622, p= 0.198) did not differ significantly 

among GW-SW exchange categories.  On average losing sites tended to be deeper (25.6 cm) 

than gaining and transient sites (17.2 and 15.2), though this difference was marginally 

significant (F2,6= 3.92, p =0.083). 

Local field measurements of vertical hydraulic gradient (VHG) and specific vertical 

discharge (Qs) matched groundwater discharge and recharge segments per Konrad’s (2006) 

classifications.  The mean values for both VHG (F2,23 =20.22, p < 0.0001, Figure 2.2) and Qs 

(F2,16 = 3.47, p = 0.056) were significantly lower for losing sites and transient sites, than for 

gaining sites, but there were no differences between losing sites and transient sites. 

Measurements of water temperature and nutrients showed variation across sites and 

GW- SW classes (Figures 2.3, 2.4a, and 2.4b)  As expected, mean water temperature was 

highest (6.3 ºC) in the gaining sites, lowest in the losing sites (4.3 ºC) and transient sites had 

intermediate values, 5.2 ºC (F2,6 = 6.00, p < 0.038; Figure 2.3).  Mean inorganic nitrogen was 

also approximately twice as high in transient, 0.120 mg L
-1

 and gaining sites, 0.112 mg L
-1

 as 

in losing sites, 0.058 mg L
-1

(H= 19.6, p<0.0001; Figure 2.4b).  In contrast to our 

expectations, the point estimate of the mean SRP was not significantly different due to the 

high variation in samples (H= 2.9, p=0.229; Figure 2.4a).  
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Responses of Trophic Levels to GW-SW Exchange 

For each GW-SW category, we estimated average specific fish growth and percent 

fish dry biomass, benthic invertebrate biomass, chironomid biomass, chlorophyll a biomass 

and GPP (Figure 2.5a-f).  We found that for each trophic level, the biomass or growth, was 

generally higher in the gaining sites (G1, G2) and/or transient sites (T1, T2) than in losing 

sites (L1, L2) (Figure 2.5a-f).  Post-emergent Chinook salmon in the enclosures ate mostly 

chironomids (77% to 98% biomass of gut contents).  Fish stomachs also contained stoneflies, 

mayflies and caddisflies but in much lower proportions (Table 2.1) and there were no empty 

stomachs.  Enclosed fish in gaining sites gained mass almost twice as fast as fish in losing 

sites, with a specific growth rate of 2.7 percent d
-1

 compared to 1.5 percent d
-1

 (Figures 2.5a, 

F2,6= 6.42, p= 0.032).  Percent dry weight and energy density (as estimated from percent dry 

weight) were also greater in gaining sites than in losing sites and transient sites, 20.7%, 

18.8% and 18.3%, respectively (Figure 2.5b, F2,6=  9.31, p= 0.014).  Although fish in T2 

grew as much as those in G1 and G2, their average percent dry weight was considerably 

lower than those of the gaining sites, 18.6%.   

Invertebrate biomass in gaining sites and transient sites was approximately 7 and 10 

times higher than in losing sites, respectively, but variability was high across sites of the 

same exchange category, thus differences were not significant at the 0.05 level (Figure 2.5c, 

F2,6= 4.16, p= 0.067).  Specifically, chironomid biomass, the most important prey item for 

post-emergent Chinook salmon, was also six and 11 times higher in the gaining and transient 

sites than in losing sites, but due to the high variability among sites, these differences were 

not significant (Figure 2.5d, F2,6= 1.199, p= 0.361).   

GPP in gaining sites was approximately seven times higher that of losing sites and 
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two times higher that of transient sites (Figure 2.5e, F2,6= 4.81 , p =0.055).  Chl-a biomass 

was also seven times greater in gaining sites than losing sites and two times greater than in 

transient sites (Figure 2.5f, F2,6= 6.50, p= 0.032. 

Bioenergetics model simulations revealed that fish ate at a relatively moderate 

proportion (0.63 to 0.76) of maximum consumption regardless of the GW-SW exchange 

category.  Post-emergent fish grew steadily in the gaining sites.  In contrast, fish in the losing 

and transient sites lost weight at the beginning of the experiment when temperatures were 

colder, their growth generally fluctuated more, and as water temperature rose fish grew faster 

(Figures 2.6a and 2.6b).  Percent gross conversion efficiencies (GCEs) associated with these 

growth trajectories also increased with rising temperatures as expected; median GCE values 

ranged from 7.1% in the losing sites to 14.6% in the transient sites.  Overall, GCE variance 

was much higher for losing sites (60% and 128%) and transient sites (16% and 86%) than for 

gaining sites (8.7% and 13.4%) as a result of the rapid temperature increases in the losing and 

transient sites.   

Similar to the observed weights of the enclosed fish, length-specific weights from 

wild post-emergent Chinook salmon in G2, a gaining site, were higher (0.563 g) than mean 

weights from T2, a transient site, and L1, a losing site, (0.384g and 0.375g, respectively).  

This is despite our having sampled and recorded G2 wild fish weights at least a week earlier 

than fish fromT2 and L1 (Figure 2.7).  However, we acknowledge that these differences 

maybe within the error margin of our measurements.   

 

Direct and Indirect Relationships Across Trophic Levels 

The linear mixed models used to examine potential mechanisms determining post-
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emergent fish growth were consistent with our hypothesis that higher growth rates in gaining 

areas were due to elevated water temperatures and increased food production (Table 2.2).  

First, the model for fish growth revealed that water temperature was the most important 

variable explaining fish growth, followed by invertebrate biomass (Table 2.2).  Second, the 

model for invertebrate biomass showed that Chl-a biomass explained most of the variability 

in invertebrate biomass (Table 2.2).  Third, the model for Chl-a biomass indicated that water 

temperature; SRP and N were all significant variables explaining Chl-a biomass (Table 2.2).   

By combining the multivariate model results with the treatment-effect models that 

accounted solely for GW-SW exchange effects, we examined how GW-SW exchange 

interacted with the environmental variables considered important predictors of post-emergent 

fish growth, invertebrate biomass and Chl-a biomass (Table 2.2).  We calculated that water 

temperature increased fish growth by 64.1 % in gaining sites compared to losing sites.  

Invertebrate biomass increased fish growth by 10.8 % in gaining sites compared to losing 

sites.  In contrast, variables deemed to correlate with energetic costs, substrate size (D50), 

water velocity and water depth decreased post-emergent fish growth marginally (0.4% to 

5.7%, Table 2.2).  We also calculated that Chl-a biomass increased invertebrate biomass by 

80.6% in gaining sites compared to losing sites.  Moreover, although effects of water 

temperature and D50 on invertebrate biomass were not significant, they both increased 

invertebrate biomass by about 10%, on average, in gaining sites compared to losing sites.  

Lastly, water temperature increased Chl-a biomass the most, by 42.9% in gaining sites 

compared to losing sites, followed by N (26.7%).  In contrast to our expectations, we 

observed a negative association between SRP and Chl-a biomass (49.8%), likely owing to 

high phosphorus uptake in the gaining sites.  Light and water velocity had marginal effects 
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on Chl-a biomass (0.9% to 3.1%). 

 

Discussion  

The findings of our study demonstrate that groundwater inputs can positively 

influence growth of post-emergent salmon fry, and point to direct and indirect pathways by 

which these inputs may affect their growth and energetic condition. This illustrates how 

groundwater-surface water exchange of materials, energy, and organisms may serve as 

another cross-boundary subsidy of potential importance to stream fishes.  Although our 

experiment did not explicitly determine causal mechanisms, we showed that the elevated 

nitrogen concentrations and consistently warmer water temperature associated with sites 

gaining groundwater have a strong effect on basal production, which has subsequent effects 

on invertebrate biomass and growth of post-emergent salmonids and their energetic status.  

Our use of a manipulative field experiment and replicated enclosures helped distinguish 

effects of groundwater-surface water exchange character from other sources of 

environmental variation.  The experiment also aided in separating direct and indirect effects 

associated with post-emergent salmon growth.  Moreover, results of concurrent sampling of 

wild fish confirmed the patterns we observed in the experimental setting, while the growth 

trajectories from bioenergetics simulations informed interpretation of the consumption 

patterns in reaches that were gaining, losing, or transient with respect to groundwater 

exchange. 

Prior studies have shown that nutrient contributions from groundwater inputs can 

positively impact biomass of algae and invertebrates (Valett et al. 1994, Pepin and Hauer 

2002, Wyatt et al. 2008), but they have not directly shown an effect on fish.  Here, we 
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demonstrated that in gaining sites, exchange can affect the energetic conditions for post-

emergent salmonid growth directly through increased temperature and increased prey 

availability, and indirectly through increased nitrogen concentrations and temperature, that 

then stimulated prey biomass.  Because we aimed to control conditions that affected 

energetic costs to the fish, as expected factors associated with energetic costs such as water 

velocity and substrate size did not explain the variation we observed among sites with 

variable groundwater-surface water exchange characteristics.  We determined that stable, 

higher winter water temperatures and increased invertebrate prey availability in gaining sites 

had a direct GW-SW exchange effect on post-emergent Chinook salmon growth and 

energetic condition.  

Our bioenergetics model results showed that fish growth was steady and consistent in 

gaining sites, whereas it fluctuated widely at the transient and losing sites.  The highest 

estimated growth rates also occurred towards the end of the experiment at the losing and 

transient sites where fish had initially been starving, which suggests that these fish exhibited 

compensatory feeding.  Kennedy et al. (2008) determined that juvenile Atlantic salmon 

exhibited compensatory feeding, as sites with the highest late-season consumption were the 

sites that had the lowest mid-season consumption and a majority of starving individuals in 

the early season.  Low temperatures, feeding from yolk sack remains and poor swimming 

ability may have decreased feeding in the early part of the experiment.  As a result, energetic 

status paralleled growth except for fish in one transient site (T2) where compensatory growth 

and consumption were highest.  The occurrence of compensatory growth, the accelerated 

growth after a period of resource limitation, may reduce energy reserves, survival 

probability, delay maturation, and reduce physical performance and cognitive function (Ab 
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Ghani et al. 2014).  We reason that as water temperatures continue to rise at all sites, fish in 

the losing and transient streams are likely to experience higher growth rates than fish in the 

gaining sites as experienced in T2.  However, we cannot speculate as to whether or not fish 

condition in losing and transient sites would be the same as in gaining sites. This would 

likely depend on whether the temperature fluctuations experienced in these areas are outside 

their energetic optimum or preference (Jobling 1997). 

We determined that higher N concentrations and warmer water temperatures in 

transient and gaining sites stimulated chlorophyll-a biomass and primary production.  

Upwelling groundwater is often enriched in labile forms of inorganic nitrogen (Dent et al. 

2001), and we found that in gaining and transient sites this appeared to indirectly affect 

invertebrates by subsidizing periphyton production, which, in turn, increased prey 

availability for post-emergent Chinook salmon.  Although we initially expected higher SRP 

concentrations in gaining sites, we did not observe this.  Instead, a large proportion of SRP 

samples were under the detection limit, and the negative associations we found between SRP 

and our periphyton model suggested high phosphorus demand.  Lower SRP concentrations in 

gaining sites may have been attributable to higher uptake rates in upwelling areas due to high 

availability of labile carbon, high microbial demand in the hyporheic zone and warmer 

temperatures at this time of year typical of upwelling areas (D’Angelo et al. 1991, 

Mulholland et al. 1997).  High concentrations of SRP in T2, a transient site that had been 

newly restored, may be the result of rewetting of previously isolated sediments in the 

floodplain (Valett et al. 2005, Schönbrunner et al. 2012).  Whereas a bottom-up, benthic 

mechanism appears most consistent with our findings, it is also possible, and even likely, that 

some component of the invertebrate prey subsidy to post-emergent salmon was at least 
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indirectly derived from the hyporheic zone itself, particularly because the chironomid prey 

we found to be most prevalent in their stomachs are well known to utilize hyporheic habitats 

for portions of their life cycle (Stanford and Gaufin 1974, Brunke and Gonser 1999, 

Reynolds and Benke 2012).  In addition, top-down processes may have influenced our results 

as well.  For instance, in one gaining site (G2) we observed relatively low invertebrate 

biomass that may have been due to high prey demand by wild post-emergent Chinook 

salmon that were abundant at this site.  In sum, our findings point to a variety of pathways by 

which groundwater-derived resources may be incorporated into the food web that sustains 

rearing salmonid fishes. 

Areas of GW-SW exchange introduce heterogeneity in stream water temperature, 

energy resources, and organisms into surface river environments.  Understanding how this 

patchiness in productivity originates from the heterogeneity caused by the GW-SW exchange 

is important to effective conservation and restoration of habitat complexity, as this spatial 

complexity can promote community stability and the maintenance of biodiversity (Bellmore 

et al. 2015).  Our findings are consistent with the hyporheic corridor and the shifting habitat 

mosaic concepts (Stanford and Ward 1993, Stanford et al. 2005) that the convergence of 

surface and groundwater in areas of active exchange (i.e., floodplains) is important to 

determining biological production by responding to spatially and temporally dynamic vertical 

and lateral processes rather than longitudinal processes (Stanford et al. 2005, Poole 2002).  

However, our study was limited to one study area and the strength of our inferences may be 

limited by the geomorphic, hydrologic and land use context that mediate the influence of 

GW-SW interactions on the ecology of streams (e.g., Wright et al. 2005).   

For post-emergent fish rearing in active GW-SW exchange areas like floodplains, the 
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strength and duration of groundwater-derived subsidies may not be as important as the timing 

of their delivery.  During critically low food periods in winter and early spring, even 

subsidies of small magnitude may maintain growth and abundance of animal populations 

(e.g., Nakano and Murakami 2001).  Nevertheless, the consequences of these subsidies for 

growth at the post-emergence life stage of Chinook salmon may or may not translate into 

consequences at the scale of populations or overall fitness.  Because the weeks following 

emergence may be a critical period for survival, larger early emerging juveniles may have an 

advantage competing for available territories (Skoglund et al. 2012).  Alternatively, post-

emergent salmonids may be subject to strong maternal effects that can conceal the 

connection between habitat and growth and survival (Kennedy et al. 2008).  As juveniles rear 

in the stream in late spring and summer, losing or transient sites that exhibit higher water 

temperatures than juvenile Chinook salmon optimum temperatures may pose energetic 

bottlenecks that potentially limit their growth as a result of food limitation increased with fish 

size due to temperature-induced metabolic cost (Myrvold and Kennedy 2015).  Moreover, 

any benefits realized at these early life stages of Pacific salmon may be overshadowed by 

limiting factors that manifest at later stages and in other habitats; in this case, processes that 

occur in the mainstem Columbia River, its estuary, or the marine environments used by these 

fish (impacts of dams, reservoirs, predators, ocean conditions, etc.).   

Rivers are interacting, hierarchical mosaics of habitat heterogeneity, and in such a 

context understanding differences between losing and gaining areas in floodplains has 

important implications for planning conservation and restoration efforts to enhance rearing 

habitat for salmonids.  At the watershed scale, the cumulative thermal and flow regimes of a 

stream and nutrient contributions are influenced by the arrangement and size of groundwater 
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inputs in gaining and losing floodplain segments (Jones et al. 1995, Baxter and Hauer 2000, 

Dent et al. 2001).  This is most clearly seen in winter, when gaining areas have less ice cover 

because of groundwater influence.   

Anthropogenic disturbances lead to habitat simplification and loss of habitat 

heterogeneity (Tockner et al. 2010, Peipoch et al. 2015).  This habitat simplification can 

decrease vertical connectivity directly by reducing in-channel and planform complexity 

through channel modifications such as straightening, dredging, and floodplain disconnection 

and indirectly through land use changes where increased sedimentation disconnects surface 

water-groundwater exchange (Hester and Gooseff 2011).  Traditionally, a goal of floodplain 

restoration has been to re-establish lateral connectivity (Roni et al. 2008).  However, as 

evidenced in this study, restoring the dynamic processes that create and maintain GW-SW 

connectivity can be an equally important goal (Kondolf et al. 2006, Boulton et al. 2010).  

Restoration of river-floodplain connectivity (especially focused on side-channels) is being 

conducted along the Methow River and elsewhere in the Columbia Basin and Pacific 

Northwest with the aim of improving habitat for rearing salmon and steelhead.  Though, it is 

uncertain whether these conditions limit populations, and mechanisms assumed to underpin 

population responses to such restoration and mitigation activities remain largely untested 

(Bellmore et al. 2013, Collins et al. 2015).  Our findings suggest restoration or construction 

of a floodplain side-channel in the context of a losing or transient reach would likely result in 

a habitat with markedly different conditions for salmonid rearing than if either were 

conducted within a gaining reach.  Yet, this context is rarely accounted for in planning or 

prioritization of such projects.  Thus, our findings highlight the need for understanding 

groundwater-surface water exchange as a key component to context-based conservation and 
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restoration, particularly for rearing salmon.   
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Tables 

Table 2.1:  Parameters used in the Bioenergetics model.  We estimated diet composition from stomach contents and used prey 

energy density values from Cummins and Wuycheck (1971) and Beauchamp et al. (2004).  We estimated predator energy 

density (ED) using study’s percent dry weight data and an energy density equation that relates energy density and percent dry 

weight for juvenile Chinook Trudel et al. (2005).  Chironomid pupae have considerably larger energy density than chironomid 

larvae (3,400 J g
-1

 vs 2,478 J g
-1

) thus percentage consumed per chironomid life stages were entered separately in the model.   

 

Site   Exchange   Fish weight Percent diet composition Chinook salmon energy density 

 (kJ g
-1

)  

Initial 

(g)  

     Final     

 (g) 

Chironomid 

larvae 

 (2,478 J g
-1

)   

     Chironomid 

pupae 

(3,400 J g
-1

) 

EPT 

 

(4,700 J g
-1

) 

Other 

 

(4,000  J g
-1

) 

L1 Losing 0.364 0.642 0.0 82.0 13.3 4.7 3,705 

L2 Losing 0.359 0.553 0.4 76.7 21.8 1.1 3,249 

T1 Transient 0.355 0.633 3.7 93.7 1.1 1.4 3,255 

T2 Transient 0.354 0.913 5.7 77.6 15.3 1.4 3,462 

G1 Gaining 0.369 0.900 65.0 26.4 6.6 2.0 4,059 

G2 Gaining 0.360 0.874 2.8 94.8 1.6 0.8 4,353 
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Table 2.2:  Effect size (coefficient estimates), standard errors, percent of the explained variance for fixed effects (R
2

m) and random 

and fixed effects combined (R
2

c) for a priori hypotheses driven models.  Percentage increase or decrease for each trophic level 

when comparing losing sites to gaining sites.  * degrees of freedom based on Satterthwaite approximation (Kuznetzova et. al.  

2015).   

 

Model Percent increase 

or decrease from 

losing to gaining 

Estimate SE df* t p R
2

m R
2

c 

Fish growth       0.89 0.93 

  Water temperature 64.1 0.0053 0.0008 2.6 6.991 0.009   

  Invertebrate biomass 10.8 0.0011 0.0004 11.4 2.501 0.029   

  D50 -1.8 0.0005 0.0004 13.9 1.151 0.269   

  Water velocity -0.4 -0.0183 0.0147 13.6 -1.246 0.234   

  Water depth -5.7 0.0002 0.0001 13.2 1.480 0.162   

Invertebrate biomass       0.50 0.50 

  Water temperature 11.1 0.1010 0.3373 17.0 0.299 0.768   

  Chl-a biomass 80.6 0.7689 0.3019 17.0 2.546 0.021   

  D50 10.4 -0.2540 0.2164 17.0 -1.173 0.257   

Chl-a biomass       0.75 0.75 

  Water temperature 42.9 0.6034 0.16780 18.0 3.596 0.0020   

  SRP -49.8 2.1977 0.47220 18.0 4.654 0.0002   

  N 26.7 1.2391 0.47150 18.0 2.628 0.017   

  Light 3.1 -0.4216 1.11730 18.0 -0.377 0.710   

  Water velocity 0.9 3.9230 4.65100 18.0 0.843 0.410   
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Figures 

Figure 2.1: Map of the Methow River basin.  The six sites, main tributaries and Columbia 

River are identified by name.  The inset indicates the location of the Methow River in 

Washington state, USA 
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Figure 2.2: Vertical hydraulic gradient (VHG) for each site versus segment scale surface 

water-groundwater exchange (two losing sites, two transient sites and two gaining sites) 

in the Methow River basin, Washington, USA.  VHG data was measured at bed 

topography breaks.  VHG readings from losing and transient sites were significantly 

lower than VHG readings from gaining sites.  Surface water-groundwater exchange 

categories were based on the surface water-groundwater exchange analysis in Konrad 

(2006). 
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Figure 2.3: Probability density distributions of surface water temperature recorded during 

fish growth experiment from March 1, 2014 to April 4, 2014 at all six sites  (losing  

mean temperature  of 4.27± 2.74, transient mean temperature of 5.24 ± 2.06, and gaining 

mean temperature of 6.33 ± 1.27.  Surface water-groundwater exchange categories were 

based on the surface water-groundwater exchange analysis in Konrad (2006). 
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Figure 2.4: (a) Nitrate and nitrite and (b) soluble reactive phosphorus (SRP) concentrations 

(mg L
-1

) from surface and hyporheic water samples for each segment scale surface-

groundwater exchange.  Reporting limits are 0.001 mg L
-1

 for SRP and 0.01 mg L
-1

 for 

ammonia, nitrate and nitrite.  All ammonia samples were below the reporting limit. 
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Figure 2.5: For each SW-GW category: estimated specific fish growth rate  (a),  percent fish 

dry weight (b), invertebrate benthic biomass (c), chironomid biomass (d), gross primary 

production (e), and chlorophyll-a biomass (f).  Each figure shows associated p-value.  
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Figure 2.6: Daily growth simulations (a) and simulated weight accrued over the course of the 

experiment (b) for post-emergent fish growth under the six site conditions observed in 

the field.  G1 and G2 are gaining sites, T1 and T2 are transient sites and L1 and L2 are 

losing sites. 
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Figure 2.7: Wild post-emergent Chinook salmon length-weight relationships obtained for 

four of the six sites included in the study.  Wild fish were not captured at G1 and L2 

even after extensive sampling.   
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CHAPTER 3 – Understanding the Variability of Temperature Dependence of Stream 

Metabolism Across a Watershed 

 

Chapter 3 is written in the plural “we” for submittal to the Ecosystems journal with co-

authors Joseph R. Benjamin, James R. Bellmore, Grace A. Watson, Adrianne Zuckerman, 

and Alexander K. Fremier. 

 

Introduction 

Global mean surface temperature is predicted to increase approximately 0.3°C to 

0.7°C for the next twenty years with water temperature expected to rise as air temperature 

increases (IPCC 2014).  This increase in water temperature affects numerous aquatic 

ecosystem processes, such as ecosystem respiration (ER) and primary production (GPP) with 

major implications for global carbon budgets and food webs among other ecological 

concerns (Lopez-Urrutia et al. 2006, Perkins et al. 2010, Demars et al. 2011).  The metabolic 

balance of GPP and ER is likely to shift in favor of ER with increasing temperature in the 

absence of feedbacks and acclimation because respiration generally responds more strongly 

to temperature than does to production (Anderson-Teixeira et al. 2012).  One of the 

differences of the response to temperature between terrestrial and aquatic ecosystems is that 

allochthonous carbon inputs can decouple respiration from photosynthesis in aquatic systems 

(Valett et al. 2008, Yvon-Durocher et al. 2012) and may alter the metabolic balance of 

aquatic ecosystems (O’Gorman et al. 2012).  Furthermore, in lotic systems, it has been 

recognized that landscape features influence the temperature dependence of ecosystem 

respiration (Jankowski et al. 2014).  Understanding the temperature dependence on stream 
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ecosystem processes is currently an active field of research, but has been mostly focused on 

the temperature dependence of ER.  However, further understanding of the variability of 

temperature dependence of not only ER, but GPP across stream networks is needed as studies 

that include larger streams and rivers are limited. 

The metabolic theory of ecology (MTE) can provide a framework for developing 

predictions about how temperature influences ecosystem processes (Brown et al. 2004, Sibly 

et al. 2012, Welter et al. 2015).  MTE assumes whole-body metabolism of organisms applies 

to ecosystem processes (Enquist et al. 2003) and describes temperature dependence as an 

enzyme activation energy (E) derived from the Arrhenius equation, where metabolic rates 

increase exponentially with temperature (Brown et al. 2004).  MTE predicts a differential 

temperature dependence of heterotrophic processes of Er = 0.65 eV and autotrophic rates of 

Ep = 0.32 eV.  However, deviations from these predictions are indications of spatial and 

temporal variation in resource availability and quality (Jankowski et al. 2014). 

The relationship between metabolism and temperature may vary from canonical 

expectations when resources change as a direct function of temperature and the supply of a 

limiting resource co-varies with temperature.  Temperature dependence can be higher than 

expected if the abundance of resources co-varies positively with temperature or can be 

amplified through positive feedbacks.  Conversely, the temperature dependence of an 

ecosystem process rate can be lower than expected due to a number of possible reasons, 

including nutrient limitation, acclimation, and changes in microbial abundance, or 

seasonality (Cross et al. 2015).  Nutrient limitation may also suppress temperature 

dependence when primary producer biomass is high and communities experience reduced 

access to resources (Welter et al. 2015). In streams, for example, dense benthic algal 
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communities can result in increased competition for light and nutrients.   In addition to 

potential nutrient limitation, allochthonous contributions from upstream and lateral sources 

can decrease the effect of temperature on ER (Valett et al 2008).   

A considerable amount of work has been carried out on the effect of temperature on 

GPP and ER in oceans (Lopez-Urrutia et al. 2006, Garcia-Corral et al. 2014), lentic (de 

Castro and Gaedke 2008) and lotic systems (Acuña et al. 2008, Yvon-Durocher et al. 2010, 

Demars et al. 2011, Jankowski et al. 2014, Welter et al. 2015).  However, the bulk of the 

research in lotic systems has focused in small streams, experimental settings and limited 

temporal variability.  Here, we aimed to understand how the effects of temperature on GPP 

and ER vary across a stream network throughout a year.  We hypothesized that stream size 

(drainage area) and channel confinement are predictably associated with the temperature  

dependence of GPP, mass specific GPP and ER because drainage area and channel 

confinement can strongly control periphyton biomass accrual, disturbance of streambed and 

nutrient availability. 

 

Methods 

Study Area 

We conducted the study in 10 stream reaches (sites) of the Methow River watershed 

within the Columbia River basin from June 2013 to May 2014 (Figure 4.1).  Selected sites 

were part of a larger habitat monitoring program for the entire Columbia River basin and 

were representative of the entire watershed (Zuckerman 2015).  The Methow River, located 

in north central Washington State (USA), is generally an alluvial river, but also has some 

colluvial tributaries.  The River is characterized by low nutrient levels and cool water 
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temperatures (Konrad et al. 2006, Willms and Kendra 1990, Bellmore et al. 2013).  The river 

does not have major impoundments and, as a result, has a largely unaltered, natural flow 

regime with high flows during May – June, and low flows during August-January.  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 in 2013 

which were more than twice as high that the mean average flows of the historic record for 

those months (1912 to 2014).  The riparian corridor is dominated by Douglas-fir 

(Pseudotsuga menziesii) and pine (Pinus spp.) in the higher elevation reaches whereas black 

cottonwood (Populus trichocarpa), speckled alder (Alnus incana), bigleaf maple (Acer 

macrophyllum), and western red cedar (Thuja plicata) are abundant in the lower areas 

(Bellmore et al. 2013).   

 

Periphyton Biomass, Physical and Chemical Measurements 

At each site, we took monthly samples of periphyton biomass of 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) and ash free dry mass (AFDM), 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 few instances when flows were too high, during spring and early summer, and 

access to the streambed was unsafe.   

We also collected monthly water samples (one per site) at the downstream end of 

each site to measure ammonium (NH4–N), nitrate +nitrite (NO3–N, NO2–N), and soluble 
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reactive phosphorus (SRP). Samples were filtered (0.45μm), stored frozen and then analyzed 

using EPA standard methods (United States Environmental Protection Agency 1983) by IEH 

Analytical Laboratories (Seattle, Washington, USA).  For our study, we considered all three 

dissolved nitrogen species together as dissolved inorganic N (DIN).  Detection limits for DIN 

were 0.01 mg L
-1

 and for SRP were 0.001 mg L
-1

.   

We measured photosynthetically active radiation (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, open location free of 

obstructions near Winthrop, WA (Figure 3.1) and corrected for canopy and topographic 

shade at each site. 

For each site, we generated daily discharge estimates using the ratio of daily 

discharge to bankfull discharge from the closest USGS gages, as suggested in Leopold 

(1994).  Channel confinement (Table 3.1), the ratio of the valley floor width to the bankfull 

channel width, was calculated with valley floor width data for each stream reach from the 

Methow River TerrainWorks database (http://www.terrainworks.com/terrainworks-

dataset-locator) and bankfull channel width data from the CHaMP database.  Valley width 

was calculated at five times bankfull depth (Benda et al. 2007, Burnett et al. 2007).  Bankfull 

width was estimated as the average width of the bankfull polygon calculated from digital 

elevation models (DEM) at each stream reach.  We also used publically available aerial 

photographs (National Agriculture Imagery Program, NAIP 2009, 

http://www.fsa.usda.gov/programs-and-services/aerial-photography/imagery-programs/naip-

imagery/index) to visually verify the validity of estimated widths.  We estimated drainage 

area (Table 4.1), the area that drains to a point on a stream, using StreamStats 

http://www.terrainworks.com/terrainworks-dataset-locator
http://www.terrainworks.com/terrainworks-dataset-locator
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(http://water.usgs.gov/osw/streamstats/).   

 

Stream Metabolism Estimates 

At each stream reach, we measured stream metabolism via the open channel, single-

station, diel O2 method by recording dissolved oxygen (DO) concentrations every ten 

minutes from June 2013 to May 2014 in the main channel thalweg with an YSI sonde 

(Yellow Springs, Ohio, USA) outfitted with an optical oxygen probe.  Approximately every 

two weeks, we re-calibrated the sondes in the field in a bucket of air-saturated water using an 

air pump and air stone (Hall et al. 2015).  Prior to data analysis, we corrected our DO 

readings from drift that occurred during the deployments (Grace and Imberger 2006).   

We used the BAyesian Single-station Estimation (BASE) program (Grace et al. 2015) 

to estimate single-station whole-ecosystem stream metabolism.  BASE uses a Markov Chain 

Monte Carlo (MCMC) method to estimate values for GPP and ER.  We evaluated daily 

models fit using the multiple criteria described in Grace et al. (2015).  The criteria includes 

an R
2
, which quantifies the correlation between modeled and measured DO data, and a 

posterior predictive check (PPC), which measures the overall fit based on the MCMC 

iterations.  We only used daily models with an R
2
 ≥ 0.6 and a PPC >0.1 or <0.9.  The mean 

R
2
 of our 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 56% of the total days modeled as good fits.  Our 

relatively lower percentage of good fits may be attributed to the inclusion of days 

characterized by cold water temperatures, low productivity and high turbulence (M. Grace, 

personal communication). We discarded the poor fitted diel curves and did not include 

incomplete days or periods where DO probes malfunctioned.  The model estimates GPP and 

http://water.usgs.gov/osw/streamstats/
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ER in units of mg O2 l
-1

 d
-1

, but were converted to areal rates (g O2 m
-2

 d
-1

) using measured 

mean stream depth.  We used the average of the daily GPP and ER estimates for subsequent 

statistical analyses.  Daily AFDM specific GPP and daily AFDM specific ER rates were 

estimated by dividing GPP and ER by AFDM.  

 

Statistical Analyses 

To assess the effects of temperature on GPP, AFDM specific GPP, ER, and AFDM 

specific ER, we used repeated measures mixed-effects models (lme function in the R package 

nlme) with fixed effects of either temperature (inverse temperature in Kelvin, 1/kT) for each 

site.  Temperature was expressed as 1/kT to quantify the temperature dependence of GPP, 

AFDM specific GPP, ER and AFDM specific ER at each site assuming that all response 

variables followed the Van’t Hoff-Arrhenius relationship  

𝑒−𝐸/𝑘𝑇 

where k is the Boltzmann constant 8.61 x 10
-5

 eV and 1 eV is  ̴1.6x 10
-19

  J, T is temperature 

in Kelvin (K), and E is the activation energy E; in eV.  E quantifies the change in reaction 

rate with temperature (Boltzmann 1872, Arrhenius 1889 as cited by Brown et al. 2004) and is 

a measure of the minimum amount of chemical energy necessary for a chemical reaction to 

occur and is measured in eV.  A significant (p<0.05) interaction between temperature and the 

metabolic rate type indicated a significant difference. We compared the temperature 

dependence of GPP (Ep), mass specific GPP (Emp), ER (Er), and mass specific ER(Emr) at 

each site to canonical expectations via linear mixed model regressions.  The canonical 

activation energy values for GPP and ER are -0.32 and -0.65 eV, respectively (Gillooly et al. 

2001, Allen et al. 2005).  All models considered included a random effect of month on the 
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intercept to account for non-independence of repeated measurements.  

Second, we related temperature dependence estimates (Ep, Emp, Er, and Emr), one 

estimate per site (n=10) as each energy activation value is the slope of the Arrhenius 

relationship, across all sites to drainage area and channel confinement to examine the 

influence of watershed characteristics on the temperature dependence of stream metabolism.  

We deemed results significant if p < 0.05 and marginally significant if p was between 0.05 

and 0.1 but of potential ecological importance, given the low sample size (10 sites) and 

statistical power of our study.  This graded approach recognizes that p-values are a 

continuous measure of evidence and are influenced by small sample size (Gelman 2013).   

 

Results 

Stream Metabolism Estimates 

There was approximately two orders of magnitude increase across the network for 

mean GPP, 0.02 mg O2 m
-2

 d
-1

 to 2.39 mg O2 m
-2

 d
-1

 and one order of magnitude increase for 

mean ER, 0.27 mg O2 m
-2

 d
-1

 and 2.89 mg O2 m
-2

 d
-1

(Table 3.1).  Mean annual GPP and ER 

increased with drainage area (r=0.98, p<0.0001; r=0.96, p<0.0001).  Average annual ER was 

also correlated to channel confinement (r=0.67, p= 0.036).  Mean NEP for all sites was 

negative and ranged from -0.18 (SD±0.22) to -1.18 (SD±0.87).   

 

Water Temperature and Periphyton Ash Free Dry Mass (AFDM) 

Mean daily water temperature (TEMP) varied across sites seasonally, with highest 

temperatures in the summer and lowest temperatures in the winter.  The warmest 

temperatures were observed at C2, T2 and C1 (from 18.0º to 18.5ºC).  In contrast, in the 
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winter BD, EW, L2, and T2 froze either completely or partially from December to February, 

and M1 had the highest minimum temperatures (Figure 3.2).  Mean daily temperature was 

not strongly associated with either drainage area or channel confinement when all dates were 

combined.  However, when examining seasonal trends, temperature was moderately 

correlated with drainage area in the spring (r=0.36) and winter (r=0.45).   

Ash free dry mass (AFDM) generally increased with drainage area (Table 3.1).  

Lowest AFDM was observed in T1 (3.5 ±1.12) and highest in M2 (15.3±7.64).  This change 

represented approximately a fivefold increase.  AFDM also varied seasonally and peaked at 

different times of year depending on the site, with four sites peaking in the summer (BD, 

EW, T1, and T2) and six sites in the winter (BV, C1, C2, M1, M2, and M3)  (Figure 3.2).  

 

Other Environmental Variables 

As expected, mean daily discharge (Q) increased with increasing drainage area and 

decreasing degree of channel confinement, although there was evidence of some leveling off 

at the lowest sites.  Daily discharge ranged from a mean flow of 0.38 m
3
s

-1 
in BD (SD±0.17) 

to a mean flow of 13.3 m
3
s

-1
 in M2 (SD±7.46) (Table 3.1).  Mean daily photosynthetic active 

radiation (PAR) was not associated with either drainage area or channel confinement when 

all dates were combined.  However, PAR exhibited an asymptote pattern in the spring and 

summer and was moderately correlated with drainage area in the spring (r=0.39) and fall 

(r=0.31).  Mean DIN and SRP concentrations were not related with drainage area or un-

confinement in the basin. 
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Temperature Dependency of Stream Metabolism 

We initially hypothesized that GPP was strongly related to water temperature across 

the stream network and that stream metabolism would increase with water temperature.  

However, our results showed that only four sites, BD, EW, T2, and C2, were strongly to 

moderately fit by an Arrhenius model of temperature dependence and indicated that GPP 

increased with temperature (negative slopes) (Figure 3.3a).  The amount of variance 

explained for these sites ranged from 24% to 70%.  The activation energy coefficient (Ep, or 

slope of the relationship) of BD was the closest to canonical expectations (Ep=0.26 eV).  The 

Ep for EW was almost twice as high as the canonical expectation (0.58 eV), and the 

remaining two sites were about either one half or one third of the expected value (0.12 and 

0.17) (Table 4.2).  Sites T1 and M1 had significant relationships too, but their explanatory 

percentage were low (5 to 10%).  Contrary to our expectations, there were four sites, T1, C1, 

M2, and M3 where GPP decreased with increasing temperature, albeit with a low 

explanatory power (R
2 

< 10%) and not significant except for T1 (p=0.028).   

The Arrhenius relationship between AFDM specific GPP (Emp) also showed a 

similar pattern for all the sites (Figure 3.4a), with moderate relationships for the same four 

sites, BD, EW, T2, and C2  with R
2
 ranging from 20% to 70% (Table 3.4).  However, in 

contrast to Ep there only three sites where GPP decreased with increasing temperature.  Once 

we standardized by AFDM, GPP at the M3 site increased marginally with increasing 

temperature (R
2
=12%, p=0.074).   

For ER, none of the sites were temperature dependent except EW, which only had a 

weak fit (R
2
=22%, p<0.000).  The Er value for EW was approximately twice that of the 

canonical expectation (1.33).  Contrary to expectations, the slope was positive indicating that 
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ER increased with decreasing temperatures.  In general, all models had positive slopes 

suggesting that ER tended to increase when water temperatures decreased except for BD 

(Figure 3.3b).  The results from the Arrhenius relationship between AFDM specific ER 

(Emr) showed weaker associations for all sites (Figure 3.4b, Table 3.4) including EW 

(Emp=0.88, R2=17%, p<0.000) and excluding M2, which had a slightly improved 

association (R
2
=16%, p=0.041, Table 3.4). 

 

Temperature Dependence Variability Across the Watershed 

We found that Ep significantly decreased with drainage area (R
2
=0.46, p=0.018) but 

not with channel confinement (R
2
=0.11, p=0.19, Figure 3.4).  In contrast, the Emp 

relationship with drainage area was weaker (R
2
=0.37, p=0.050), but improved considerably 

with channel confinement (R
2
=0.84, p<0.000). 

To examine the relationship between temperature dependence of ER and drainage 

area, and confinement, we evaluated temperature dependence two ways, one with EW and 

one without it.  The Er for EW was about six times greater than the next site, and it was 

considered a leverage point.  Thus, we removed this site from the regression.  When 

included, this site,  reversed the direction of the slope of the temperature dependence vs. 

drainage area and channel confinement.  Once this site was removed, the temperature 

dependence of ER increased with drainage area and channel confinement, although their 

relationships were only moderate to marginal (R
2
=0.34, p=0.057; R

2
=0.29, p=0.078).  In 

contrast, the Emr  relationship with drainage was not significant (R
2
=0.14, p=0.17), but Emr 

association with channel confinement improved dramatically (R
2
=0.55, p=0.014). 
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Discussion 

We found that the effects of temperature on GPP, AFDM specific GPP, ER and 

AFDM specific ER varied substantially throughout the river network and that these 

relationships did not always fit the predictions of the metabolic theory of ecology (MTE).  

The absolute average observed activation energy of GPP (Ep) and AFDM specific GPP 

(Emp) across the network was 0.21 eV and 0.11 eV, respectively, which was lower than the 

predicted value of 0.32 eV and lower than those determined in previous studies (Yvon-

Durocher et al. 2010, Demars et al. 2011, Welter et al. 2015).  The absolute average observed 

activation energy (Er) for ER was 0.22 eV and 0.12 eV, and was closer to the predicted GPP 

activation energy than that of ER, 0.65 eV.  These results were considerably lower than those 

reported by previous studies (Acuña et al. 2008, Demars et al. 2011, Yvon-Durocher et al. 

2012, Jankowski et al. 2014, Welter et al. 2015).  We had initially anticipated that GPP was 

strongly related to water temperature, but we found that only four sites were associated with 

temperature.  Our study also revealed that GPP was more temperature dependent than ER at 

most sites.  This finding contradicts the concept that the effect of temperature on ER is 

greater than the effect of temperature on GPP (Lopez-Urrutia et al. 2006, Anderson-Teixeira 

and Vitousek 2012).  Although we were expecting the AFDM specific rates to be more 

responsive to temperature, we also determined that the relationships between AFDM specific 

GPP and AFDM specific ER and temperature were even weaker.  Welter et al. (2015) found 

similar weaker results for mass specific GPP and mass specific ER in the Hengill 

experimental streams in Iceland which the authors attributed to self-shading and limitation by 

nutrients or inorganic carbon supply.  Lastly, our results suggest that channel confinement 

and drainage area can influence GPP and ER response to temperature.  These findings 
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highlight the importance of understanding the spatial variability of temperature dependence 

across a stream network, because understanding the spatial arrangement of this variability is 

critical to advance our understanding of the effects of climate warming on streams and rivers.   

The absence of temperature dependence found for GPP is likely due to co-limitation 

of resources (Anderson-Teixeira and Vitousek 2012, Cross et al. 2015) through self-shading 

(upper layers of the periphyton shade bottom layers) and limitation by nutrients or inorganic 

carbon supply (Cross et al. 2015, Welter et al. 2015).  Another potential explanation is that 

periphyton thickness can buffer the effect of water temperature increase (Acuña et al. 2008).  

We observed similar conditions to those observed by Acuña et al. (2008), where stable flows 

from mid-September to March allowed the development of thick layers of periphyton.  These 

sites associated with high periphyton biomass had generally Emp values close to zero.   

In the case for ER, temperature was not a good explanatory variable.  This finding 

contradicts the assumption that the effect of temperature on ER is greater than the effect of 

temperature on GPP.  However, this may be explained two ways.  The first scenario is related 

to terrestrial inputs of carbon that co-vary inversely with temperature and can lead to the 

deviations in temperature dependence (Valett et al. 2008, Yvon-Durocher et al. 2012).  This 

scenario is likely observed in small forested sites like BD.  However, after we removed data 

from the fall as Valett et al. (2008) did (results not shown), we still did not observe the effect 

of temperature on ER.  The second, more probable scenario is associated with sites that 

support high GPP which in turn results in higher ER due to the combination of autotrophs 

and heterotrophs respiration in the periphyton mats.   

Although it has been recognized that ER in aquatic ecosystems, unlike terrestrial 

ecosystems, is not constrained by GPP (Yvon-Durocher et al. 2012), during base flow when 
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terrestrial inputs are low, and periphyton biomass is highest, we can assume steady state 

(Demars et al. 2011).  At steady state, ER is limited by substrate availability and must equal 

GPP (Yvon-Durocher et al. 2010) if heterotrophs are present to decompose material.  GPP 

may also be constrained by ER where periphyton biomass is high and mature because of 

positive feedback loops between ER and GPP where GPP is dependent on the nutrients 

released from the material consumed by heterotrophs.  Thus, the sites where the effects of 

biomass on GPP were significant corresponded to sites where periphyton biomass was 

highest (in the winter).  These sites, due to the stability of the flows during low flow 

conditions, accumulated biomass until high flows in the spring scoured the streambed.  

Demars et al. (2011) also noted that there is a difference in GPP response to nutrient supply 

by new periphyton versus mature periphyton.   

Our results also determined that drainage area and channel confinement can influence 

GPP and ER response to temperature.  We found that the effect of temperature on GPP 

increased with increasing temperature for only four sites (BD, EW, C2; T2); for the other 

sites, GPP decreased with increasing temperature.  Hornbach et al. (2015) determined that the 

groundwater influence on water temperature at their open sites was likely responsible for the 

negative association between water temperature and GPP.  The sites where we observed 

negative correlations between temperature and GPP were those located in unconfined 

sections of the stream network with active hyporheic exchange.  This is likely the result of 

warmer winter temperatures at these sites.  These unconfined sites are shallow, wide, have 

high light availability, and stable stream flows, in addition to large standing biomass stock 

that becomes available to heterotrophs.  These results are also in agreement with findings 

from Jankowski et al. (2014).  Jankowski et al. (2014) determined that the slope of river 
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networks is important in modifying the response of ER to temperature because of its effect 

on the accumulation of carbon.   

The  activation energy of AFDM specific GPP (Emp) relationship with drainage area 

was slightly weaker, but not the relationship with channel confinement.  By removing the 

influence of biomass accrual and lack of disturbance, we can investigate how GPP and ER 

were less responsive to temperature than expected.  We suggest that sites in confined sections 

of the watershed are stable, but have higher gradient and lower potential for biomass accrual, 

so they are more likely subjected to nutrient limitation (Demars et al 2011), whereas the 

unconfined sites can recycle nutrients and maintain high biomass (Wyatt et al 2012).  

Although our study was conducted continuously throughout the year, we averaged our results 

of temperature and biomass effects and we assumed that the average estimates integrate 

conditions for the entire year.  Understanding the variability of Ep and Er can shed light on 

how streams adjust to warming temperatures, particularly in the winter when some streams 

may be most productive.  This is relevant, considering that few studies collect year-round 

data and inferences mostly come from summer studies, although this is changing with the 

availability of new, more inexpensive technology.  As mentioned before, our results were the 

mean annual average, but we do not anticipate effects of temperature on GPP and ER in the 

spring or fall because of high terrestrial inputs transported across the watershed.  In contrast, 

we expect that summer estimates may be influenced by potential nutrient limitation 

depending on the location in the watershed. 

A factor that may affect the generality of our results is the presence of 

Dydimosphenia germinata (didymo).  This invasive diatom was present in abundance at our 

sites, particularly in the lower reaches.  Dydimo favors cold water and oligotrophic 
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conditions.  Thus, some of the patterns observed here may be a response to the Dydimo 

production.  Lastly, we only included one watershed so inferences from this study maybe 

limited to watersheds similar to other oligotrophic mountain streams.   

Our findings have important implications for global carbon cycling and budgets 

because the expectation is that the metabolic balance of GPP and ER will shift in favor of ER 

with increasing temperature, as ER generally responds more strongly to temperature than 

does GPP (Anderson-Teixeira and Vitousek 2012).  Stream metabolism contributes to net 

CO2 emissions when ER is greater than GPP due to aquatic mineralization of terrestrial 

organic carbon (Hotchkiss et al. 2015).  In this study, our finding that GPP increases with 

decreasing temperature sheds light on potential mechanisms by which the landscape context 

can have an effect on CO2 emissions.  Because the temperature dependence of GPP is larger 

than that of ER, our findings suggest that that carbon emissions in open canopied floodplain 

rivers although larger than carbon emissions in forested headwaters, could still lead to 

increased carbon sequestration under future global warming scenarios because in larger 

streams, most CO2 emissions are produced directly in the stream itself derived from 

autochthonous production.  Furthermore, it highlights the importance for environmental 

managers to maintain streams and rivers connected longitudinally, laterally and vertically to 

the landscape.  
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Tables 

Table 3.1:  Monthly average estimates for gross primary production (GPP) and ecosystem 

respiration (ER) in the Methow River basin.  Empty cells represent months when sites 

were not sampled (i.e. high flows, or frozen) or sondes malfunctioned. Sites are 

organized by drainage area. 

Month BD EW BV T1 T2 C1 M1 C2 M2 M3 

Gross primary production 

Jan 0.02 0.02 0.59 0.14 

 

0.55 0.53 

 

4.05 3.49 

Feb 0.02 0.03 0.35 0.12 0.13 

 

0.20 0.52 

 

3.77 

Mar 0.01 0.02 0.35 0.07 0.13 0.68 0.15 0.75 1.74 

 Apr 0.01 0.07 0.59 0.05 

 

0.36 0.22 0.52 1.07 1.58 

May 

   

0.02 

 

0.05 0.08 

   Jun 

  

0.05 0.05 

  

0.13 

   Jul 

 

0.10 0.19 0.04 0.75 0.55 0.07 1.18 2.19 

 Aug 0.05 0.07 0.24 0.10 0.68 0.87 0.24 1.27 3.61 2.00 

Sep 0.02 0.03 0.12 0.06 0.47 0.48 0.33 0.84 2.04 2.33 

Oct 0.01 0.01 0.05 0.05 0.26 0.30 0.15 0.67 1.52 1.78 

Nov 0.02 0.02 0.32 0.13 0.30 0.35 0.36 0.75 1.75 1.87 

Dec 0.01 
 

0.37 0.09 
 

0.53 0.65 
 

3.93 2.41 

Mean 

(SD) 

0.02 

(0.02) 

0.04 

(0.05) 

0.29 

(0.23) 

0.08 

(0.07) 

0.44 

(0.28) 

0.52 

(0.23) 

0.30 

(0.22) 

0.84 

(0.02) 

2.26 

(1.21) 

2.39 

(0.80) 

Ecosystem respiration (ER) 

Jan 0.07 0.06 0.72 1.35 

 

1.88 1.84 

 

4.51 3.88 

Feb 0.04 0.05 0.66 1.14 0.38 

 

1.12 1.28 

 

3.87 

Mar 0.09 0.57 1.11 1.18 0.41 1.28 0.55 1.52 2.17 

 Apr 0.19 0.28 0.17 0.91 

 

0.84 0.14 1.06 1.29 0.64 

May 

   

0.52 

 

0.44 0.26 

   Jun 

  

1.09 0.27 

  

0.73 

   Jul 

 

0.08 0.25 0.84 0.65 1.20 0.91 1.01 1.94 

 Aug 0.19 0.13 0.53 1.24 1.04 1.40 0.86 2.61 2.92 2.08 

Sep 0.44 0.27 0.28 1.19 1.05 1.44 1.16 1.91 2.22 2.56 

Oct 0.64 0.21 0.83 1.25 1.02 1.31 1.19 2.51 3.12 2.43 

Nov 0.39 0.23 0.42 1.58 1.05 0.99 1.77 2.34 2.99 3.04 

Dec 0.11 
 

0.85 1.00 
 

1.60 1.86 
 

5.64 4.20 

Mean 

(SD) 

0.27 

(0.31) 

0.22 

(0.20) 

0.66 

(0.39) 

1.17 

(0.40) 

0.91 

(0.35) 

1.34 

(0.50) 

1.21 

(0.63) 

2.02 

(0.95) 

2.90 

(1.53) 

2.89 

(1.22) 
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Table 3.2:  Average of biological and physical characteristics of sampled sites in the Methow River basin.  Chl-a = Chlorophyl-a, 

AFDM=ash free dry biomass, PAR= photosynthetically active radiation, TEMP= temperature, DIN= dissolved inorganic 

nitrogen, SRP= soluble reactive phosphorus, Q=discharge, CON= channel confinement, DA=drainage area. 

 

Sites Chl-a AFDM PAR Temp DIN SRP Conf DA Q 

  mg m
-2

 d
-1

 gm
-2

 d
-1

 μ mol m
-2

 s
-1

 ºC mg l
-1

 mg l
-1

 m m
-1

 km
2
 cms 

BD 13.7 6.1 83 6 0.04 0.008 7 128 0.4 

EW 9.2 4 199 7.3 0.05 0.001 11 129 2.2 

BV 100.7 15.6 242 6.7 0.3 0.01 7 179 0.5 

T1 5.2 3.5 195 6.1 0.07 0.001 25 211 1.9 

T2 31.8 10.2 264 10.3 0.08 0.001 15 394 2.4 

C1 23.1 9.3 176 5.7 0.04 0.003 22 536 2.1 

M1 10.2 5.4 284 7.6 0.05 0.002 32 666 6.3 

C2 28.3 11.9 203 8.4 0.05 0.002 13 843 2.6 

M2 42.3 15.3 300 7.6 0.1 0.002 28 1669 13.3 

M3 44.1 14.7 204 6.8 0.18 0.002 29 1722 10.4 
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Table 3.3:  Estimates of the coefficient estimates, standard errors, p values, and Rm and Rc 

from the linear mixed models of the relationship between ln-transformed gross primary 

productivity and ln-transformed ecosystem respiration and 1/kT, where k is the 

Boltzmann constant (8.61× 10-5 eV/K;  1 eVK=1.6 ×10-19 J) and T is temperature (K).  

Both rates were measured in mg O2 m
-2

 d
-1

.  Sites in bold are considered temperature 

dependent. 

 

Site Estimate SE t value p-value Rm Rc 

Gross primary production (GPP) 

BD -0.26 0.003 43 0.000 0.50 0.97 

EW -0.58 0.120 126 0.000 0.57 0.95 

BV -0.28 0.216 159 0.198 0.05 0.90 

T1 0.32 0.143 179 0.028 0.10 0.31 

T2 -0.17 0.022 95 0.000 0.70 0.77 

C1 0.03 0.031 145 0.337 0.02 0.79 

M1 -0.25 0.123 218 0.041 0.05 0.84 

C2 -0.12 0.033 109 0.000 0.24 0.38 

M2 0.02 0.095 86 0.829 0.00 0.98 

M3 0.03 0.052 108 0.545 0.01 0.78 

Ecosystem respiration (ER) 

BD -0.08 0.313 43 0.804 0.01 0.54 

EW 1.33 0.278 126 0.000 0.22 0.58 

BV 0.08 0.050 159 0.122 0.07 0.71 

T1 0.05 0.053 179 0.329 0.02 0.41 

T2 0.00 0.049 95 0.996 0.00 0.94 

C1 0.08 0.042 145 0.064 0.06 0.52 

M1 0.17 0.059 218 0.004 0.08 0.75 

C2 0.05 0.060 109 0.369 0.02 0.63 

M2 0.22 0.116 86 0.058 0.13 0.97 

M3 0.12 0.048 108 0.012 0.06 0.92 
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Table 3.4:  Estimates of the coefficient estimates, standard errors, p values, and Rm and Rc 

from the linear mixed models of the relationship between ln-transformed AFDM specific 

GPP and ln-transformed AFDM specific ER and 1/kT, where k is the Boltzmann 

constant (8.61× 10-5 eV/K; 1 eVK=1.6 ×10-19 J) and T is temperature (K).  Both rates 

were measured in mg O2 [g AFDM] d
-1

.  Sites in bold are considered temperature 

dependent. 

 

Site Estimate SE t value p-value Rm Rc 

AFDM Specific Gross primary production (AFDM-GPP) 

BD -0.13 0.002 -64.15 0.000 0.20 0.98 

EW -0.55 0.118 -4.64 0.000 0.40 0.97 

BV -0.15 0.096 -1.62 0.108 0.05 0.97 

T1 0.02 0.012 1.40 0.162 0.03 0.28 

T2 -0.07 0.010 -7.09 0.000 0.70 0.79 

C1 0.01 0.015 0.80 0.427 0.01 0.87 

M1 -0.03 0.020 -1.70 0.091 0.04 0.68 

C2 -0.06 0.019 -3.10 0.003 0.22 0.61 

M2 0.01 0.033 0.29 0.773 0.00 0.98 

M3 -0.03 0.019 -1.81 0.074 0.12 0.79 

AFDM Specific Ecosystem Respiration (AFDM-ER) 

BD -0.02 0.132 -0.16 0.871 0.00 0.79 

EW 0.88 0.233 3.79 0.000 0.17 0.58 

BV 0.00 0.022 0.22 0.826 0.00 0.85 

T1 0.04 0.049 0.80 0.427 0.01 0.51 

T2 -0.01 0.023 -0.31 0.757 0.00 0.97 

C1 0.03 0.020 1.42 0.159 0.04 0.61 

M1 0.07 0.041 1.68 0.095 0.01 0.92 

C2 -0.01 0.029 -0.22 0.830 0.00 0.85 

M2 0.07 0.032 2.07 0.041 0.16 0.97 

M3 0.04 0.021 1.98 0.050 0.05 0.94 
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Figures 

Figure 3.1:  Map of the Methow River basin.  The 10 stream reaches, main tributaries and 

Columbia River are identified by name.  The inset indicates the location of the Methow 

River in Washington State, USA.  Black star represents location of PAR sensor.   
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Figure 3.2:  (a) Temperature of profile and (b) monthly measured AFDM biomass of the 10 

study sites in the Methow River basin.  Sites are organized by drainage area from small 

to large.   
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Figure 3.3:  (a) Temperature dependence of gross primary production (Ep, originally 

measured in mg O2 m
-2

 d
-1

) plotted as the relationship between ln-transformed GPP rate 

and inverse temperature (1/kT ). (b) Temperature dependence of ecosystem respiration 

(Er, originally measured in mg O2 m
-2

 d
-1

) plotted as the relationship between ln-

transformed ER rate and inverse temperature (1/kT ). k is the Boltzmann constant (8.61× 

10
-5

 eV/K; 1 eVK=1.6 ×10
-19

 J) and T is temperature (K).  The canonical expectation of 

GPP and ER are -0.32 and -0.65, respectively.  Sites are organized by drainage area from 

small to large.   
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Figure 3.4:  (a) Temperature dependence  (Emp) of AFDM specific gross primary production 

(GPP, originally measured in mg O2 [AFDM] d
-1

) plotted as the relationship between ln-

transformed GPP rate and inverse temperature (1/kT ). (b) Temperature dependence  

(Emr) of AFDM specific ecosystem respiration (ER, originally measured in mg O2 

[AFDM] d
-1

) plotted as the relationship between ln-transformed ER rate and inverse 

temperature (1/kT ).  k is the Boltzmann constant (8.61× 10
-5

 eV/K; 1 eVK=1.6 ×10
-19

 J) 

and T is temperature (K).  The canonical expectation of GPP and ER are -0.32 and -0.65, 

respectively.  Sites are organized by drainage area from small to large.   

 



 
 

 8
3

 

Figure 3.5:  Relationship of temperature dependence estimated for individual sites for gross primary production (Ep) vs. (a) 

drainage area and (b) channel confinement, and ecosystem respiration (Er) vs. (c) drainage area and (d) channel confinement. 

* Er for EW site was not included. 
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Figure 3.6:  Relationship of temperature dependence estimated for individual sites for AFDM specific gross primary production 

(Emp) vs. (a) drainage area and (b) channel confinement, and AFDM specific ecosystem respiration (Emr) vs. (c) drainage 

area and (d) channel confinement. * Emp and Emr for EW site were not included. 
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CHAPTER 4: Stream Metabolism Increases with Drainage Area and Peaks 

Asynchronously Across a Stream Network  

 

Chapter 4 is written in the plural “we” for submittal to the Ecosystems journal with co-

authors Joseph R. Benjamin, James R. Bellmore, Grace A. Watson, Adrianne Zuckerman, 

and Alexander K. Fremier. 

 

Introduction 

Stream networks are nested hierarchical habitat mosaics that are connected to the 

landscape longitudinally, laterally and vertically through hydrology (Fisher and Welter 

2005).  These dynamic spatial and temporal arrangements in turn influence the structure and 

function of lotic ecosystems (Poole 2002, Benda et al. 2004).  For example, Cross et al. 

(2013) demonstrated that spatial variability of secondary production in the Colorado River in 

the Grand Canyon was associated to the position of the major tributaries and Langhans et al. 

(2008) found that leaf decomposition varied widely across multiple floodplain habitats.  An 

integrative measure of stream structure and function is stream metabolism, which is a 

measure of the flux of organic carbon flows within a defined stream reach, including both 

gross primary production (GPP) and ecosystem respiration (ER) (Bernot et al. 2010). GPP is 

the measure of the total amount of carbon produced via photosynthesis whereas ER 

represents the amount of carbon respired by both autotrophs and heterotrophs.  GPP indicates 

organic carbon availability for food webs and ER corresponds to carbon consumption 

(Bernot et al. 2010, Finlay 2011).   

Because stream metabolism plays a major role in regulating the supply and temporal 
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dynamics of basal organic matter resources in lotic systems (Odum, 1956), understanding the 

underlying processes influencing observed spatial and temporal patterns of GPP and ER is an 

active field of research and a central goal of stream ecology with applied management 

implications.  A considerable number of studies have examined spatial (Cardinale et al. 2002, 

Warnaars et al. 2007, Finlay 2011, Yates et al. 2013) and temporal variation (Uehlinger and 

Naegeli 1998, Roberts et al. 2007, Beaulieu et al. 2013) in stream metabolism.  However, 

both spatial and temporal variation of metabolism have seldom been studied simultaneously 

across a river network (Young and Huryn 1996, Houser et al. 2005, Venkiteswaran et al. 

2015) and continuously (but see Izaguirre et al. 2008) and even more rare are studies that 

include winter conditions (Hart 2013) due to logistic constraints and challenging 

environmental conditions.   

First order controls of metabolism appear system-specific because direct variables 

controlling stream metabolism (GPP and ER) such as light availability, temperature, 

nutrients, autotrophic biomass, organic matter supply, and hydrology are affected by factors 

operating at multiple spatial and temporal scales through their interactions with their 

landscape setting (Uehlinger 2006, Roberts et al. 2007, Bernot et al. 2010, Tank et al. 2010).  

Because streams and the landscape they drain are proportional to stream size, drainage area 

and its geomorphic template integrate environmental conditions (i.e. light, nutrients, and 

litter fall) and create gradients in resource availability that influence the spatial patterns of 

GPP and ER (Ogdahl et al. 2010, Finlay 2011).  For example, at the watershed scale in 

montane river networks, the relative importance of allochthonous contributions originating in 

forested river headwaters decreases in abundance with increasing distance downstream 

(Vannote et al. 1980).  Consequently, streams exhibit changes in organic matter production 
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and balance as they flow from headwaters to downstream reaches (McTammany et al. 2003).   

Hydrologic connectivity and regional climate patterns stimulate synchronous 

behavior of environmental conditions, particularly in lentic systems (Baines et al. 2000, 

Ogdahl et al. 2010).  However, temporal patterns of stream metabolism may be more 

controlled by local drivers that differ by location in the watershed (Valett et al. 2008, Ogdahl 

et al. 2010).  The relative abundance and processing of basal organic matter resources varies 

throughout the year because of seasonality in stream flow, light, temperature, nutrients, and 

litter fall.  High flows in the spring and early summer reduce GPP and ER across the stream 

network (Uehlinger and Naegeli. 1998), and as flows decline, other environmental 

conditions, such as light and nutrient availability influence stream metabolism.  The relative 

importance of these factors varies by site. For example, in forested headwaters, light 

availability becomes the limiting factor (Greenwood and Rosemond 2005) whereas in open 

canopied streams, nutrients may become limited in the summer as nutrient uptake exhausts 

supply (Finlay et al. 2011).  Valett et al. (2008) suggested that seasonal patterns of stream 

metabolism differ along a gradient depending on the relative influences of resource subsidies 

and in-stream autochthonous resources.  Thus, changes on the arrangements in resource 

abundance could lead to asynchrony of basal resources as different environmental conditions 

control GPP and ER at different times a year.   

Our overall objective was to describe the spatial and temporal patterns in stream 

metabolism across a stream network and examine potential drivers.  We asked the following 

questions: (1) Do GPP and ER increase with stream size and do streams become less 

heterotrophic with increasing stream size? (2) When are the peaks and troughs of gross 

primary production and ecosystem respiration? (3) How do environmental conditions change 
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through the year? and (4) What are the potential drivers of GPP and ER?  We hypothesized 

that GPP and ER increase with stream size and streams become less heterotrophic with 

increasing stream size.  We also hypothesized that GPP and ER were highest when available 

light and temperature were highest after the high stream flows (summer months); but 

potential co-limiting environmental conditions, that vary by site, drive seasonal patterns in 

GPP and ER.  To investigate these patterns, we measured dissolved oxygen continuously for 

11 months to derive estimates of stream metabolism at 10 stream reaches across a temperate 

stream network.  We also discuss our findings in relation to the dynamic and spatially 

heterogeneous patterns of stream productivity across the stream network.    

 

Methods 

Study Area 

The Methow River is an alluvial river in North Central Washington State within the 

Columbia River basin. It has a large unconfined aquifer, low nutrient levels, cool water 

temperatures and multiple native anadromous salmonid runs (Konrad et al. 2006, Willms and 

Kendra 1990, Bellmore et al. 2013).  The Methow River basin in north central Washington 

State (USA) has a catchment area of 4,462 km
2
 and elevations ranging from 2,700 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 and areas in the lower river 

valley receiving 300 mm (Konrad 2006).  The river has a largely unaltered, snowmelt-

dominated flow regime with high flows during May – June, and low flows during August-

January.  Flows during the study were representative of flows within the historic record at 
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USGS gage 12448500 (Methow River at Winthrop), except for flows in September and 

October in 2013 which were more than twice as high that the mean average flows of the 

historic record for those months (1912 to 2014).  Due to glacial history valley sediments are 

mostly unconsolidated sands and gravels. The alluvium and glacio-fluvial sediments 

deposited during the Quaternary period form the main aquifer. The deposit is almost 

uninterrupted along the valley bottom to the confluence with the Columbia River.  However, 

some of the upper tributaries such as Boulder Creek, are characterized by colluvial deposits. 

The riparian corridor is dominated by Douglas-fir (Pseudotsuga menziesii) and pine (Pinus 

spp.) in the higher elevation reaches whereas black cottonwood (Populus trichocarpa), 

speckled alder (Alnus incana), bigleaf maple (Acer macrophyllum), and western red cedar 

(Thuja plicata) are abundant in the lower areas (Bellmore et al. 2013).   

 

Study Design 

To examine the spatial and temporal patterns in stream metabolism across a stream 

network, we continuously measured dissolved oxygen from June 2013 to May 2014 at ten 

stream reaches in the Methow River basin (Figure 4.1).  Gaps in data occurred when flows 

were too high and sondes were removed, stream reaches froze, or DO sensors malfunctioned.  

We selected the ten stream reaches from a list of 52 sampling locations that are part of the 

Columbia River Habitat Monitoring Program (CHaMP; https://www.champmonitoring.org/).  

CHaMP is a fish habitat monitoring implemented across 26 watersheds in the Columbia 

River basin. We selected the stream reaches using a principal component analysis that 

summarized the range of environmental conditions that we assumed largely controlled 

metabolism in the Methow River basin based on the results from a sensitivity analysis carried 

https://www.champmonitoring.org/
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out to understand the effects of salmon spawning on periphyton dynamics (Bellmore et al. 

2014, Zuckerman 2015). Selection criteria also included ease of winter access, landowner 

permission, and whether the sites lacked nearby irrigation drains and major groundwater 

inputs. 

 

Stream Metabolism Measures 

Field methods 

At each stream reach, we measured stream metabolism via the open channel, single-

station, diel O2 method.  We recorded dissolved oxygen (DO) concentrations every 10 

minutes from June 2013 to May 2014 in the channel thalweg with an YSI sonde (Yellow 

Springs, Ohio, USA) outfitted with an optical oxygen probe.  Approximately every two 

weeks, we re-calibrated the sondes in the field in a bucket of air-saturated water using an air 

pump and air stone (Hall et al. 2015).  Prior to data analysis, we corrected our DO readings 

from drift that occurred during the deployments (Grace and Imberger 2006).   

 

Metabolism estimation 

We used the BAyesian Single-station Estimation (BASE) program (Grace et al. 2015) 

to estimate stream metabolism from the diel DO curves.  The BASE program estimates 

single-station whole-ecosystem metabolism using Bayesian statistics. The batch mode fits 

data for many days and provides visual and statistical measures of “goodness-of-fit.”  In 

addition to DO data, the BASE program requires inputs of barometric pressure, water 

temperature and salinity to estimate metabolism.  We obtained barometric pressure data (in 

Hg) recorded every 15 minutes and corrected to sea level from Chief Joseph Dam 
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Washington Agrimet Cooperative Agricultural weather network station (CJDW 

http://www.usbr.gov/pn/agrimet/webagdayread.html). We corrected barometric pressure data 

for altitude at each stream reach.  We also set salinity values to 0 (Grace and Imberger 2006) 

because of the low electric conductance in the Methow River (maximum electrical 

conductance < 500 µS cm
-1

). 

The model estimates GPP and ER in units of mg O2 l
-1

 d
-1

, which were converted to 

areal rates (g O2 m
-2

 d
-1

) using measured mean stream depth.  After we ran 8,000 iterations 

using a Markov Chain Monte Carlo (MCMC) method to estimate values for GPP and ER, we 

evaluated daily models fit using both an R
2
, which quantifies the correlation between 

modeled and measured DO data, and a posterior predictive check (PPC), which measures the 

overall fit based on the MCMC iterations Grace et al. (2015).  We only used daily models 

with an R
2
 ≥ 0.6 and a PPC >0.1 or <0.9. The mean R

2
 of our 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 1,373 days across the ten stream reaches 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 the inclusion of days characterized by cold water temperatures, low productivity 

and high turbulence (M. Grace, personal communication). We discarded the poor fitted diel 

curves and did not include incomplete days or periods where DO probes malfunctioned.  We 

used the average of the daily GPP and ER estimates for subsequent statistical analyses.  We 

also estimated daily AFDM specific GPP (g O2 g [AFDM]
-1

 d
-1

) by dividing daily GPP by 

AFDM.   

 

http://www.usbr.gov/pn/agrimet/webagdayread.html
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Periphyton Biomass, Physical and Chemical Measurements 

At each site, we took monthly samples of periphyton biomass of 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

 d
-1

) and for ash free dry mass (AFDM, 

g m
-2

 d
-1

), 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, during spring and 

early summer, and access to the streambed was unsafe.    

During these monthly sampling events, we collected one water sample at the 

downstream end of each site.  Samples were immediately filtered (0.45μm), stored frozen 

and then analyzed using EPA standard methods (United States Environmental Protection 

Agency 1983) by IEH Analytical Laboratories (Seattle, Washington, USA) for ammonium 

(NH4–N), nitrate +nitrite (NO3–N, NO2–N), and soluble reactive phosphorus (SRP).  For our 

study, we considered all three dissolved nitrogen species together as dissolved inorganic N 

(DIN).  Detection limits for DIN were 0.01 mg L
-1

 and for SRP were 0.001 mg L
-1

.   

We measured photosynthetically active radiation (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, open location free of 

obstructions near Winthrop, WA (Figure 3.1).  Readings were recorded every 30 minutes for 

the duration of the study. This dataset represented the total PAR entering the basin and this 

amount was adjusted at each site by measuring solar access using a Solmetric Suneye 210 

(Solmetric Corporation, Sebastopol, California, USA). We placed the Suneye at the center of 
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the channel at three locations during an August 2013 visit to each site.  Solar access is the 

amount of site-specific solar insolation available given the shade-causing obstructions (e.g. 

tree canopy, topographic shading, structures) divided by the solar insolation if there were no 

shading.  The Suneye 210 estimates the solar access percentage for every day of the year by 

taking into consideration the GPS coordinates to generate a sunpath diagram. We multiplied 

each PAR measurement taken at the open site by the daily percentage solar access to estimate 

PAR experienced at each site.   

For each site, we generated daily discharge estimates using the ratio of daily 

discharge to bankfull discharge from the closest USGS gages. This ratio was multiplied by 

the bankfull discharge at the un-gaged stream reach to create an adjusted dataset of mean 

daily discharge, as suggested by Leopold (1994). We obtained gage daily discharge from 

four nearby USGS gages (12448000, 12448500, 12448998, 12449500). 

To determine estimates of channel confinement (Table 4.1), the ratio of the valley 

floor width to the bankfull channel width, we obtained valley floor width data for each 

stream reach from the Methow River TerrainWorks database 

(http://www.terrainworks.com/terrainworks-dataset-locator) and bankfull channel width data 

from the CHaMP database.  Valley width was calculated at five times bankfull depth (Benda 

et al. 2007, Burnett et al. 2007).  Bankfull width was estimated as the average width of the 

bankfull polygon calculated from digital elevation models (DEM) at each stream reach.  We 

also used publically available aerial photographs (National Agriculture Imagery Program, 

NAIP 2009,  http://www.fsa.usda.gov/programs-and-services/aerial-photography/imagery-

programs/naip-imagery/index) to visually verify the validity of estimated widths.    

We estimated drainage area (Table 4.1), the area that drains to a point on a stream, 

http://www.terrainworks.com/terrainworks-dataset-locator
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using StreamStats (http://water.usgs.gov/osw/streamstats/).  StreamStats use digital elevation 

data from the National Elevation Dataset (NED) to determine drainage-basin boundaries.  

 

Statistical Analyses 

To determine whether GPP, AFDM specific GPP, and ER increased and stream 

reaches became increasingly less heterotrophic with stream size, we used Pearson 

correlations between metabolism and drainage area.  We also determined seasonal patterns of 

GPP AFDM specific GPP, and ER two ways.  First, we plotted daily metabolism and 

compared them across the network.  Second, we standardized stream metabolism by 

estimating the Z-scores of GPP and ER per each site and month (Valett et al. 2008).  A Z-

score is a statistical measurement of a score's relationship to the mean in a group of scores. A 

Z-score of 0 means the score is the same as the mean. A Z-score can also be positive or 

negative, indicating whether it is above or below the mean and by how many standard 

deviations.  We then plotted the monthly average of daily metabolism to develop generalized 

curves of observed patterns.   

Lastly, we inferred potential environmental drivers using a linear mixed modeling 

approach (Zuur et al. 2009) with the nlme package for mixed effects modeling (R 

Development Core Team 2013).  At each scale for the linear mixed models, the explanatory 

variables were AFDM, SRP, DIN, TEMP, PAR and Q and the dependent variable were ER 

and GPP.  However, for, ER models, we also included GPP.  For the across site analysis of 

GPP and ER, we included stream reach and month as random effects to account for the 

repeated measures. For the individual site analysis, we only included month as a random 

effect.  We inspected deviations from the analysis assumptions using model diagnostic plots 

http://water.usgs.gov/osw/streamstats/
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and accounted for heteroscedasticity by including variance functions (Pinheiro and Bates 

2000; Zuur et al. 2009).  We did not find evidence of multicollinearity among explanatory 

variables (variance inflation factor < 3); hence all variables were considered.  We used the 

Akaike’s Criterion corrected for small sample sizes (AICc) to select the best models and 

retained models that had a delta <2.  We estimated R²GLMM (m), marginal R², for fixed factors 

and R²GLMM(c) conditional R² for both fixed and random factors R²GLMM(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 in two ways.  First, we compared Pearson correlations between metabolism 

and predictor variables.  Second, we estimated the variance inflation factor (vif) and deemed 

that a vif> 10 indicated multicollinearity (Fox and Weisberg 2011).  Removal of collinear 

variables is necessary because correlated predictors may not give valid results about any 

individual predictor, or about which predictors are redundant with respect to others.  We also 

tested normality with the Shapiro–Wilk test.  All statistical analyses were performed in R (R 

Core Team, 2013) and deemed results significant if p < 0.05. 

 

Results 

Does Stream Metabolism Increase with Drainage Area? 

Stream metabolism (GPP, mass-specific GPP, and ER) varied widely across the 10 

stream reaches.  Daily GPP and daily |ER| ranged from 0 to 5.22 mg O2 m
-2

 d
-1

 and 0.009 to 

7.48 mg O2 m
-2

 d
-1

 (Appendix 1-Table 1).  On average, there was approximately two orders 

of magnitude increase across the network for mean GPP, 0.02 mg O2 m
-2

 d
-1

 to 2.39 mg O2 

m
-2

 d
-1

 and one order of magnitude increase for mean |ER|, 0.27 mg O2 m
-2

 d
-1

 and 2.89 mg 



96 
 

 

O2 m
-2

 d
-1

(Table 4.1, Figures 4.2a and 4.2b).  Mean annual GPP, mass-specific GPP, and |ER| 

increased with drainage area (r=0.98, p<0.0001; r=0.67, p<0.0001; r=0.96, p<0.0001, 

Appendix 1 – Table 1).  Average annual ER was also correlated to channel confinement 

(r=0.67, p= 0.036).  Gross primary production (GPP) and mass-specific GPP increased with 

drainage area in all seasons (Figure 4.2 for GPP, mass-specific GPP not shown) (r>0.90 and 

p<0.0001 for GPP and r>0.60, p<0.0001 for mass-specific GPP).  In contrast, ecosystem 

respiration (|ER|) was significantly correlated with drainage area in all seasons (r coefficients 

ranged from 0.86 to 0.96) except in the spring (r=0.60, p=0.087; Figure 4.2b) when we 

observed lower than expected |ER| values at the largest stream reach. 

 

Does Heterotrophy Decrease with Drainage Area? 

Stream reaches were mostly heterotrophic with mean annual NEP ranging from -0.18 

(SD=0.22) in to -1.18 (SD=0.87) from smallest to largest stream reach (Figure 4.2c, Table 

4.1).  Although we expected NEP to increase with drainage area in all seasons and NEP 

relationship with drainage area became increasingly negative (heterotrophic) as fall 

progressed, this relationship was only significant in the fall, r=-0.70, p=0.025 (Figure 4.2c).  

However, we did observe positive NEP (autotrophy) at some stream reaches occasionally in 

all seasons, except in the fall.  In addition, GPP and ER were positively correlated with each 

other at most sites except for two of the smallest stream reaches, BD and EW (Figure 4.3, 

r=0.70, p<0.0001, all sites combined) where allochthonous carbon contributions were likely 

large.  
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When are the Peaks and Troughs of Gross Primary Production and Ecosystem 

Respiration? 

Gross primary production (GPP) and mass-specific GPP exhibited three temporal 

patterns across the stream network, although, these patterns were more pronounced for mass-

specific GPP (Figures 4.4a and 4.4b, Appendix 2 –Figures 1 and 2).  For the first pattern, a 

subset of stream reaches (BD, EW, C2, and T2) revealed peaks during the summer months 

and most of these stream reaches either froze completely or partially from December to 

February.  For the second set of stream reaches (M1, T1, M3), GPP peaked during the winter.  

The third pattern included stream reaches that displayed multiple peaks (BV, C1, and M2).  

Temporal patterns at these three sites seem to correspond to a blend of the other two 

groupings.  

Ecosystem respiration peaks exhibited two temporal patterns. ER either peaked in the 

fall (BD, EW, C2, and T2) or the winter (BV, T1, M1, C1, M2, and M3), depending on the 

site (Figure 4.4b, Appendix 2 –Figure 3).   

 

How Do Environmental Conditions Change Through the Year? 

Generally, decreasing daily discharge (Q) in late summer coincided with increasing 

light availability (PAR) and increased water temperatures across the basin (Figure 4.5).  

Water temperature followed a similar trajectory, highest in the spring and summer and lowest 

in the winter, for all three GPP groups (Figure 4.5).  DIN concentrations in the multiple 

peaks group was highest and tended to increase in the winter (Figure 4.5).  SRP was 

generally very low, but peaked in the summer and spring for the multiple peaks group and 

peaked in the winter for the winter group (Figure 4.5).  
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What are the Potential Drivers of GPP and ER? 

Overall, daily discharge was the most important environmental driver for all stream 

reaches regardless of temporal groupings except at T1 where PAR and SRP were the best 

predictors (Table 4.2).  Water temperature (TEMP) was also a significant driver for most 

stream reaches where GPP peaked in the summer.  In contrast, GPP was negatively 

associated with daily PAR in stream reaches that peaked in winter.  Lastly, although DIN and 

SRP associations were not significant in most stream reaches, associations in the summer 

peak group were positive in one reach (T2, p=0.007), whereas associations in the winter and 

multiple peaks groups were negative (BV, p=0.008; T1, p=0.029).  These relationships may 

suggest that streams that peak in the winter and spring may experience high nutrient uptake 

in the summer and thus may be nutrient limited or co-limited in the summer.  BV, a multiple 

peak site, was the only stream reach where GPP was positively associated with AFDM 

(p<0.0001).  

The ER linear mixed models for individual stream reaches confirmed patterns 

observed between ER and GPP (Figure 4.3).  Ecosystem respiration (ER) was positively 

associated with GPP in all stream reaches except BD and EW.  Daily discharge (Q) had the 

most influence in BD whereas negative associations with nutrients (DIN and SRP) appear to 

be equally important in EW (Table 4.3).   

The across sites linear mixed model for GPP accounted for approximately 44% of the 

variability of the fixed effects (Table 4.4) and AFDM was the best explanatory variable.  In 

contrast, Q was the most consistent variable influencing GPP at the stream reach level and 

was used as a measure of stream reach disturbance.  Q at the across sites model may not be a 

good measure of disturbance and it may relate to light penetration better or it may not be that 
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important when looking across sites.  Instead, AFDM was likely a close surrogate of 

disturbance as periphyton accrual may indicate stable conditions.  Thus, the strongest 

association in the across sites GPP model was between AFDM and GPP (p<0.0001).  AFDM 

roughly explained twice as much of GPP as SRP (second most important variable, opposite 

direction).  The negative association with SRP may indicate an increase of nutrient uptake by 

primary producers take up more nutrients with increasing GPP.   

The “best” across sites ER model explained approximately 52% of the fixed effects 

variability (Table 4.4).  Results from this model reflected the individual stream reach models, 

as GPP was the best explanatory variable of ER (p<0.0001) account for most of the 

variability.  

 

Discussion 

We found that there was substantial variation in GPP and ER across the network and 

throughout the year, but within the range reported in other studies in temperate streams 

(Hoellein et al. 2013, Hall et al. 2015).  We confirmed that GPP and ER increased with 

drainage area as predicted by the River Continuum Concept RCC (Vannote et al. 1980) and 

that the stream network was largely heterotrophic except for few days in the spring and 

summer.  We also determined three main seasonal patterns for GPP and two for ER.  We 

found that some stream reaches peaked in the summer, others in the winter and some had 

multiple peaks.  We confirmed our hypothesis that stream metabolism was controlled by 

local drivers that differ by location in the watershed and changes in seasonal hydrology 

(Bernal et al. 2013).  The spatial arrangement and temporal patterns of discharge, 

temperature, light and nutrients and their relative importance resulted in asynchrony of the 
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peaks of GPP and ER despite consistent regional climatic conditions across the stream 

network.  This asynchrony of ecosystem processes promotes stability across the watershed 

(Moore et al. 2015).  Our findings also demonstrated the importance of designing studies that 

incorporate extensive spatial and temporal coverage across sream networks because 

inferences obtained from limited snapshots in the summer can either underestimate or 

overestimate metabolism meaurements depending on the location of the watershed.   

Larger drainage areas yielded higher stream metabolism.  The size of the landscape 

relative to the stream reach likely yielded more nutrients that stimulated GPP and ER 

(Hoellein et al. 2013) and potentially yielded higher insolation and warmer water 

temperatures (Lamberti and Steinman 1997).  In relatively pristine watersheds, like the 

Methow River, drainage area has been recognized as the best predictor of spatial variability 

of GPP (Finlay 2011).  This watershed characteristic integrates multiple relevant 

environmental conditions such as nutrients and temperature and creates natural gradients in 

resource availability that in turn drive the spatial organization of river food web productivity 

(Lamberti and Steinman 1997, Finlay 2011).   

Contrary to our expectations, we did not find a clear pattern of NEP increasing with 

drainage area except for few instances in the spring and summer.  However, the lower stream 

reaches were stable, wide and shallow reaches that stimulated periphyton biomass accrual 

which in turn may have driven most ER during our study despite stream reaches being 

mostly heterotrophic.  However, the strength of the correlation between GPP and ER 

decreased considerably during the autumn leaf fall when allochthonous carbon likely became 

the primary source of carbon in the stream network (Valett et al. 2008).  Autochthonous 

carbon in streams not only fuels short-term microbial production and biogeochemical 
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cycling, but provide longer-term resources for consumers (Hotchkiss and Hall 2015).   

Our results also demonstrated distinct asynchrony of peak primary production across the 

stream network.  To our knowledge, only one study has reported this pattern of asynchrony 

for benthic GPP (Ogdahl et al. 2010).  We conjecture that this may be due to the limited 

number of studies that have examined both temporal and spatial patterns of GPP across a 

stream network (Young and Huryn 1996, Houser et al. 2005, Ogdahl et al. 2010, 

Venkiteswaran et al. 2015).  These results contradicted our expectations that GPP peaks 

would occur during spring and summer seasons when light availability and water temperature 

are likely highest.  This pattern of asynchrony in GPP peaks, suggest seasonal shifts in the 

degree to which potential co-limiting factors influenced GPP and that the patterns arise 

because of different controlling factors become more or less important in different 

environmental contexts.   

We developed three conceptual models to describe temporal patterns of GPP we 

observed.  One pattern peaks in the summer, another one peaks in the winter and a third 

peaks multiple times (Figure 4.6).  However, all GPP valleys were associated with stream 

disturbance.  Streambed disturbance due to the high flow events in the spring and late 

summer suppressed GPP across the network.  Reduction of GPP and to some extent of ER 

reflects that more productive sites have more periphyton biomass and therefore they are more 

affected by scour (Uehlinger 2006).  Although, our sampling did not include the highest flow 

events due to logistical constraints, it included periods when high flows were receding in the 

spring and early summer and during leaf fall when flows were likely transporting large 

amounts of terrestrial carbon.  

We found that the stream reaches that peaked in the summer had positive associations 
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with water temperature, but did not find positive associations with PAR.  We initially 

hypothesized that GPP and ER are highest when light and temperature are highest in the 

summer after the high stream flows.  The Methow River is a typical temperate stream 

network with seasonal synchrony of light and temperature.  Disentangling the effects of 

temperature vs. light on metabolism is complex and mostly done through experiments or 

modeling (see Huryn et al. 2014).  Light likely mediated stream temperatures, particularly in 

the smaller forested stream reaches included in the study.  In addition, DIN and SRP 

concentrations at all stream reaches were characteristic of oligotrophic conditions (Minshall 

et al. 2014).  However, the positive associations of SRP with GPP in T2 were tied to elevated 

SRP concentrations in the summer.  

The winter group was associated mostly with a lack of disturbance as the build-up of 

periphyton biomass may have contributed to positive feedbacks by recycling nutrients and 

extending the period of high gross productivity until high flow events in the spring “reset the 

clock”.  Additionally, we found that for this winter group, GPP tended to be greater at low 

water temperatures than at higher temperatures.  Kendrick and Huryn (2015) found similar 

results during the spring and fall, and determined that temperature was a poor predictor of 

metabolism, suggesting that other factors such as nutrient availability, high Chl-a biomass 

and/or algal taxonomic composition were driving this response.   

GPP peaks in winter or shoulder seasons (spring and fall) may have been driven by 

potential co-limitation of either light or nutrients in the summer as nutrient uptake increases 

with temperature (Rasmussen et al. 2011).  Increased nutrient uptake can potentially deplete 

nutrient resources and depress GPP during warmer months.  The negative associations we 

found between SRP and GPP suggested high phosphorus demand strengthening the 
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likelihood of nutrient limitation or co-limitation.  However, higher nitrogen recycling in 

larger stream reaches (Ensign and Doyle 2006) likely stimulated GPP and may have allowed 

GPP to peak in the cooler months instead.  Co-limitation through self-shading can occur 

where upper layers of the periphyton mat shade the bottom layers, and limitation by nutrients 

or inorganic carbon supply can also occur when high biomass accrual prevent nutrient 

accessibility (Cross et al. 2015, Welter et al. 2015).  Evidence of self-shading in our study 

was strengthened by the negative associations between PAR and GPP as periphyton biomass 

accrual increased with stable flow conditions during base flow (August to March).  Future 

work should consider measurements of nutrient uptake because they are better indicators of 

biological activity at the time of measurement (Hoellein et al. 2013).  Water samples for 

nutrients 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.  The third group is 

a blend of the winter and summer peak groups where disturbance and nutrient limitation 

appeared to be the driving factors.   

We also developed two conceptual models to describe mechanisms by which 

environmental factors were associated with each ecosystem respiration peak (Figure 4.7).  As 

with the GPP groups, both ER groups were associated with stream disturbance, Q.  However, 

different mechanisms were at play.  For the fall peak group, Q was positively associated with 

ER and corresponded to high ER in the summer  during high flows that likely carried large 

amounts of terrestrial carbon from the adjacent riparian corridor.  In contrast, the negative 

associations between ER and Q in T1 are likely associated with high autotrophic respiration.   

GPP and ER were coupled in most stream reaches except for the smallest stream reaches 

where there were large contributions of terrestrial carbon, and high ER was associated with 
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low GPP.  The strong coupling of GPP and ER suggests that during base flow conditions 

(September through March), autochthonous carbon was an important source of organic 

carbon fueling ER.  Furthermore, this tight relationship was likely maintained by the 

production of labile carbon, its rapid consumption by bacteria, and subsequent release of 

nutrients for further primary production (Townsend et al. 2011).  Finlay et al (2011) found 

that autotrophs strongly altered stream-water nutrient concentration stoichiometry in lower 

portions of the South Fork Eel River due to the large standing stock and rapid metabolism 

made available by high light availability and stable stream flow.  Thus, this recycling of 

nutrients maintained relatively high rates of productivity after water column nutrients were 

depleted (Wyatt et al. 2012).  Nutrient recycling is complex and rates may be influenced by 

the algal community found in the stream network.  Although identifying algal communities 

was beyond the scope of our analysis, we observed Didymosphenia geminata (didymo), an 

invasive alga that thrives in cold, oligotrophic conditions, to be abundantly present in over 

half of the stream reaches.  The semi-labile nature of the didymo stalks (Aboal et al. 2012) 

that thrive under oligotrophic conditions (Bothwell et al. 2014) may affect the availability of 

labile carbon for bacterial consumption.  Labile carbon is readily available in a scale time of 

hours to days whereas semi-labile carbon turnover is in a scale of weeks or months (Piontek 

et al. 2011).  Semi-labile organic matter is consumed by heterotrophic bacteria, when the 

input of labile compounds is not sufficient to meet the bacterial carbon and energy 

requirements (Piontek et al. 2011) and consumption is most efficient in areas with low 

nutrient concentrations (Romaní and Sabater 2000).  Thus, we anticipate didymo to play a 

significant role in nutrient recycling and carbon consumption. 

In general, results for individual stream reaches confirmed relationships inferred from 
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observed patterns along the gradients of daily temperature, light availability, and discharge, 

as well as monthly nutrient concentrations (Figure 4.7).  We anticipated, higher GPP in the 

forested streams in the spring (Roberts et al. 2007), but we observed that summer values 

were highest instead.  High disturbance from increased discharge due to snowmelt in addition 

to potential high water turbidity may have contributed to low GPP observed in the spring.  As 

high flows receded, water turbidity may have decreased and water temperature increased, in 

turn increasing photosynthetic activity.   

We acknowledge that top-down effects (e.g. grazing, nutrient excretion) could have been 

an important factor responsible for some of the GPP and ER patterns observed.  Zuckerman 

(2015) measured invertebrate biomass in six of the ten stream reaches in this study and the 

only stream reach where grazing was likely to play an important role controlling periphyton 

biomass was T1.  Other top-down effects on GPP we did not examine in our study were the 

potential influence of nutrient recycling through excretion or spawning.  Fish and other 

animals can create hotspots of nutrient recycling in streams (McIntyre et al. 2008, Griffiths 

and Hill 2014) even at low numbers.  Benjamin et al. (2016) determined that low densities of 

spawning salmon in the Methow River can increase GPP by 46% during spawning.  

Spawning generally occurs in lower stream reaches in the Methow River, thus short pulses of 

DIN and SRP may have contributed to the winter peaks in the lower stream reaches. 

Although the spatial patterns observed in our study were consistent with predictions 

of the river continuum concept (Vannote et al. 1980, Minshall et al. 1992), our study was 

limited to one stream network, and the strength of our inferences may be limited by the 

geomorphic and hydrologic context of the watershed. 

Because ecosystem metabolism is an integrative descriptor of the sources and sinks of 
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carbon (Marcarelli et al. 2011), our study allowed us to understand how autochthonous 

carbon, a high quality source of energy for consumers, is distributed across space and time in 

a stream network.  Considering that stream networks are interacting hierarchical mosaics of 

habitat heterogeneity, understanding how asynchrony of peak gross production may have an 

effect on higher trophic levels has implications on management, planning conservation and 

restoration efforts.  The importance of asynchrony among patches for maintaining the 

stability of meta-communities has been supported by multiple empirical studies (LeCraw et 

al. 2014).  For example, asynchrony of peak GPP may reverse the productivity gradient and 

the direction of the energy transfer between contiguous habitats, subsidizing habitats 

reciprocally (Nakano and Murakami 2001).  In addition , because GPP has a rapid turnover, 

it has the potential of fueling heterotrophic production through the immediate release of 

biologically available DOC, downstream export to areas of lower productivity, or it can be 

stored (Hotchkiss and Hall 2015).   

Asynchrony of ecosystem processes also highlights the importance of sampling 

throughout the year and capturing the temporal variability of the system.  It has been 

generally assumed that stream productivity is low during the winter, but we found the 

opposite to be true in at least half of the streams sampled in our study.  Thus, predictions 

derived solely from summer estimates can either overestimate metabolism in smaller streams 

or underestimate metabolism in larger unconfined streams. 

Lastly, Moore et al. (2015) suggested that rivers act as a natural portfolio because the 

structure of free-flowing river networks stabilizes their biotic and abiotic processes through 

the integration of asynchronous dynamics.  Thus, we need to understand the relationship of 

spatial heterogeneity to ecosystems functions such as GPP and ER so we can understand and 
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predict the consequences of human alterations on spatial patterns as these modifications have 

the potential effect of not only homogenizing and simplifying stream and river networks, but 

influencing the way stream dynamics interact across the network which in turn can make 

stream networks less stable.   
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Tables 

Table 4.1:  Annual average metabolic rates and average of biological and physical characteristics of the 10 sampled stream reaches 

in the Methow River basin. Standard deviations are in parentheses.  GPP=gross primary production, ER=ecosystem 

respiration, NEP=net ecosystem production, Chl-a =Chlorophill-a, AFDM=ash free dry biomass, PAR=photosynthetically 

active radiation, TEMP=temperature, DIN=dissolved inorganic nitrogen, SRP=soluble reactive phosphorus, CON=channel 

confinement, DA=drainage area, Q=discharge. 

Site GPP ER NEP Chl-a AFDM PAR TEMP DIN SRP CON DA Q 

 

mgO2 m
-2

 d
-1

 mg m
-2

 d
-1

 gm
-2

 d
-1

 μ mol m
-2

 s
-1

 ºC mg l
-1

 mg l
-1

  km
2
 m

3
 s

-1
 

BD 0.02 

(0.02) 

0.27 

(0.31) 

-0.25 

(0.32) 

13.7 

( 2.7) 

6.07 

(1.10) 

83 

(100) 

6.0 

(5.9) 

0.04 

(0.02) 

0.008 

(0.0040) 

7 128 0.38 

(0.17) 

EW 0.04  

(0.05) 

0.22 

(0.20) 

-0.18 

(0.22) 

9.2 

(3.9) 

4.02 

(1.20) 

199 

(142) 

7.3 

(4.4) 

0.05 

(0.02) 

0.001 

(0.0002) 

11 129 2.17 

(1.06) 

BV 0.29 

(0.23) 

0.66 

(0.39) 

-0.37 

(0.38) 

100.7 

(67.9) 

15.57 

(8.35) 

242 

(141) 

6.7 

(5.7) 

0.30 

(0.08) 

0.010 

(0.0029) 

7 179 0.47 

(0.36) 

T1 0.08 

(0.07) 

1.17 

(0.40) 

-1.09 

(0.36) 

5.2 

(2.4) 

3.45 

(1.12) 

195 

(162) 

6.1 

(4.4) 

0.07 

(0.03) 

0.001 

(0.0007) 

25 211 1.94 

(1.90) 

T2 0.44 

(0.28) 

0.91 

(0.35) 

-0.48 

(0.32) 

31.8 

(16.2) 

10.17 

(2.47) 

264 

(160) 

10.3 

(5.4) 

0.08 

(0.02) 

0.001 

(0.0003) 

15 394 2.39 

(0.91) 

C1 0.52 

(0.23) 

1.34 

(0.50) 

-0.82 

(0.43) 

23.1 

(9.8) 

9.32 

(2.02) 

176 

(133) 

5.7 

(5.7) 

0.04 

(0.02) 

0.003 

(0.0026) 

22 536 2.14 

(2.52) 

M1 0.30 

(0.22) 

1.21 

(0.63) 

-0.91 

(0.50) 

10.2 

(4.6) 

5.43 

(2.04) 

284 

(227) 

7.6 

(3.6) 

0.05 

(0.02) 

0.002 

(0.0005) 

32 666 6.30 

(4.89) 

C2 0.84 

(0.34) 

2.02 

(0.95) 

-1.18 

(0.87) 

28.3 

(12.4) 

11.91 

(6.93) 

203 

(148) 

8.4 

(5.5) 

0.05 

(0.02) 

0.002 

(0.0005) 

13 843 2.55 

(1.21) 

M2 2.26 

(1.21) 

2.90 

(1.53) 

-0.64 

(0.91) 

42.3 

(31.3) 

15.33 

(7.64) 

300 

( 183) 

7.6 

(4.6) 

0.10 

(0.03) 

0.002 

(0.0007) 

28 1669 13.33 

(7.46) 

M3 2.39 

(0.80) 

2.89 

( 1.22) 

-0.50 ( 

0.91 

44.1 

( 22.7) 

14.69 

(6.61) 

204 

(137) 

6.8 

(4.8) 

0.20 

(0.04) 

0.002 

(0.0011) 

29 1722 10.35 

(5.50) 
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Table 4.2:  Coefficient estimates, standard errors, percent of the explained variance for fixed 

(R
2

m) and random and fixed effects combined (R
2

c) for GPP models for each site (all 

dates combined). 

  
 

Value Std.Error DF t-value p-value Rm Rc 

S
u

m
m

er
 P

ea
k
 

BD 

     

0.91 0.96 

(Intercept) -4.4074 0.13931 42 -31.64 0.000 

  TEMP 0.05612 0.01 42 5.61 0.000 

  Log(Q) -0.4536 0.09855 42 -4.6 0.000     

EW 

     

0.65 0.95 

(Intercept) -3.581 0.157 125 -22.88 0.000 

  TEMP 0.103 0.016 125 6.35 0.000 

  Log(Q) -0.563 0.107 125 -5.27 0.000     

C2 

     

0.41 0.49 

(Intercept) 0.584 0.05 108 11.64 0.000 

  Log(Q) -0.238 0.038 108 -6.19 0.000 

  TEMP 0.024 0.005 108 5.39 0.000     

T2 

     

0.83 0.83 

(Intercept) 1.615 0.34 94 4.75 0.000 

  TEMP 0.03 0.002 94 16.12 0.000 

  Log(P) 0.22 0.049 5 4.47 0.007 

  Log(Q) -0.099 0.03006 94 -3.28 0.002     

W
in

te
r 

P
ea

k
 

M1 

     

0.45 0.6 

(Intercept) 0.627 0.059 217 10.56 0.000 

  Log(Q) -0.035 0.009 217 -3.73 0.000 

  Log(PAR) -0.066 0.011 217 -5.89 0.000     

T1 
     

0.37 0.47 

(Intercept) -2.552 0.665 179 -3.84 0.000 

  Log(P) -0.275 0.108 10 -2.55 0.029 

  Log(PAR) -0.411 0.055 179 -7.52 0.000     

M3 

     

0.30 0.71 

(Intercept) 1.784 0.106 108 16.86 0.000 

  Log(Q) -0.263 0.042 108 -6.28 0.000     

M
u

lt
ip

le
 P

ea
k

s 

BV 
     

0.75 0.88 

(Intercept) -10.53 1.3 158 -8.1 0.000 

  Log(AFDM) 1.922 0.322 8 5.97 0.000 

  Log(N) -1.229 0.353 8 -3.48 0.008 

  TEMP 0.172 0.027 158 6.35 0.000 

  Log(Q) -1.431 0.218 158 -6.58 0.000     

C1 

     

0.31 0.70 

(Intercept) 0.457 0.035 145 13.07 0.000 

  Log(Q) -0.127 0.021 145 -5.96 0.000     

M2 

     

0.20 0.97 

(Intercept) 1.752 0.113 86 15.5 0.000 

  Log(Q) -0.245 0.032 86 -7.63 0.000     
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Table 4.3:  Coefficient estimates, standard errors, percent of the explained variance for fixed 

effects (R
2

m) and random and fixed effects combined (R
2

c) for ER models for for each 

site (all dates combined). 

    Value Std.Error DF t-value p-value Rm Rc 

F
al

l 
P

ea
k
 

BD 

     

0.95 0.95 

(Intercept) 0.330 0.023 42 14.51 0.000 

  Log(PAR) -0.078 0.010 42 -7.92 0.000 

  Log(Q) 1.374 0.002 42 875.59 0.000     

EW 

     

0.44 0.86 

(Intercept) -14.097 7.680 126 -1.84 0.069 

  Log(N) -1.328 0.515 6 -2.58 0.042 

  TEMP -0.188 0.024 126 -7.85 0.000 

  Log(P) -1.453 1.231 6 -1.18 0.283     

C2 

     

0.16 0.66 

(Intercept) 0.579 0.094 109 6.14 0.000 

  Log(GPP) 0.698 0.078 109 8.95 0.000     

T2 

     

0.37 0.87 

(Intercept) 0.765 0.063 95 12.18 0.000 

  Log(GPP) 0.222 0.027 95 8.09 0.000     

W
in

te
r 

P
ea

k
 

BV 

     

0.19 0.83 

(Intercept) 0.293 0.073 159 4.01 0.000 

  Log(GPP) 0.725 0.076 159 9.56 0.000     

T1 

     

0.29 0.48 

(Intercept) 1.011 0.047 178 21.30 0.000 

  Log(GPP) 0.075 0.012 178 6.13 0.000   

Log(Q) -0.171 0.019 178 -9.16 0.000    

C1 

     

0.48 0.63 

(Intercept) -0.592 0.322 145 -1.84 0.068 

  Log(GPP) 0.959 0.084 145 11.40 0.000     

Log(AFDM) 0.464 0.144 8 3.22 0.012   

M1 

     

0.38 0.91 

(Intercept) 1.078 0.162 217 6.67 0.000 

  Log(GPP) 0.492 0.041 217 11.92 0.000 

  Log(Q) -0.318 0.040 217 -7.98 0.000     

M2 

     

0.65 0.99 

(Intercept) 0.434 0.084 86 5.17 0.000 

  Log(GPP) 0.759 0.043 86 17.45 0.000     

M3 

     

0.46 0.97 

(Intercept) 0.776 0.114 107 6.79 0.000 

  Log(GPP) 0.622 0.056 107 11.09 0.000 

  TEMP -0.035 0.005 107 -7.27 0.000     
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Table 4.4:  Coefficient estimates, standard errors, percent of the explained variance for fixed 

effects (R
2

m) and random and fixed effects combined (R
2

c) for across sites GPP and ER 

models. 

  Value Std.Error DF t-value p-value Rm Rc 

GPP (All stream reaches) 

    

0.44 0.99 

(Intercept) -6.902 0.812 1276 -8.5 0.000 

  Log(AFDM) 1.212 0.135 81 8.95 0.000 

  Log(Q) -0.264 0.025 1276 -10.54 0.000 

  TEMP 0.035 0.005 1276 6.97 0.000 

  Log(P) -0.577 0.113 81 -5.12 0.000     

ER (All stream reaches)  

   

0.52 0.81 

(Intercept) 0.604 0.172 1276 3.51 0.001 
  

Log(GPP) 0.302 0.011 1276 28.55 0.000 
  

TEMP -0.025 0.003 1276 -8.57 0.000 
  

Log(P) -0.086 0.027 82 -3.22 0.002     
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Figures 

Figure 4.1: Map of the Methow River basin.  The 10 stream reaches, main tributaries and 

Columbia River are identified by name.  The inset indicates the location of the Methow 

River in Washington State, USA.  Black star represents location of PAR sensor.   
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Figure 4.2: Seasonal patterns of GPP) (a),ER (b),NEP) (c).  Stream reaches were ordered from smallest to largest drainage area. 
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Figure 4.3: Plots of daily gross primary productivity (GPP) vs. daily ecosystem respiration (ER) for our ten stream reaches.  Line 

is GPP = ER.  Net ecosystem production (NEP) is average NEP for the entire sampling period June 2013-May 2014.  
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Figure 4.4:  Generalized curves of observed patterns of gross primary production (GPP) and 

ecosystem respiration (ER) across the stream network. Mean monthly metabolism values 

were standardized by calculating mean z-scores for each site. Groups were classified 

according to their peaks: summer, winter and multiple for GPP (a), and AFDM specific 

GPP (b), and fall and winter for ER (c).  The red line crosses 0 representing the mean.   
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Figure 4.5: Mean environmental conditions for the three temporal patterns observed in GPP. 

Summer group includes stream reaches that peak in the summer. Winter group includes 

stream reaches that peak in the winter. Multiple peaks group has multiple peaks.    
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Figure 4.6:  Conceptual model of environmental drivers of GPP for streams that peak in the summer (a), peak in the winter (b) and 

multiple peaks (c).   
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Figure 4.7:  Conceptual model of environmental drivers of ecosystem respiration for streams that peak in the fall (a) and winter 

(b). 
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Appendix 1 

Appendix 1 -Table 1:  Correlation matrix for untransformed mean annual GPP, ER, and covariates.  Pearson correlation coefficients 

and  p- values. GPP=gross primary production, |ER|=absolute value of ecosystem respiration, NEP=net ecosystem production, 

Chl-a =Chlorophyll-a, AFDM=ash free dry biomass, PAR=photosynthetically active radiation, TEMP=temperature, 

DIN=dissolved inorganic nitrogen, SRP=soluble reactive phosphorus, CON=channel confinement, DA=drainage area, 

Q=discharge.  Bold represents significant correlations. 

Variable GPP |ER| NEP Chl-a AFDM PAR Temp DIN SRP Conf DA 

 mg O2 m
2
 d

-1
 mg m

-2
 g m

-2
 µmol m

2
 s

-1
 ºC mg l

-1
 mg l

-1
  Km

2
 

|ER| 0.93 

          p-value 0.000 

          NEP -0.051 -0.406 

         p-value 0.889 0.244 

         Chl-a 0.28 0.157 0.275 

        p-value 0.433 0.664 0.442 

        AFDM 0.72 0.628 0.081 0.82 

       p-value 0.019 0.052 0.825 0.004 

       PAR 0.365 0.409 -0.213 0.304 0.375 

      p-value 0.300 0.241 0.555 0.393 0.286 

      Temp 0.097 0.095 -0.025 0.041 0.191 0.56 

     p-value 0.790 0.794 0.945 0.910 0.597 0.093 

     DIN 0.265 0.132 0.31 0.93 0.68 0.265 -0.081 

    p-value 0.459 0.717 0.384 0.000 0.031 0.460 0.825 

    SRP -0.248 -0.378 0.424 0.62 0.283 -0.355 -0.399 0.56 

   p-value 0.490 0.281 0.222 0.056 0.428 0.315 0.254 0.091 

   Conf 0.535 0.67 -0.488 -0.276 0.022 0.488 -0.054 -0.158 -0.59 

  p-value 0.111 0.036 0.152 0.440 0.952 0.153 0.882 0.663 0.073 

  DA 0.98 0.96 -0.187 0.16 0.634 0.411 0.12 0.141 -0.338 0.65 

 p-value 0.000 0.000 0.604 0.660 0.049 0.238 0.740 0.698 0.340 0.043 

 Q (m
3
s

-1
) 0.90 0.85 -0.084 0.061 0.466 0.546 0.116 0.086 -0.391 0.74 0.93 

p-value 0.000 0.002 0.818 0.866 0.175 0.102 0.749 0.814 0.264 0.015 0.000 
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Appendix 2 

Appendix 2-Figure 1:  Daily gross primary production (GPP) measured across 10 sites within the Methow River network.  GPP are in 

mg O2 m
-2

 d
-1

.  Gray line represents moving average. Stream reaches, BD, EW, C2 and T2 were partially frozen from mid 

December to mid February.  
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Appendix2-Figure 2:  Daily AFDM specific gross primary production measured across 10 sites within the Methow River network.  

GPP are in mg O2 g[AFDM] d
-1

.  Gray line represents moving average. Stream reaches, BD, EW, C2 and T2 were partially frozen 

from mid December to mid February.  
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Appendix2-Figure 3:  Daily ecosystem respiration (ER) measured across 10 sites within the Methow River network.  |ER| are absolute 

values in mg O2 m
-2

 d
-1

.  Gray line represents moving average. Stream reaches, BD, EW, C2 and T2 were partially frozen from 

mid December to mid February.  
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Appendix2-Figure 4:  Daily net ecosystem production (NEP) measured across 10 sites within the Methow River network.  NEP are in 

mg O2 m
-2

 d
-1

.  Gray line represents moving average. Stream reaches, BD, EW, C2 and T2 were partially frozen mid-December to 

mid February.  



134 
 

 

1
3

4
 

Appendix 3 

Email confirmation of Chapter 2 for publication rights in the Canadian Journal of Fisheries 

and Aquatic Sciences.  

 

Information from the link included in the email above: 

Authors' rights: 

As of 2009, copyright of all articles in NRC Research Press journals remains with the 

authors. Copyright of all articles published prior to 2009 is held by Canadian Science 

Publishing (operating as NRC Research Press) or its licensors (also see our Copyright and 

Reuse of Content information). 

Under the terms of the license to publish granted to NRC Research Press, authors retain the 

following rights: 

To post a copy of their submitted manuscript (pre-print) on their own website, an institutional 

repository, a preprint server, or their funding body's designated archive (no embargo period). 

Publication on a preprint server prior to submitting to an NRC Research Press journal does 

not constitute “prior publication”. 

 



135 
 

 

1
3

5
 

To post a copy of their accepted manuscript (post-print) on their own website, an institutional 

repository, a preprint server, or their funding body's designated archive (no embargo period). 

Authors who archive or self-archive accepted articles are asked to provide a hyperlink from 

the manuscript to the Journal's website. 

Authors, and any academic institution where they work at the time, may reproduce their 

manuscript for the purpose of course teaching. 

Authors may reuse all or part of their manuscript in other works created by them for non-

commercial purposes, provided the original publication in an NRC Research Press journal is 

acknowledged through a note or citation. 

These authors’ rights ensure that NRC Research Press journals are compliant with open 

access policies of research funding agencies, including the Canadian Institutes of Health 

Research, the Natural Sciences and Engineering Research Council of Canada, the US 

National Institutes of Health, the Wellcome Trust, the UK Medical Research Council, 

l'Institut national de la santé et de la recherche médicale in France, and others. 

In support of authors who wish or need to sponsor open access to their published research 

articles, NRC Research Press also offers a Gold Open Access (OpenArticle) option. 

The above rights do not extend to copying or reproduction of the full article for commercial 

purposes. Authorization to do so may be obtained by clicking on the "Reprints & 

Permissions" link in the Article Tools menu of the article in question or under license by 

Access Copyright. The Article Tools menu is accessible through the full-text article or 

abstract page. 


