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Aquatic ecosystem responses to changing climate and land-use are often extremely 

heterogeneous across landscapes: studies than quantify relationships between watershed features 

and biogeochemical and food web processes at intermediate scales (e.g., watershed-scale) would 

provide a means to extrapolate local findings across landscapes, potentially aiding future 

management efforts. I investigated how watershed features influence the movement of materials 

and energy between aquatic and terrestrial environments. I worked in a nearly pristine boreal 

river system in southwest Alaska (Wood River), where a high level of physical heterogeneity, 

coupled with natural landscape gradients, provided an opportunity to explore watershed 

geomorphic controls on ecosystem processes in streams. 

In Chapter 2 I used fatty acid biomarkers as novel tracers of food web pathways to assess 

how assimilation of heterotrophic bacteria and algae by stream insects varied across a landscape 

gradient in watershed features. I found that watershed features such as mean slope are correlated 
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with the energetic base of food webs in boreal streams, with algal resources more important in 

steep streams and bacterial resources more important in flat watersheds. In Chapter 3 I used fatty 

acid and stable isotope tracers, coupled with several years of growth data, to investigate how 

stream thermal regimes affected the ability of juvenile coho salmon (Oncorhynchus kisutch) to 

benefit from marine resource subsidies (sockeye salmon eggs). I found that local environmental 

conditions (mean summer stream temperature) were a stronger control on fish growth than the 

magnitude of the resource subsidy, but also that individuals varied substantially in their 

metabolic responses to an energy-rich food source. 

In Chapter 4 I examined geomorphic controls on the magnitude and sources of stream 

CO2 emissions from boreal streams. I found that watershed slope interacts with precipitation 

events to control terrestrial carbon fluxes into and out of streams. Watershed slope influences C 

loading and stream CO2 fluxes by determining the amount of carbon accumulation in watersheds, 

and to a lesser extent by determining gas transfer velocity across the air-water interface. These 

patterns provide a way to extrapolate across boreal landscapes by constraining CO2 concentration 

and flux estimates by local geomorphic features.  

In this dissertation I demonstrated that interactions between geomorphology, climate, and 

organisms produce incredible variability in ecosystem processes (carbon cycling, food web 

pathways) within a single river system, but that geomorphic features of watersheds regulate that 

variability. 
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CHAPTER 1: INTRODUCTION 

Freshwater ecosystems are essential for human society: they provide clean drinking 

water, irrigation and fertile soil for crop production, and nutritious food resources in the form of 

fisheries. Human civilizations rose from the floodplains of great rivers, and modern civilizations 

are no less dependent on them today. However, as a result of their importance, and as human 

population has increased exponentially, freshwaters are among the most altered and imperiled 

ecosystems on Earth. Eighty percent of the world’s human population faces risks to their water 

supply, while over half the world’s freshwater habitat (by discharge area) faces substantial risks 

to biodiversity (Vörösmarty et al. 2010). Most of the services humans derive from freshwater 

ecosystems depend on hydrological, biogeochemical, and ecological processes that are sensitive 

to anthropogenic activities (Foley et al. 2005). Aquatic ecologists are thus necessarily focused on 

understanding ecosystem functions and how these provide products and services in the face of 

intense exploitation and rapidly changing environmental conditions. 

Understanding and managing threats to aquatic ecosystem function requires a landscape 

framework: there is no ‘lake’ or ‘river’ management without consideration for their watersheds. 

Early work established that aquatic systems are fundamentally integrated within their 

watersheds—they receive the majority of their chemical constituents and organic materials from 

surrounding uplands (Lindeman 1942). Human activities upslope, for example deforestation, 

often have negative impacts on stream water quality (Bormann et al. 1968). Aquatic-terrestrial 

connectivity has since emerged as central theme in aquatic ecology: classic frameworks such as 

the River Continuum Concept (RCC; Vannote et al. 1980) describe longitudinal changes in the 

strength of aquatic-terrestrial coupling along a river network, from small headwater catchments 

to large river floodplains. The concept of ‘resource subsidies’ across ecosystem boundaries 

provides a another useful way to describe movement of material and its effect on food webs 
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across multiple habitats (e.g. terrestrial and aquatic) within landscapes (Polis et al. 2004). 

However, given the different spatial and temporal scales at which climate, land-use change, and 

ecological processes operate, means that we need additional frameworks to understand 

watershed-level responses to stressors. 

Stressors such as those imposed by changing climate are driven by global-scale forcing, 

but ecosystem responses will be heterogeneous at much smaller spatial scales, making prediction 

of local variation difficult (Levin 1992). Mitigating the effects of a changing environment on 

freshwater ecosystem function requires understanding interactions between drivers (e.g., climate 

and land-use) across different spatial and temporal scales (Soranno et al. 2014). How will local 

environment (e.g., geomorphology, soil characteristics) filter the effects of climate or land use to 

influence biogeochemical cycles and food web processes? What are the relevant attributes of 

stream and lakes that dictate their responses to changing air temperature, precipitation patterns, 

and land use?   

Recent work has begun to quantify heterogeneous responses of aquatic ecosystems to 

large-scale drivers, as well as the landscape characteristics that produce them. A global synthesis 

of lake temperature data showed that while lakes are warming on average (0.34° C per decade), 

warming is not uniform within regions—lake characteristics and climate interact to produce 

greater variation in warming rates within regions than between regions (O’Reilly et al. 2015). In 

Alaskan streams, watershed geomorphology (slope and elevation) determines the sensitivity of 

stream thermal regimes to air temperature (Lisi et al. 2015), resulting in high thermal 

heterogeneity within a single river network that in turn influences a suite of ecosystem processes, 

from the run timing of salmon populations (Lisi et al. 2013), to ecosystem metabolism 

(Jankowski et al. 2014).  
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New frameworks for considering the role of watershed geomorphic features and river 

network topology in biogeochemical cycling and food web processes have emerged recently 

(stream hydrogeomorphology,  Poole 2010; riverine macrosystems ecology, McCluney et al. 

2014). However, empirical studies to establish relationships between watershed features and 

ecosystem processes are needed to inform and test these frameworks. Studies that quantify 

relationships between watershed features and biogeochemical and food web processes at 

intermediate scales (e.g., watershed-scale) provide a means to extrapolate local findings across 

landscapes, potentially aiding future management efforts. In my dissertation I investigated how 

broad scale watershed features influence the movement of materials and energy between aquatic 

and terrestrial environments. I worked in a nearly pristine boreal Alaskan river system (Wood 

River watershed, SW Alaska), where a high level of physical heterogeneity, coupled with natural 

landscape gradients, reveal underlying controls on ecosystem processes. Working within a study 

system that still exhibits considerable physical heterogeneity presents a unique opportunity to 

understand how landscape attributes regulate ecosystem function. 

Physical attributes of rivers control the quantity and quality of energy sources 

available to consumers (Vannote et al. 1980, Marcarelli et al. 2011), but it remains untested 

whether geomorphic conditions of whole watersheds affect the assimilation of different 

resources by stream organisms. In Chapter 2 I used fatty acid biomarkers as novel tracers of 

energy flow through food webs: I compared the fatty acid (FA) compositions of two invertebrate 

consumer taxa (caddisflies, mayflies) collected from streams in the Wood River system to assess 

how assimilation of terrestrial organic matter (OM) and algae varied across a landscape gradient 

in watershed features. I found that by controlling the accumulation rate and processing of 

terrestrial OM, watershed features such as mean slope influence the energetic base of food webs 
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in boreal streams. I found relatively higher assimilation of algae in high-gradient streams 

compared with low-gradient streams, and the opposite pattern for assimilation of terrestrial OM 

and microbes. Invertebrates from low-gradient watersheds had FA markers unique to methane-

oxidizing bacteria and sulfate-reducing microbes, indicating a contribution of anaerobic 

microbial pathways to primary consumers. The features that created conditions conducive to 

anaerobic respiration of OM (stagnant water, accumulation of terrestrial OM, anoxic sediments) 

resulted in alternative energy sources for higher consumers. That watershed slope, easily 

calculated from a digital elevation model, provided real information on food web pathways in a 

highly complex landscape suggests that similar approaches could be used to understand food 

web responses to anthropogenic stressors. Finally, these results also highlight that anthropogenic 

stressors to stream food webs will likely be modulated by the local geomorphic context that 

regulate ecosystem processes. 

In addition to influencing basal food web resources, watershed geomorphology controls 

stream thermal regimes in the Wood River system by determining the residence time of water in 

stream channels, and the relative contributions of rain and snow to discharge (Lisi et al. 2015), 

thereby creating a heterogeneous mosaic of stream temperatures across the landscape. Because 

temperature controls the metabolic rates of organisms across all levels of food webs, from 

microbes to fish, ecosystem processes and rates should also vary with stream temperature. In 

high latitude regions such as Alaska, cold temperatures constrain feeding and growth rates of 

aquatic consumers, limiting their ability to capitalize on abundant but ephemeral food resources 

(Armstrong et al. 2010). In Chapter 3 I used fatty acid and stable isotope tracers, coupled with 

multiple years of growth data, to investigate how stream thermal regimes affected the ability of 

juvenile coho salmon (Oncorhynchus kisutch) to benefit from marine resource subsidies 
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(sockeye salmon eggs). I found that fish in warm streams grew significantly larger with access to 

energy-rich salmon eggs, but fish in cold streams attained the same size at the end of the growing 

season regardless of the presence of eggs. Interestingly, more spawning sockeye salmon in a 

stream (i.e. greater egg abundance) did not result in higher growth for juvenile coho salmon—

local environmental conditions (temperature) were a stronger control on growth than the 

magnitude of the resource subsidy. Individuals that consumed more salmon eggs (estimated from 

δ15N) were larger and had altered fatty acid composition but did not have higher relative body 

condition. As air and water temperatures increase in high latitude regions such as SW Alaska, 

these results highlight that consumer responses to climate change will vary according to complex 

interactions between local habitat conditions, food availability, and individual variation in 

metabolic traits. 

In Chapter 4 I expanded from investigating geomorphic controls on food web processes 

to carbon cycling within the Wood River system. Boreal ecosystems such as those found in 

southwest Alaska sequester a large fraction of the world’s soil carbon and are warming rapidly 

(McGuire et al. 2009), prompting efforts to understand the role of freshwaters in carbon export 

from these regions. Previous studies have mostly focused either on fluxes from large rivers (ex. 

Striegl et al., 2012), or on intense characterization of C sources and fluxes in individual streams 

or small catchments (ex. Garnett et al. 2012; Leith et al. 2014). However, variability in CO2 

concentrations and fluxes among streams within regions is high (Wallin et al. 2011, Crawford et 

al. 2013); thus, there is a need for studies conducted at intermediate scales to understand 

underlying drivers of differences in carbon inputs and export. 

In Chapter 4 I examined geomorphic controls on the magnitude of stream CO2 emissions 

and sources of stream dissolved inorganic carbon (DIC) in the same streams as in Chapter 2. I 
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found that watershed slope and precipitation interact to control terrestrial carbon fluxes into and 

out of streams. Watershed slope influences C loading and stream CO2 fluxes by determining the 

amount of carbon accumulation in watersheds, and to a lesser extent by determining gas transfer 

velocity across the air-water interface. Low gas transfer velocity in low gradient streams offsets 

some of the effects of higher terrestrial C loading at those sites, resulting in lower than expected 

vertical CO2 fluxes. While the isotopic composition of stream DIC (Δ14C and δ13C) was highly 

variable across space and time, shifts towards younger, more terrestrial sources after rain events 

were most pronounced in low gradient watersheds. At base flow DIC was a mixture of modern 

and aged sources of biogenic and geologic origin. Aged C sources contributed to food webs via 

an indirect pathway from DIC to algae to invertebrate grazers. I observed coherent changes in 

stream carbon chemistry after rainstorms despite considerable physical heterogeneity among 

watersheds. These patterns provide a way to extrapolate across boreal landscapes by constraining 

CO2 concentration and flux estimates by local geomorphic features.  

In this dissertation I demonstrate that interactions between geomorphology, climate, and 

organisms produce remarkable variability in ecosystem processes (carbon cycling, food web 

pathways) within a single river system. Boreal systems such as the Wood River watershed are 

not unique in this regard: ecosystems worldwide probably operate according to a different but no 

less complex set of drivers and interactions. Given the magnitude of complexity inherent to any 

ecosystem, how are ecologists and resource managers to move forward when faced with 

increasingly severe threats to biodiversity and ecosystem services? Despite the increasing 

volume of ecological knowledge, we will never fully characterize every vulnerable ecosystem.  

Diverse physical conditions create opportunities for local decoupling from large scale 

drivers, stabilizing overall ecosystem response to stressors (Schindler et al. 2015). For example, 
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the landscape position of northern Wisconsin lakes determined whether the concentration of 

conservative cations (Mg + Ca) increased or decreased in response to a regional drought: higher 

elevation rain-dominated lakes showed decreased mass of ions as groundwater inputs decreased, 

but low elevation groundwater-dominated lakes showed the opposite response as precipitation 

inputs decreased in proportion to groundwater inputs (Webster et al. 1996). Landscape-induced 

differences in hydrology maintained a diversity of responses in lake chemistry to drought, 

potentially maintaining more suitable habitat for aquatic organisms at the landscape scale. 

However, human activities rarely increase or maintain landscape heterogeneity.  Rather, we often 

suppress natural disturbance regimes that maintain spatial and temporal variation (e.g. floods, 

fires; Poff et al. 1997), fragment habitats (urban development, forestry; Foley et al. 2005), 

decouple aquatic and terrestrial habitats (Schindler and Smits 2016), and replace species-rich 

communities with monocultures (agriculture; Foley et al. 2005). As a result of these 

homogenizing forces, ecologists are thus tasked with the impossible goal of perfectly predicting 

how current ecosystems will respond to unpredictable future conditions. Instead, by preserving 

or re-establishing ecologically-relevant heterogeneity within landscapes, we can maintain the 

ability of populations and processes to shift and adapt to changes. This presents a robust 

conservation strategy that does not rely on perfect knowledge of the state of nature. 
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CHAPTER 2: GEOMORPHOLOGY CONTROLS THE TROPHIC BASE OF STREAM FOOD 

WEBS IN A BOREAL WATERSHED* 

 

Abstract 

Physical attributes of rivers control the quantity and quality of energy sources available to 

consumers, but it remains untested whether geomorphic conditions of whole watersheds affect 

the assimilation of different resources by stream organisms. We compared the fatty acid (FA) 

compositions of two invertebrate taxa (caddisflies, mayflies) collected from 16 streams in 

southwest Alaska to assess how assimilation of terrestrial OM and algae varied across a 

landscape gradient in watershed features. We found relatively higher assimilation of algae in 

high-gradient streams compared with low gradient streams, and the opposite pattern for 

assimilation of terrestrial OM and microbes.  The strength of these patterns was more 

pronounced for caddisflies than mayflies. Invertebrates from low gradient watersheds had FA 

markers unique to methane-oxidizing bacteria and sulfate-reducing microbes, indicating a 

contribution of anaerobic pathways to primary consumers. Diversity of FA composition was 

highest in watersheds of intermediate slopes that contain both significant terrestrial inputs as well 

as high algal biomass. By controlling the accumulation rate and processing of terrestrial OM, 

watershed features influence the energetic base of food webs in boreal streams. 

*Full Citation: Adrianne P. Smits, Daniel E. Schindler, and Michael T. Brett. 

2015. Geomorphology controls the trophic base of stream food webs in a boreal watershed. 

Ecology 96: 1775-1782. 
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Introduction 

 Much ecological research has focused on the relative importance of terrestrial subsidies versus 

in situ primary production for supporting higher trophic levels in freshwater systems (Cole et al. 

2006; Brett et al. 2009), with growing realization that landscape features constrain the 

availability and assimilation of these energy sources. For example, the importance of terrestrial 

carbon to lake food webs depends strongly on lake size (Wetzel 1990). The dominant conceptual 

model describing how physical attributes of lotic systems control the relative contributions of 

autochthonous and allochthonous sources to food webs is the River Continuum Concept (RCC, 

Vannote et al. 1980). In forested watersheds, channel width controls canopy cover and therefore 

light availability and potential for detrital inputs from riparian forests. Under the RCC, 

consumers in small, forested headwater streams depend primarily on terrestrial organic sources 

of energy, whereas consumers in wider rivers are supported mainly by algal production. 

However, additional physical properties of watersheds beyond channel width and network 

position can exert controls on both algal production and terrestrial inputs.  For example, in 

temperate and boreal ecosystems, watershed slope strongly determines the accumulation rate of 

terrestrial organic matter (OM) such as peat on the landscape, which in turn influences stream 

chemistry and the composition of invertebrate and fish communities (Walker et al. 2012, King et 

al. 2012). However, there has been little effort to directly assess how geomorphic conditions set 

by landform affect the transport and assimilation of different carbon sources in aquatic food 

webs.  

While terrestrial inputs comprise the bulk of organic carbon transported in high latitude 

streams (Spencer et al. 2008), the molecular composition of this material often makes it a low-
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quality energy source for invertebrate consumers compared to algae (Thorp and Delong 2002, 

Brett et al. 2009). Therefore, despite the higher quantities of terrestrial OM present in low 

gradient watersheds, consumer diets may not reflect this abundance if alternative resources such 

as algae are also available. There are multiple pathways by which terrestrial OM can become 

available to benthic consumers in streams, the two most studied being direct consumption of 

particulate OM (Cummins 1974), and heterotrophic processing of particulate and dissolved 

terrestrial OM (i.e., consumers grazing microbial biofilms; France 2011). In addition, 

invertebrate consumption of methanogenic and sulfate-reducing microbes, which perform 

anaerobic metabolism within inundated soils and leaf litter (Xu et al. 2013) is increasingly 

recognized as an alternative pathway by which terrestrial OM can enter freshwater food webs 

(Jones and Grey 2011). Previous studies have used stable isotope ratios of invertebrates and their 

food sources to compare carbon pathways between stream reaches (Finlay et al. 2002), or 

between shaded headwaters and exposed, higher order streams (McNeely et al. 2006), but no 

ecosystem scale study has explicitly examined the relationship between watershed 

geomorphology and the carbon sources assimilated by stream consumers. Thus, it remains 

untested whether geomorphic conditions of watersheds control the consumption of terrestrial and 

autochthonous resources by stream organisms. 

In this study, we asked 1) how do the carbon sources assimilated by stream invertebrates 

vary across a landscape gradient in geomorphic conditions such as watershed slope, substrate 

size, and stream temperature, and 2) does this relationship differ between dominant groups of 

primary consumers? To test these questions we compared the fatty acid composition of two 

ubiquitous invertebrate groups (Trichoptera, Ephemeroptera) collected from 16 streams arranged 

across a watershed geomorphic gradient in southwest Alaska. Fatty acids are useful trophic 
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markers because most of the fatty acids from an organism’s diet are stored in its tissues without 

modification, and certain fatty acids are indicative of specific groups of primary producers or 

bacteria (Dalsgaard et al. 2003). Much of the relevant geomorphic variation in this system is 

strongly associated with mean watershed slope (Lisi et al. 2013); our primary hypothesis was 

that by constraining the accumulation rate of terrestrial OM, in the form of debris and organic 

soils, geomorphic conditions such as watershed slope would act as an ultimate control over the 

proximate processes that influence the carbon sources assimilated by stream consumers. We 

predicted that invertebrates in streams draining high gradient watersheds would have higher 

concentrations of algal biomarkers in their tissues than those from low gradient watersheds due 

to lower availability of terrestrial carbon relative to OM fixed in situ. We also predicted that 

invertebrates from low gradient watersheds, which in this region typically drain peat bogs, would 

have higher concentrations of biomarkers associated with terrestrial OM and associated 

heterotrophic bacteria, reflecting higher abundance of both terrestrial carbon and microbial 

biomass. 

Methods 

Study sites 

We sampled 16 streams within the Wood River basin in the Bristol Bay region of Alaska (59°20′ 

N, 158°40′W), which has a total drainage area of 3,950 km2. The Wood River basin contains a 

series of large interconnected lakes—all the study streams but two flow directly into Lake Nerka 

or Lake Beverley. Streams within this system vary widely in their geomorphic characteristics 

(Pess 2009, Lisi et al. 2013); there is a general longitudinal gradient of peat accumulation across 

the basin, associated with a shift from high gradient, mountainous terrain on the western side to 

low gradient, wetland dominated terrain in the east. Temperature and flow regimes also generally 

reflect this gradient, wherein steep, high elevation streams are colder and snow-melt dominated, 
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and low gradient, low elevation streams are warmer and primarily rain-fed  (Lisi et al. 2013). 

The mean watershed slope of sampled streams, calculated in ArcGIS from a digital elevation 

map, ranges from 0.5 to 29 degrees (Lisi et al. 2013). Mean watershed elevation ranges from 32 

to 502 m above mean sea level. Vegetation at lower elevations (<150m) is dominated by a white 

spruce (Picea glauca) and paper birch (Betula papyrifera) mixed forest, interspersed with areas 

of moist tundra and sphagnum bog. Stands of green alder (Alnus crispa) cover steep, high 

elevation hill slopes. Riparian areas are dominated by feltleaf willow (Salix alexensis), as well as 

alder and cottonwood in steeper watersheds (Bartz and Naiman 2005). Higher gradient streams 

tend to have higher canopy cover presumably due to water-saturated soils hindering riparian tree 

growth at low gradient sites. 

Field sampling 

 Benthic invertebrates (Trichoptera, Ephemeroptera) were collected by hand and with a Surber 

sampler in June and July of 2012 and 2013 prior to the spawning migrations of salmon, which 

produce a seasonal pulse of alternative food resources and drastically reduce invertebrate density 

via substrate disturbance (Moore and Schindler 2008). We collected larval case-building 

caddisflies and mayflies because they were the most ubiquitous basal consumers present in the 

study streams.  The invertebrate communities of these streams have been previously described by 

Moore and Schindler (2008): caddisflies were primarily Brachycentridae and Limnephilidae, 

while mayflies were primarily Heptageneidae, Baetidae, and Ephemerellidae. In eight streams 

we collected samples from both invertebrate groups, whereas four streams contained only 

caddisflies, and only mayfly samples were collected from four streams due to low caddisfly 

abundance. Five to twenty individuals per group were collected within 1000 meters of the stream 

mouth on each sampling date. Post collection, samples were frozen in water until further 

analysis. 
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Fatty acid analysis 

For each unique sampling event (site and date), insects in the same family were combined into 

composite samples for further analysis. Samples were freeze-dried, homogenized, and analyzed 

for fatty acid composition to quantify the proportion of their lipids derived from organic matter 

sources such as terrestrial vegetation and stream algae. Fatty acid extraction and analysis was 

performed as described in Strandberg et al. (2014). Samples were weighed (1-2 mg dry mass), 

then extracted in in a chloroform/methanol/water solution (2:1:0.8, by volume).  Lipids were 

dissolved in toluene and trans-methylated at 50° C for 16 h, using an acidic catalyst (1% 

H2SO4 in methanol). The resulting fatty acid methyl esters (FAME) were analyzed at the 

University of Washington, with a HP6890 gas chromatograph (GC), equipped with flame 

ionization detection, using a DB-23 capillary column (length 30 m, ID 0.25 mm, film thickness 

0.25 lm, Agilent) with helium as carrier gas (1 mL min-1) and splitless injection. FAME peaks 

were tentatively identified by comparison of retention times with known standards (37-

component FAME mix, Supelco). For final determination of peak identities, a subset of the 

samples was analyzed by gas chromatography/mass spectrometry (Shimadzu GCMS QP2010 

plus; Agilent DB-23 column) with splitless injection. Double-bond configuration of C16 and C18 

mono-unsaturated fatty acids (MUFA) was determined by analysis of their dimethyl disulphide 

adducts (Nichols et al. 1986) . In all, 25 fatty acid peaks were identified, and all data were mass 

corrected as well as converted to proportion of total fatty acids ([g FA methyl ester/g total FA 

methyl ester]). Only these 25 peaks were included in data analyses. 

Data Analyses 

We compared the fatty acid composition of caddisflies and mayflies using analysis of similarity 

(ANOSIM), a non-parametric multivariate analog to ANOVA, and principal component analysis 

(PCA).  ANOSIM compares the average rank of similarity among objects within groups against 
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the average rank of similarity among objects between groups. Significance of the R-statistic was 

tested using Monte Carlo randomization (1000 permutations). We also tested for multivariate 

homogeneity of group dispersions (variances) between caddisfly and mayfly FA composition by 

calculating the average Euclidean distance of each sample to the group centroid and performing 

ANOVA on these distances. In the PCA, functionally similar fatty acids were summed to form 

11 fatty acid variables (see Supplementary Information). A PCA using all 25 FA yielded similar 

results.  Significance of the resulting eigenvalues was tested using Monte Carlo randomization 

(1000 permutations). 

We examined relationships between watershed geomorphic features and specific fatty 

acid concentrations in individual invertebrate samples using simple linear regression 

(significance level of p < 0.05). Separate regressions were performed for caddisflies and 

mayflies. We used mean watershed slope as the sole geomorphic predictor variable, as slope 

correlates strongly with other geomorphic variables such as substrate size and elevation in Wood 

River watersheds (Lisi et al. 2013; see Supplementary Information).  An important caveat when 

using FA biomarkers in diet studies is that most FA are not strictly diagnostic (that is, associated 

with only one resource type) and can be synthesized by a range of basal resources. For example, 

C18 PUFA are produced by both terrestrial plants and algae, and many SAFA and MUFA are 

ubiquitous in algae, terrestrial plants and bacteria (e.g., 16:0, 18:0, and 18:1n9). In addition, 

stream insects most likely synthesize some FA de novo (ex. 18:1n9) or modify ingested FA, 

however the lipid metabolism of most stream invertebrates is at present poorly characterized. 

We used only FA known to be diagnostic or highly characteristic of specific carbon 

sources as response variables in regressions. Linoleic acid (LIN, 18:2n6), α-linoleic acid (ALA, 

18:3n3), eicosapentaenoic acid (EPA, 20:5n3), and C16 PUFA are highly abundant in green algae 
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and diatoms compared with terrestrial vegetation (Torres-Ruiz et al. 2007), and were thus 

considered algal biomarkers.  Conversely, terrestrial vegetation is much higher in SAFA than 

algae, and is particularly characterized by long-chain SAFA (i.e., 20:0, 22:0, 24:0, and 26:0; 

Brett et al. 2009; Taipale et al. 2014). Branched FA are considered bacterial biomarkers 

(Kharlamenko et al. 1995). The FA 16:1n8 and 18:1n8 are diagnostic of Type I methane-

oxidizing bacteria (MOB) (18:1n8 was not detected in our samples; Sundh et al. 2005; Taipale et 

al. 2012), and 16:1n5 is synthesized by sulfate-reducing bacteria (Elvert et al. 2003).   

Additionally, we examined whether diversity in invertebrate FA varied with watershed 

slope. To quantify FA diversity within each stream, we calculated the Shannon-Weiner diversity 

index as described in Krebs (1999) for each sample using proportional FA composition (all 25 

identified FA were included): values were then averaged by stream for caddisflies and mayflies 

separately. Linear and 2nd order polynomial regression was used to test the relationship between 

watershed slope and the average diversity index for each stream, with the most parsimonious 

model chosen using AIC. Since the detection of rare (low proportion) FA in a sample can depend 

on overall sample FA concentration rather than the FA ingested by an individual, we regressed 

total FA peak area (from chromatograms) against the Shannon Index for each sample. Because 

there was no significant relationship here (p=0.58), we assume that the Shannon Index represents 

the diversity of resources assimilated by consumers. 

All analyses were conducted in R version 2.15.2 (R Core Development Team 2012), 

using the Vegan (Oksanen et al. 2012) package.  
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Results 

Do consumer taxa differ in FA composition? 

ANOSIM showed that caddisflies and mayflies were significantly different in overall FA 

composition (R=0.51, p = 0.001). Caddisfly FA composition also varied more among samples 

(mean distance to centroid = 0.12, p < 0.05) than did mayfly FA composition (mean distance = 

0.09).  

 PCA accounted for about half the variation in fatty acid composition among samples on 

two primary axes (54%, p < 0.001), with the two invertebrate taxa separating strongly along PC 

axis 1 (Figure 1A).  Branched FA, SAFA, and C18 MUFA were negatively correlated with PC1, 

whereas algal FA (LIN, ALA, EPA, C16 PUFA) were positively correlated with this axis.  SDA, 

C16 MUFA, and C14 MUFA loaded significantly onto PC2. Only PC 1 and PC2 explained a 

significant proportion of the variance in the data.  

FA characteristic of algae made up on average 24% (±7.9%, 1 SD) of total FA in 

caddisflies, and 10% (±4.5%) in mayflies. Caddisflies had significantly higher proportions of 

algal FA than mayflies (Wilcoxon Rank Sum Test, W=1479, p < 0.0001, n = 81), but lower 

proportions of branched FA (0.6 ± 0.35%, W = 437, p < 0.001) and SAFA (30.7 ± 4.9%, W = 82, 

p < 0.0001) than mayflies (0.8 ± 0.24%; 44.3% ±6.2, for branched FA and SAFA, respectively).  

Is variation in consumer FA composition associated with geomorphic features of watersheds? 

Diversity of FA composition (Shannon-Weiner index) in both taxa was highest in 

watersheds of intermediate slope (Fig. 1B). For caddisflies, a second-order polynomial 

regression (R2 = 0.34, p = 0.09, n=10) fit the relationship between FA diversity and watershed 

slope significantly better than a linear model (ΔAIC=3.44). For mayflies, a second-order 

polynomial regression (R2 = 0.31, p = 0.09, n=10) also fit significantly better than a linear model 

(ΔAIC=3.62).  
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Total FA concentration (μg/mg dry mass) was a positive linear function of watershed 

slope for caddisflies (R2=0.18, p=0.003, n=45, Fig. 2A), but not for mayflies (p=0.47). The 

proportion of algal fatty acids in caddisflies was also positively related with watershed slope 

(R2= 0.37, p < 0.001, n= 45, Fig. 2B) but this relationship was not significant in mayflies 

(R2=0.07, p=0.09, n=28, Fig. 2B). The proportion of SAFA was a positive, but marginally 

significant linear function of watershed slope for caddisflies (p = 0.054, R2 = 0.067, Fig. 3C), and 

not at all for mayflies (p = 0.19, Fig. 2C). Caddisflies in low gradient watersheds had higher 

proportions of branched (i.e., bacterial) FA than those in steep watersheds (R2= 0.25, p<0.001, 

n=45, Fig. 2D), whereas mayflies did not exhibit this pattern (p=0.65, n=28, Fig. 2D). 

Mayflies had higher proportions of MOB FA (i.e. 16:1n8) in low gradient watersheds 

(R2= 0.32, p=0.001, n=28), however, this relationship was not significant for caddisflies 

(R2=0.05, p=0.07, n=45, Fig. 2E). The proportion of 16:1n5, a marker for sulfate-reducing 

bacteria, was negatively related with slope for both caddisflies (R2 = 0.33, p < 0.0001, Fig. 2F) 

and mayflies (R2 = 0.18, p = 0.016, Fig. 2F). One mayfly sample was an outlier (16:1n5 was > 4 

standard deviations above the mean) and thus omitted from the regression. Doing so did not 

change the direction of the regression line, only the regression coefficients. 

Discussion 

Our data indicate that there are geomorphic constraints on the carbon sources assimilated by 

consumers in boreal streams, with relatively greater assimilation of algae in streams draining 

steep watersheds compared with relatively greater assimilation of terrestrially-derived carbon in 

low gradient streams. However, the relationship between watershed slope and carbon source 

assimilation by invertebrates was mediated by feeding differences among taxa. Caddisfly larvae 

had higher proportions of algal FA in steeper watersheds and higher proportions of microbial 
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biomarkers in low gradient watersheds. Mayfly nymphs, on the other hand, showed little 

variation in FA composition across the landscape, except for an increase in certain bacterial 

biomarkers (MOB FA, 16:1n5) in low gradient watersheds (average slope < 14 degrees).  

That both invertebrate groups had higher proportions of microbial FA in low gradient 

watersheds is not surprising as these streams are generally warmer (Lisi et al. 2013) and DOC-

rich (Jankowski et al. 2014), providing conditions conducive to high bacterial biomass. While a 

review of stream and lake food web studies showed that invertebrate consumers select for 

autochthonous food sources in a large majority of systems (Marcarelli et al. 2011), bacterial 

conditioning of recalcitrant terrestrial carbon particles is known to enhance assimilation by 

invertebrates (France 2011), and in some streams insects derive high fractions (> 20%) of their 

mass from bacterial carbon (Hall and Meyer 1998). In our system, both microbial priming of 

terrestrial OM, as well as direct consumption of bacterial carbon likely provide substantial 

energy sources to invertebrate consumers. Though both caddisflies and mayflies had low 

proportions of microbial biomarkers (< 5%), this does not necessarily reflect the absolute 

contribution of heterotrophic processing of terrestrial OM to the food web. Unlike long-chain 

PUFA, certain microbial FA such as branched FA serve no structural function in invertebrates, 

and would therefore be preferentially catabolized for energy rather than retained in cells (Taipale 

et al. 2012). In addition, bacteria and terrestrial plants synthesize ubiquitous FA such as 16:0, 

18:0, and 18:1n9, making calculations of absolute diet contributions impossible using only the 

proportional FA profiles of consumers, unless extensive feeding trials are conducted. Finally, 

without estimates of biomass and turnover rates, our inference is limited to descriptions of 

relative differences in resource assimilation among sites, rather than magnitudes of energy flow 

(Benke and Wallace 1997). Nevertheless, the negative relationship between watershed slope and 
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proportion of microbial FA in insects demonstrates how geomorphology regulates the proximate 

stream conditions (terrestrial OM accumulation, temperature, microbial production) that control 

the types of resources assimilated by consumers. 

There are multiple possible explanations for the higher algal FA (LIN, ALA, EPA) 

content of caddisflies in high-gradient watersheds. If algae are proportionally more abundant in 

steep streams than in low gradient ones, caddisfly FA composition may simply reflect this 

pattern, without change in feeding behavior across the landscape gradient. Alternatively, 

caddisflies may increase their selectivity towards algal carbon in steeper watersheds, especially if 

lower microbial biomass results in less priming of terrestrial OM. In lakes, zooplankton can 

increase PUFA retention at colder temperatures to maintain cell-membrane fluidity 

(Schlechtriem et al. 2006), however this capability has not been tested in benthic stream 

invertebrates, nor would it explain why mayflies did not have higher PUFA content in cold, steep 

streams.  Water temperature can also affect the production and retention of long chain PUFA in 

algae— PUFA rich autotrophs (e.g., diatoms) are associated with colder water temperatures, 

whereas PUFA depauperate autotrophs (e.g., cyanobacteria) are associated with warm 

temperatures (Taipale et al. 2013). If benthic algae composition in Wood River streams is 

similarly influenced by temperature, higher PUFA content in caddisflies in steep, snow-fed 

streams, which tend to be colder than low gradient streams (Lisi et al. 2013), may reflect the 

higher PUFA content of algae, rather than greater feeding selectivity. However, because we did 

not analyze food sources for FA composition or conduct feeding trials, we cannot explicitly test 

this hypothesis.  

Our FA results indicate that caddisflies rely more heavily on algal carbon than mayflies. 

There is some evidence that caddisflies may be more competitive grazers on algae than mayflies: 
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in a study in a forested headwater stream, excluding caddisfly grazers from stream reaches 

caused mayfly nymphs to shift towards a more algal-based diet (McNeely et al. 2007). 

Alternatively, the differences in FA composition between caddisflies and mayflies could indicate 

taxon-specific variation in lipid metabolism and storage strategies, as has been observed among 

consumer groups in boreal lakes (Lau et al. 2012). Because we conducted our study at a coarse 

scale of taxonomic resolution, we cannot account for the effects of community composition 

change on the differences in FA composition among sites, for example if caddisfly species in 

cold streams simply have higher PUFA content than species inhabiting warmer streams, 

regardless of dietary inputs. However, since we see consistent patterns in multiple biomarkers 

across the landscape gradient, it is unlikely that these are entirely attributable to inherent 

metabolic differences among species, rather than reflecting changes in food resources.  

Both mayflies and caddisflies showed higher assimilation of carbon derived from 

anaerobic pathways such as methanogenesis and sulfate reduction in low gradient watersheds, 

where inundated, anoxic soils are most common. Stable isotopes and FA biomarkers suggest that 

anaerobic pathways support benthic invertebrate consumers in lakes and temperate rivers 

(Trimmer et al. 2009, Jones and Grey 2011), but our study is the first to show this pathway in 

boreal streams. Anaerobic processing of soil carbon and leaf litter is currently an under-studied 

alternative pathway by which terrestrial OM can support stream consumers, and merits further 

investigation. 

Consumer fatty acid composition was most diverse in watersheds of intermediate 

gradient. In the Wood River system, low gradient streams drain peat bogs and are thus DOC-rich 

and likely strongly heterotrophic, whereas the steepest streams drain rocky mountain slopes 

without significant organic soils (Jankowski et al. 2014). Our results indicate that intermediate 
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levels of terrestrial resources increase the diversity of metabolic pathways contributing to stream 

food webs. In their synthesis, Moore et al. (2004) hypothesized that the structural and chemical 

diversity of detritus (mainly terrestrial inputs) supports a more diverse set of consumers in 

aquatic food webs than would algal production alone, and it is reasonable to hypothesize a 

similar effect on the diversity of trophic resources assimilated by consumers.  

Our results suggest that there are clear yet poorly described geomorphic controls on the 

resource base of lotic food webs beyond those described in the RCC (i.e. channel width as a 

function of river network position). All study streams are first to third order, and many are 

located within several kilometers of one another, yet basal consumers differed markedly in FA 

composition. The underlying effects of watershed slope on food webs are likely expressed via a 

mixture of proximate processes such as organic soil and debris accumulation, riparian zone 

inundation, riparian shading of the stream channel, bacterial priming of OM, physical 

degradation of particles, and hydrologic transport from terrestrial to aquatic systems. Further 

exploration of these physical constraints on carbon pathways will be especially relevant in high 

latitude ecosystems, where rapid climate change is likely to alter carbon flux between terrestrial 

and aquatic systems as a result of changes in vegetation, hydrology, microbial production, and 

stream community composition. Improved understanding of geomorphic constraints on resource 

flows through food webs provides a means to extrapolate effects observed at local scales to 

entire landscapes, and will enhance our ability to develop scenarios that account for climate 

driven changes to aquatic landscapes and the organisms they support. 
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Figure Legends 

Figure 1 (A) Ordination plot showing a PCA of fatty acid composition of caddisflies (black 

filled circles) and mayflies (open triangles) collected from Wood River streams. Labeled arrows 

show fatty acids driving significant variation between samples. PC axis 1 (horizontal) explained 

33.7% of the variation among samples, and PC axis 2 (vertical) explained 20.63%. 

(B) Second order polynomial regressions between mean watershed slope (x-axis) and mean 

Shannon-Weiner diversity index of caddisflies and mayflies. Bars show one standard deviation 

above and below the mean diversity index of invertebrates in each watershed. 

Figure 2. Simple linear regressions between mean watershed slope (x-axis) and total FA content 

(ug/mg dry mass) (A), proportion algal FA out of total FA (B), proportion SAFA (C), proportion 

branched FA (D), proportion MOB FA (E), and proportion 16:1n5 in caddisflies (black filled 

circles) and mayflies (open triangles). Each symbol denotes the mean value for a stream. Bars 

show one standard error above and below the mean. Regression lines for caddisflies (black solid 

line) and mayflies (black dashed line) are shown for statistically significant relationships (p < 

0.05). 
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Figures 

Figure 1:  
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Figure 2:  
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Supplementary Information 

Relationships between watershed slope and other geomorphic characteristics in the Wood River 

System 

Results from two previous studies conducted within the Wood River basin in SW Alaska 

provide evidence that watershed slope is a dominant underlying control on physical and 

biological processes in streams. Lisi et al. (2013) found strong correlations between five 

watershed geomorphic characteristics (mean slope, watershed area, mean elevation, mean stream 

substrate size (D84), and total lake area), stream temperatures, and salmon spawn timing. A 

principal component analysis of the geomorphic attributes of 36 watersheds showed mean slope 

to be one of the strongest drivers of variation among sites, and that slope was highly correlated 

with mean elevation and stream substrate size. Jankowksi et al. (2014) found additional 

correlation between watershed geomorphology and the carbon quantity and quality in streams: 

watershed slope alone explained 68% of the variation in DOC concentration among streams.  

Given that 11 out of 16 of our own study streams were included in the Lisi et al. (2013) 

analysis, and 4 out of 16 included in the Jankowski et al. (2014), we hypothesized that watershed 

slope, by determining stream conditions such as temperature, carbon quantity, and carbon 

quality, would also ultimately influence the trophic base of food webs within this system. We 

performed a PCA of the same geomorphic variables used in the Lisi et al. (2013) analysis on 11 

of our study streams for which all such data currently exists (some streams lack substrate size 

measurements), and also added average summer stream temperature as  a variable. We then used 

the resulting PC scores in regressions against our invertebrate FA data in order to test whether 
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using watershed slope alone as a predictor was sufficient, or whether additional variables added 

significant explanatory power.  

Results: The first two principal component axes explained 65% and 22% of the variation among 

streams respectively, though only the first axis was significant (p <0.0001,  Figure B1). 

Watershed slope was strongly negatively correlated with PC1 (Table B1).  Because PC2 did not 

explain significant variation among sites, we did not use it as a predictor in regressions. 

While for some FA, using PC1 score as a predictor resulted in significantly better model 

fits than using only watershed slope (branched, MOB, and total FA in caddisflies, sulfate-

reducing FA in mayflies), for most others it did not (Table B2).Given our original hypothesis, as 

well as the high correlation among geomorphic variables in the PCA, we retained watershed 

slope as the sole predictor variable in further analyses, rather than introduce additional 

explanatory variables. 
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Figure S1: Ordination biplot showing first two PC axes (only PC1 is significant). Open circles 

represent the 11 study streams included in the analysis, and vectors represent the loading of each 

geomorphic variable onto the pc axes. Data points close together share more similar geomorphic 

attributes than those that are far apart. 
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Table S1. Correlations between PC scores of each watershed and the original geomorphic 

variables. 

Geomorphic variable Correlation with PC1 Correlation with PC2 

Mean slope (°) -0.953 -0.24 

Mean elevation  

(meters above sea level) 

-0.844 -0.485 

Watershed area (km2) 0.703 -0.585 

D84 (substrate size) -0.7 -0.629 

Sum.lakes (total lake area in 

the watershed, km2 ) 

0.832 -0.436 

AveTemp (mean summer 

stream temperature, ° C) 

0.791 -0.385 
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Table S2. Comparisons of regressions between geomorphic variables (either mean watershed 

slope or PC1 score, a linear combination of six variables) and FA proportions in invertebrates. 

Analyses were performed on a subset of the full data (11 out of 16 streams) for which all 

geomorphic attributes (slope, area, elevation, substrate size, lake area, temperature) were known. 

  Predictor   

Invertebrate Group Response variable Slope PC1 

Caddisfly Total FA R2= 0.25; p < 0.01 R2= 0.33; p < 0.001 

Caddisfly Algal FA R2= 0.32; p < 0.001 R2= 0.33; p < 0.001 

Caddisfly SAFA p=0.4 p=0.23 

Caddisfly Branched FA R2= 0.36; p < 0.001 R2= 0.45; p < 0.0001 

Caddisfly MOB FA R2= 0.07; p < 0.1 R2= 0.20; p < 0.01 

Caddisfly Sulfate-reducing FA R2= 0.35; p < 0.0001 R2= 0.33; p < 0.001 

Mayfly Total FA p=0.67 p=0.76 

Mayfly Algal FA p=0.18 p=0.16 

Mayfly SAFA p=0.24 p=0.13 

Mayfly Branched FA p=0.52 p=0.68 

Mayfly MOB FA R2= 0.33; p < 0.01 R2= 0.36; p < 0.001 

Mayfly Sulfate-reducing FA R2= 0.16; p < 0.05 R2= 0.32; p < 0.01 
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Table S3. List of the fatty acids that were summed into composite variables in the principal 

components analysis. References are included where fatty acids have been attributed to specific 

groups of organisms (ex. Diatoms): 

Composite variable Fatty acids  References 

SAFA C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C22:0  

Green Algae 18:2n6, 18:3n3 Torres-Ruiz et al. 2007 

Diatoms 20:5n3, 16:4n3 Torres-Ruiz et al. 2007 

SDA 18:4n3  

Branched  

(i.e. bacterial) 

iso-17:0, iso-16:0, ante-iso-15:0, iso-15:0 Kharlamenko et al. 1995 

MOB 16:1n8 Sundh et al. 2005; 

Taipale et al. 2012 

Sulfate-reducing 

bacteria 

16:1n5 Elvert et al. 2003 

C16 MUFA 16:1n7, 16:1n9  

C14 MUFA 14:1n7, 14:1n5  

C18 MUFA 18:1n7, 18:1n9  

ARA 20:4n6  
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CHAPTER 3: THERMAL CONSTRAINTS ON STREAM CONSUMER RESPONSES TO A 

MARINE RESOURCE SUBSIDY* 

Abstract 

 Spawning migrations of Pacific salmon (Oncorhynchus spp.) to coastal watersheds provide a 

rich resource subsidy to freshwater consumers. However, variation in thermal regimes and 

spawning activity across the landscape constrain the ability of poikilothermic consumers to 

assimilate eggs and carcasses.  We investigated how sockeye salmon (O. nerka) spawning 

density and stream temperature affect the growth, body condition, and fatty acid composition of 

juvenile coho salmon (O. kisutsh), a known egg predator, in 7 tributaries of the Wood River in 

southwest Alaska. We compared mean body size of juvenile coho salmon in late summer among 

3-7 years per stream and found that the largest mean size occurred in warm streams where 

sockeye salmon spawned, though overall subsidy magnitude (spawner density) had no effect on 

consumer body size. Individuals that consumed more salmon eggs (estimated from δ15N) were 

larger, and had altered fatty acid composition, but did not have higher relative body condition. 

These results indicate that effects of marine subsidies on freshwater consumers depend both on 

local habitat conditions and on individual variation in energy allocation. 

*Full Citation: Adrianne P. Smits, Daniel E. Schindler, Jonathan B. Armstrong, Michael T. 

Brett, Jackie L. Carter, and Bianca S. Santos. 2016. Canadian Journal of Fisheries and Aquatic 

Sciences, 10.1139/cjfas-2015-0420 
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Introduction 

Resource subsidies between ecosystems, for example from ocean to land, or from forests 

to freshwaters, are ubiquitous and increasingly well-described, with much focus applied to 

quantifying subsidy magnitudes (Marczak et al. 2007). These efforts have resulted in the 

realization that the effects of subsidies on recipient ecosystems vary according to food web 

structure, consumer life histories, and local environmental conditions (Marczak et al. 2007, Yang 

et al. 2010). Interactions between local conditions and ecosystem responses to subsidies occur 

across diverse geographic regions and taxonomic groups.  For example, nutrient additions from 

seabird guano to South Pacific island soils enhance tree growth only after strong El Niño rains, 

which cause seabirds to abandon nesting colonies, thereby relieving trees from the damage they 

cause (Molina-Montenegro et al. 2013). Abundance of alternative food sources can also mediate 

consumer responses to subsidies—migratory geese subsidize Arctic fox reproduction in tundra 

environments, but only make up a significant portion of fox cub diets when local rodent 

populations are low (Giroux et al. 2012). Despite emerging evidence for strong interactions 

between local ecological conditions and consumer responses to subsidies, many studies are 

conducted at coarse scales that integrate across local variation, and are designed primarily to 

quantify effects of different subsidy magnitudes (Marczak et al. 2007).  

Returns of Pacific salmon (Oncorhynchus spp.) to spawning grounds along the west coast 

of North America provide a substantial marine-derived resource subsidy to aquatic and terrestrial 

consumers such as bears, birds, insects, and resident fishes (Gende et al. 2002, Schindler et al. 

2003). Consumption of salmon eggs and carcasses enhance growth and productivity of many 

stream organisms (Chaloner et al. 2002, Scheuerell et al. 2007, Bentley et al. 2012, Swain et al. 

2014). However, even in regions with high overall salmon returns, spawning occurs patchily 

across space and time, constraining the ability of consumers to access marine-derived resources. 
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In SW Alaska, landscape features such as the presence of nursery lakes determine suitable 

spawning habitat for sockeye salmon (O. nerka), and therefore create spatial variation in access 

to eggs and carcasses. Sockeye returns to individual spawning sites can also vary by orders of 

magnitude among years (Rogers and Schindler 2008). Large, mobile consumers such as bears 

and birds track variation in salmon resources across space and time (Schindler et al. 2013), but 

less mobile consumers such as insects and small fishes likely cannot, potentially creating 

differences in growth and condition among populations and individuals.  

Salmon eggs and carcasses are more nutrient and energy rich than other food sources 

available to stream predators in high latitude streams (Gende et al. 2004). As a result, 

consumption of salmon resources should increase growth and fat accumulation in stream 

organisms, and ultimately improve their survival at subsequent life stages. Experimental addition 

of salmon eggs and carcasses to stream reaches or enclosures often induce rapid, positive 

changes in growth and lipid composition of consumers (Wipfli et al. 2003, Heintz et al. 2004). 

Poly-unsaturated fatty acids (PUFA) such as docosahexaenoic acid (DHA), eicosapentaenoic 

acid (EPA), and arachidonic acid (ARA) are chemical precursors for a range of important 

cellular components and hormones and cannot be synthesized de novo by most vertebrates, 

therefore adequate dietary inputs of these lipids are crucial for fish development and growth 

(Ahlgren, Vrede, and Goedkoop 2009). Adult salmon tissues, like many other marine fishes, are 

much higher in DHA, EPA, and ARA than freshwater organisms, making them an important 

potential source of these lipids for stream consumers (Heintz et al. 2010).  

The strong positive effects of egg and carcass consumption on growth and body condition 

observed in small-scale experiments demonstrate the potential benefits of salmon resources to 

stream consumers, but complexity in natural environments may mediate these effects in wild 
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populations (Armstrong et al. 2010). At high latitudes, temperature acts as an additional 

constraint on the capacity for ectotherms to exploit resource subsidies. By strongly mediating 

metabolic rate, temperature affects the serial processes in the food-to-fuel pathway, spanning 

from foraging to fat deposition and somatic growth (Weiner 1992). For example, cold 

temperatures can generate digestive constraints on foraging when food is abundant (Elliott and 

Persson 1978). Armstrong et al. (2013) showed that juvenile coho salmon are digestively 

constrained when foraging on salmon eggs, and that these constraints were especially severe 

when temperatures were reduced from 10 °C to 6°C. Therefore even if high quality resources 

such as salmon eggs are present, low water temperatures may limit the benefits that cold-blooded 

consumers derive from them. 

In this study we investigated how local environmental conditions (i.e., water temperature) 

regulate the ability of juvenile coho salmon (O. kisutsh), a known egg predator, to capitalize on 

resource subsidies provided by spawning sockeye salmon. Streams within our study watershed 

(Wood River system, southwest Alaska) differ significantly in their thermal regimes due to 

variation in geomorphic conditions (Lisi et al. 2013), and receive highly variable numbers of 

adult sockeye salmon each year. We asked 1) how juvenile coho salmon in different thermal 

environments and receiving different subsidy magnitudes varied in body size at the end of the 

summer growth season, and 2) how individual consumers within these populations differed in 

their physiological responses to resource subsidies, as measured by their body condition and fatty 

acid composition.  

To address the first question, we compared mean end-of-summer size of age-0 and age-1 

coho salmon in 7 study streams across multiple years to test the effects of variation in the density 

of spawning sockeye salmon and water temperature on growth.  We expected that coho salmon 
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would be larger in streams and years with higher sockeye spawner densities, in response to 

higher egg abundance. We also predicted that higher stream temperatures would result in larger 

coho salmon body size, as mean temperatures at our study sites are low relative to their thermal 

optima (Stewart and Ibarra 1991). We expected that the effects of sockeye salmon spawner 

abundance (i.e. egg abundance) on growth would be temperature-dependent, with coho salmon 

achieving larger body size in warm streams where energy-rich eggs were present. In cold 

streams, on the other hand, we expected coho salmon would be limited in their ability to 

assimilate eggs, and thus would not grow as large despite the presence of energy-rich food 

resources. 

To address our second question, we tested whether individual variation in egg 

consumption was associated with differences in body size, condition, and fatty acid composition. 

We compared body size, relative body condition, and fatty acid composition of age-1 coho 

salmon collected in late summer in 2010 and 2011 from the same 7 study streams and used 

muscle tissue δ15N to estimate their assimilation of salmon resources. We predicted that juvenile 

coho salmon showing high egg predation would grow larger and have better relative body 

condition than individuals who assimilated fewer marine resources. We also expected that egg-

consumption would shift the fatty acid composition of lipid stores within coho salmon muscle 

tissue by elevating concentrations of omega-3 fatty acids such as DHA (22:6n3) and EPA 

(20:5n3), which are crucial to salmonid development (Heintz et al. 2010). 

Methods 

Field sampling 

Juvenile coho salmon were sampled from seven streams in the Wood River watershed in 

the Bristol Bay region of southwest Alaska (59°20′ N, 158°40′W). Annual sockeye salmon (O. 
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nerka) escapement to this system has averaged 1.1 million over the last 50 years (Baker et al. 

2006). Three of the streams (Bear, Yako, Whitefish) are tributaries of Lake Aleknagik, two 

(Fifer, Silver Salmon) are tributaries of the lower Wood River, one (Squaw) flows into Nushagak 

Bay, and one (Lynx Creek) is a tributary of Lake Nerka. Sampling sites within all streams are 

low gradient (0.5-1%), low elevation (<100 m above sea level), and range in bank-full width 

from 4 to 15 m (Marriott 1964).  Four of these streams (Bear, Yako, Whitefish, Lynx) are habitat 

for spawning sockeye salmon, while three are not (Squaw, Fifer, Silver Salmon). The streams 

without sockeye salmon spawning lack suitable nursery lake habitat for juvenile sockeye salmon, 

and receive an occasional small number of spawning pink salmon, but are otherwise similar to 

sockeye spawning streams.  

 Between ten and thirty juvenile coho salmon were collected for stable isotope and fatty 

acid analyses with a stick seine on one sampling date per stream (late August through early 

September in 2010 or 2011). Sockeye streams were sampled concurrently or after the active 

sockeye salmon spawning period. Fork length and wet mass were measured on site (Table S1), 

with fork length ranging from 70 to 140 mm, large enough to prey on sockeye eggs (Armstrong 

et al. 2010). Fish were frozen at -20 °C until further analysis. Aquatic insect taxa previously 

detected in juvenile coho salmon diets (Trichoptera, Ephemeroptera, Plecoptera, Diptera; 

Armstrong et al. 2010, Armstrong and Schindler 2013) were collected by Surber sampling from 

at least three reaches in each stream except for Fifer Creek. Insect samples were sorted by order 

and frozen at -20 °C until analysis for carbon and nitrogen stable isotope ratios.  

The effects of stream temperature and sockeye salmon spawner abundance on late 

summer size distributions of juvenile coho populations were assessed using multi-year data 

collected in Bear (2007-2012), Whitefish (2007-2012), Yako (2007-2012), Lynx (2008-2013), 



56 
 

Silver Salmon (2007-2012) , Fifer (2009-2011), and Squaw (2012-2013) creeks. Juvenile coho 

salmon were collected in each stream by stick seining in the last week of August or first week of 

September. Fish were then anaesthetized with MS-222 and measured for fork length. A subset of 

the fish were weighed on an electronic scale.   

In streams that support sockeye salmon spawning (Bear, Whitefish, Yako, Lynx), live 

and dead spawners were counted at least three times per season, by walking upstream and 

recording numbers in 200 m stream reaches until at least three consecutive reaches without 

salmon were observed. Peak spawner density (spawners*m-2) was calculated by dividing peak 

spawner count by the distance surveyed and mean stream width. 

In each of the sampling years, I-button temperature recorders (Maxim Integrated 

Products, Sunnyvale, CA) were placed in stream mouths, suspended 3-5 cm above the 

streambed, to record temperatures at 90-min intervals with 0.125 to 0.5 °C resolution from June 

30 to September 1. Mean summer temperature for each stream was calculated from these data 

(Lisi et al. 2013).  

Stable isotope analysis 

Because sockeye salmon put on the majority of their mass in the ocean where they 

occupy a relatively high trophic position, and rarely feed upon re-entry to freshwater, their 

tissues, including eggs, are enriched in heavier isotopes of carbon and nitrogen (Kline et al. 

1990), allowing the tracing of these resources through aquatic food webs. We used carbon (δ13C) 

and nitrogen (δ15N) stable isotope ratios of coho dorsal muscle tissue as measures of diet 

composition and trophic level. Reichert et al. (2008) measured seasonal change in muscle tissue 

stable isotope signatures of juvenile coho salmon in the Skagit River, WA, and found elevated 

δ15N in coho salmon in spring after over-winter feeding on salmon carcasses. Our samples were 
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collected in late August or early September, allowing juvenile coho salmon at least four weeks of 

access to sockeye salmon resources, and thus muscle δ15N and δ13C should reflect this diet 

source if it was assimilated. Samples were analyzed at the Isolab at University of Washington on 

a Thermally-Coupled Elemental Analyzer (TC-EA) coupled to a Thermo-Finnigan MAT253 

Mass Spectromoter to determine δ13C and δ15N. Results are reported as deviations from 

international standards (‰; Vienna Pee Dee Belemnite for δ13C, atmospheric N for δ15N).   

Because the coho muscle samples had high C:N ratios (mean = 3.53), δ13C values were adjusted 

for  lipid content based on empirical corrections provided in Post et al. (2007).  

Fatty acid analysis 

Fatty acid extraction and analysis of coho salmon muscle tissue was performed as 

described in Strandberg et al. (2014). Samples were weighed (1-2 mg dry weight), then extracted 

with chloroform/methanol/water (2:1:0.8, by volume).  Lipids were dissolved in toluene and 

trans-methylated at 50 C for 16 h, using an acidic catalyst (1 % H2SO4 in methanol). The 

resulting fatty acid methyl esters (FAME) were analyzed at the University of Washington, with a 

HP6890 gas chromatograph (GC), equipped with flame ionization detection (FID), using a DB-

23 capillary column (length 30 m, ID 0.25 mm, film thickness 0.25 mm, Agilent) with helium as 

carrier gas (1 mL min-1). FAME were tentatively identified by comparison of retention times 

with known standards (37-component FAME mix, Supelco).  

For final determination of peak identities, a subset of samples was analyzed by gas 

chromatography/mass spectrometry (Shimadzu GCMS QP2010 plus; Agilent DB-23 column) 

with splitless injection. Double-bond configuration of C16 and C18 mono-unsaturated fatty acids 

(MUFA) was determined by analysis of their dimethyl disulphide adducts (Nichols et al. 1986). 
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In all, 40 fatty acids were identified, and all data were mass corrected as well as converted to 

proportion of total fatty acids ([g FA methyl ester/g total FA methyl ester]). 

We used the following shorthand notation for referring to fatty acids: A:BnX, where ‘A’ 

is the number of carbon atoms, ‘B’ is the number of double bonds, and ‘X’ is the position of the 

first double bond relative to the methyl end. Saturated fatty acids (SAFA) have no double bonds, 

mono-unsaturated fatty acids (MUFA) have one double bond, and poly-unsaturated fatty acids 

(PUFA) have 2 or more double bonds.  

The fatty acid composition of an animal’s storage lipids should reflect a mixture of the 

FA compositions of its prey, and ultimately the FA produced at the base of the food web by 

plants, algae, and bacteria (Dalsgaard et al. 2003). Certain fatty acids are produced in higher 

concentrations by marine organisms—for example 20:1n9 and 20:1n11 are most likely derived 

from marine calanoid copepods and are found in elevated concentrations in adult salmon tissue 

(Heintz et al. 2010). Adult salmon returning from the ocean also have substantially higher 

proportions of omega-3 fatty acids such as EPA and DHA than do freshwater organisms such as 

aquatic insects or juvenile coho salmon. As a result, freshwater consumers that assimilate salmon 

carcasses or eggs can accumulate marine-derived lipids in their own fat stores (Heintz et al.  

2010). Therefore, elevated concentrations of these biomarkers in freshwater organisms can 

indicate consumption of marine-derived resources such as salmon tissue. 

Effect of temperature and subsidy magnitude on body size in juvenile coho salmon 

Because juvenile coho salmon in Alaskan streams typically rear in freshwater for two 

years (Quinn 2005), stream populations are mixtures of two age classes with potentially different 

responses to temperature and sockeye egg abundance. For example, previous work shows that 

coho salmon are gape-limited in their ability to consume water-hardened salmon eggs until they 
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grow to approximately 70 mm in length, thus limiting the benefit of this resource subsidy for all 

but the largest age-0 fish (Armstrong et al. 2010). Late summer size distributions of juvenile 

coho salmon in all 7 study streams were roughly bimodal (Figures S1-S7): size thresholds for the 

two age classes present (age 0 and age 1) were determined from these distributions. Coho salmon 

in a given stream and year were assigned an age class based on the size threshold for that stream-

year combination. 

We tested the effects of temperature, sockeye spawning presence/absence, sockeye 

spawner density, and any interactions on mean late summer body size of age-0 and age-1 coho 

salmon using multiple linear regression in R (R Core Development Team 2013). To account for 

non-independence of data collected from the same stream, we followed the model selection 

protocol outlined in Zuur et al. (2009).  We first compared random model structures using 

Akaike’s information criterion, corrected for small sample sizes (AICc; Burnham and Anderson 

2002).  We compared the following model structures:  no random effects, a random intercept, 

and random intercept and slope, and found that the model without random effects fit the data best 

(ΔAICc >2 for models that included random effects of stream). Fixed effects only models were 

then fit using maximum likelihood and compared using AICc. AICc model weights were 

calculated as described in Burnham and Anderson (2002).  

Individual variation in physiological responses to salmon resource subsidies  

We examined differences in late summer energetic status and fatty acid composition of 

age-1 juvenile coho salmon collected in 2010 and 2011.  Variation in fatty acid composition 

among coho salmon from different streams (and therefore different access to marine-derived 

resources) was first assessed with principal component analysis (PCA), using the vegan package 

in R (Oksanen et al. 2012). For ease of interpretation, proportions of structurally similar FA’s 
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were summed, resulting in 22 FA variables used in subsequent analyses (results were similar 

using all 40 variables). Prior to statistical analyses, FA data were log-transformed to adjust for 

right-skew. Significance of the resulting eigenvalues was tested using Monte Carlo 

randomization (1000 permutations). To test whether coho salmon differed significantly in overall 

FA composition among streams, we used analysis of similarity (ANOSIM; Clarke 1993), a non-

parametric multivariate procedure analogous to an ANOVA. The test statistic, R, if greater than 

zero, denotes that between-group dissimilarities are significantly larger than within-group 

dissimilarity. In addition, we tested for differences in proportions of specific FAs (22:6n3, DHA; 

C20+C22 MUFA; 20:5n3, EPA; 18:2n6, LIN; 18:3n3, ALA) between ‘sockeye’ versus ‘non-

sockeye’ groups, using mixed effects regression with the lme4 package in R (Bates et al. 2015). 

We tested whether the contribution of sockeye salmon resources to age-1 coho diets 

(n=90) affected measures of body size, condition, and FA composition using mixed effects linear 

regression models in the lme4 package in R (Bates et al. 2015), following the model selection 

protocol described in Zuur et al. (2009).  

 Coho diet proportions were estimated by treating an individual’s δ15N as a mixture of 

two sources (sockeye eggs and aquatic invertebrates; Figure 1). Aquatic invertebrates from each 

stream except Fifer creek were analyzed for δ15N, thus we were able to use stream-specific δ15N 

values in diet mixture calculations. For Fifer creek we used Squaw creek insect δ15N values, 

because Squaw is the closest study stream and is similar in habitat characteristics. We used an 

average δ15N value for sockeye eggs (11.97 ‰ ± 0.20, mean, standard deviation, n = 13) in 

calculations, from samples collected in the Wood River watershed in 2013. Invertebrate and 

sockeye egg δ15N values were corrected for trophic discrimination before calculating diet 
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contributions (+ 3.4 ‰; Post 2002). We used the following equations to calculate the fraction of 

coho salmon diet made up by eggs (fegg): 

𝛿15𝑁𝑐𝑜ℎ𝑜 = 𝑓𝑖𝑛𝑠𝑒𝑐𝑡𝛿15𝑁𝑖𝑛𝑠𝑒𝑐𝑡 + 𝑓𝑒𝑔𝑔𝛿15𝑁𝑒𝑔𝑔 

𝑓𝑖𝑛𝑠𝑒𝑐𝑡 +  𝑓𝑒𝑔𝑔 = 1 

Fegg, hereafter referred to as ‘egg consumption’, was subsequently used as predictor variable in 

regression models. 

We calculated the relative body condition (e.g. wet mass residual) of each coho salmon 

and used this as a response variable in our regression models. Individuals with a positive relative 

body condition are heavier given their length than the population average. We defined relative 

body condition as an individual’s residual from the linear relationship between log-mass and log-

length of the entire population. Data from juvenile coho salmon measured between 2007 and 

2012 in all seven study streams were included in the length-weight regression (n=7927). Relative 

body condition of individual coho salmon was calculated using the regression coefficients output 

from this model. Yako creek fish used in FA analyses lacked wet weight measurements and were 

thus excluded from this analysis. 

Results 

Effect of temperature and subsidy magnitude on body size in juvenile coho salmon 

Juvenile coho salmon in both age classes grew largest in warm streams (average >10 °C) 

where sockeye salmon spawned (Whitefish, Lynx; Figure 2a and 2c). Increased subsidy 

magnitude (spawner density) did not result in larger average body size for either age class at the 

end of the growing season (Figure 2b and 2d).  
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The best model for late summer body size attained by age 0 coho salmon included a 

significant positive interaction between sockeye spawning presence and stream temperature 

(AICc weight = 0.95; see Table 1 for model comparisons). Models including sockeye spawning 

density as a predictor variable fit the data significantly worse than alternative models (ΔAICc > 

17).  

Similar to age 0 coho salmon, the best model for age 1 body size included a significant 

positive interaction between temperature and sockeye spawning presence (AICc weight = 0.70; 

Table 1), whereas a model including sockeye spawner density had significantly less support 

(ΔAICc >20). 

Effects of sockeye egg consumption on individual size, condition and FA composition 

The first two axes of the PCA comparing fatty acid compositions of age 1 coho salmon 

were significant and explained 28% and 21% respectively of the variation among individuals 

(n=90; p < 0.001, Figure S8). All 22 FA variables loaded onto both axes, though PC axis 2 

roughly characterized a gradient in marine-derived/associated fatty acids (C20 + 22 MUFA, 

EPA, and DHA versus LIN, ALA; Table S2). While there was substantial overlap in FA 

composition between coho salmon from sockeye and non-sockeye streams, the two groups 

separated weakly along PC axis 2, and the ANOSIM indicated that they differed significantly in 

overall FA composition (R = 0.24, p < 0.001). Stream populations also had significantly different 

FA compositions (R= 0.36, p < 0.001). 

Coho salmon in sockeye spawning streams had higher proportions of marine derived or 

associated FA such as DHA (n= 55, mean = 0.27 ± 0.049, p=0.24) and C20 + C22 MUFA (0.01 ± 

0.0061, p=0.10) than those in non-sockeye streams (n= 35, DHA 0.23 ± 0.07, C20+C22 MUFA 

0.0057±0.0049), but differences were not statistically significant when random effects (stream) 
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were included in models. Coho salmon in non-sockeye streams had higher proportions of LIN 

(0.051±0.017, p=0.10) and ALA (0.043±0.014, p=0.51) than coho salmon in sockeye streams 

(LIN: 0.037±0.009 , ALA: 0.028±0.008) but differences were not statistically significant;  these 

FA are abundant in freshwater invertebrates (Torres-Ruiz et al. 2007, Smits et al. 2015). Coho 

salmon did not differ significantly in their proportion of EPA (overall mean 0.09 ± 0.017). Coho 

salmon in sockeye spawning streams had higher total FA concentration in their muscle tissue 

(38.14 ± 20.65 µg/mg dry weight, p=0.34) than those in non-sockeye streams (30.97 ± 17.27 

µg/mg).  

Body size of age 1 coho salmon was positively related both to stream temperature and to 

egg consumption (Figure 3). The best model fit the data significantly better than alternative 

models and included both egg consumption as well as its positive interaction with stream 

temperature as significant predictors of individual body size (AICc weight = 0.96; Table 2).  

Relative body condition, which has been correlated with the recent growth rate in other 

fish species within our study watershed (Bentley and Schindler 2013), was positively but weakly 

related to egg consumption and to stream temperature. The best model was an intercept only 

model, including random effect of stream (Table 2), but there was little statistical support for any 

one model (AICc weight < 0.5 for all models). Within individual stream sites, higher egg fraction 

in coho salmon diets did not result in higher relative body condition (Figure 4), but stream 

populations differed from one another, with the highest condition fish occurring in warm, 

sockeye spawning streams (Whitefish and Lynx creeks). 

Consumption of sockeye salmon eggs was associated with altered FA composition of age 

1 coho salmon (Figure 5), though it did not affect the total FA concentration within their muscle 

tissue (p = 0.25; Figure 5a). As expected, individuals who consumed more sockeye eggs had 
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elevated proportions of C20 + C22 MUFA, reflecting a marine-derived food source (Figure 5b). 

The best model included a random effect of stream on the intercept, as well as egg consumption 

as a direct effect: models including stream temperature as a predictor fit the data significantly 

worse (ΔAICc > 2, Table 2). Coho salmon that ate more eggs had higher omega 3: omega 6 FA 

ratios (Figure 5c): the best model included a random effect of stream on the intercept, as well as 

egg consumption as a predictor variable (AICc weight = 0.60; Table 2). Models that included 

stream temperature as a predictor fit the data significantly worse than alternative models (ΔAICc 

> 2).  

Discussion 

Multiple years of juvenile coho salmon size data showed that temperature strongly 

controls consumer growth responses to a marine resource subsidy. The presence of sockeye 

salmon eggs as a food resource substantially increased the mean body size of juvenile coho 

salmon in warm streams (> 10° C): coho salmon in Whitefish and Lynx creeks were on average 

20 mm larger in late August than those in Silver Salmon Creek, a stream with comparable 

summer temperatures (Figure 2). On the other hand, the presence of sockeye eggs did not 

enhance growth in cold streams: coho salmon were no larger on average in Bear or Yako creeks 

than in Fifer or Squaw creeks. These divergent size distributions in cold and warm sockeye 

spawning streams are consistent with previous findings that warm temperatures allow age 0 coho 

salmon to outgrow gape limitation and consume sockeye eggs, which then further accelerates 

their growth (Armstrong et al. 2010). While juveniles in warm  streams such as Silver Salmon 

Creek have higher growth potential than those in cold streams (Armstrong et al. 2010), this 

potential remains unrealized in non-sockeye streams, presumably because these sites lack the 

energy-dense resources fish need to overcome increased metabolic costs.   
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Contrary to our initial hypotheses, juvenile coho salmon did not grow larger in streams or 

years with higher subsidy magnitudes (sockeye spawner density). While the presence of sockeye 

salmon spawning, and thus eggs, significantly increased coho salmon growth in warm streams, 

and egg consumption by individuals was associated with larger body size, growth was not 

affected by sockeye salmon abundance in these streams. This was somewhat surprising because 

small resident fishes must prey on eggs ejected from the gravel during spawning or nest-digging: 

in high return years, redd superimposition greatly increases egg availability to consumers in the 

stream channel (Moore et al. 2008). Our findings contrast with studies conducted in south central 

Alaska and the Pacific Northwest; δ15N enrichment and condition in sculpins was positively 

correlated with salmon spawning density in British Columbia streams (Swain et al. 2014), and 

juvenile coho salmon were more δ15N-enriched and had higher growth rates in south central 

Alaska streams with higher salmon spawner biomass (Rinella et al. 2011). Growth responses by 

other resident fish species (grayling, rainbow trout) to  egg subsidies within the Wood River 

system corresponded with sockeye salmon run size as well as underlying stream productivity, 

though the growth responses saturated at relatively low spawner densities (Bentley et al. 2012). 

However, similar studies in the Copper River Delta, Alaska, did not detect strong growth 

responses by juvenile coho salmon with access to spawning salmon resources (Lang et al. 2006), 

despite δ15N enrichment at multiple trophic levels (Hicks et al. 2005). 

 There are several potential reasons why sockeye density (i.e. egg abundance) is uncorrelated 

with juvenile coho salmon growth in Wood River watersheds. First, competition among juvenile 

coho salmon for eggs is likely weak due to a food-saturated environment in sockeye spawning 

streams. Juvenile coho salmon density is low, whereas sockeye salmon density varies between 

years but can be relatively high for 1st – 3rd order streams (>1 spawner*m-2). In lower latitude 
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streams with reduced salmon spawning populations, on the other hand, egg abundance may be 

low enough to constrain consumer growth. Second, stream temperature controls assimilative 

capacity in juvenile coho salmon: a tagging study in Bear Creek showed that individuals who 

migrated to warm microhabitats after consuming eggs grew substantially larger than individuals 

that did not (Armstrong et al. 2013). Further, even in warm habitats closer to the physiological 

optimum for coho salmon (~ 15°C; Stewart and Ibarra 1990), individuals were strongly 

digestively constrained (i.e. digestion rates were 200 - 400 % slower than maximum foraging 

rates) due to their large meal size and the long gut retention time for eggs (Armstrong et al. 

2013). Most streams within the Wood River watershed are colder than thermally optimal for 

coho salmon, therefore the distribution of favorable thermal habitat may present a greater 

constraint on digestive capacity and growth than egg abundance. 

Consistent with previous experimental and observational studies (Heintz et al. 2004, 2010), 

egg consumption shifted the FA composition of juvenile coho salmon towards higher proportions 

of marine-associated biomarkers (20:1n9, 20:1n11, DHA). However, contrary to the rapid fat 

accumulation observed in other studies, wild individuals in Wood River streams that consumed 

more salmon resources did not accumulate higher total concentrations of FA in their muscle 

tissue (Figure 5A).  Further, while we observed differences in relative body condition among six 

stream populations, with the heaviest fish occurring in warm sockeye spawning streams 

(Whitefish, Lynx), within individual sockeye spawning streams, relative body condition was 

unrelated to egg consumption. Long winters at northern latitudes present a substantial period of 

resource scarcity for consumers, and fishes with higher lipid levels in autumn survive winter at 

higher rates (Post and Parkinson 2001b, Biro et al. 2004). Therefore, we expected juvenile coho 

salmon with access to abundant, high quality resources to allocate excess energy towards fat 
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stores. Instead, there was a high degree of variation in the allocation of energy to FA storage and 

growth among individuals living in the same environment, and consuming similar diets (as 

inferred from δ13C and δ15N). The lack of clear responses (FA accumulation, body condition) to 

egg consumption by fish in this study, which contrasts with previous findings (Heintz et al. 2004; 

Rinella et al. 2011), may stem from ontogenetic shifts in lipid storage and metabolism. We 

analyzed only age 1 coho salmon for FA composition and body condition, whereas other studies 

showing responses in lipid accumulation analyzed mainly age 0 coho salmon (Heintz et al. 2004; 

Rinella et al. 2011). Because we did not analyze any age 0 fish, we cannot test for different 

responses among age classes, but this presents an important gap in our understanding of the 

effects of salmon egg subsidies on juvenile salmonids. 

Tradeoffs between fat storage and somatic growth in temperate and high latitude fishes may 

occur for several reasons: large fish are less vulnerable to predation, while mass-specific 

metabolic rate decreases with larger body size (lower starvation risk; Post and Parkinson 2001, 

but see Connolly and Petersen 2003).  Egg consumption was most directly related to increased 

body size rather than FA content or body condition—it may be more advantageous for 

consumers in these streams to grow larger during the summer than to allocate energy to lipid 

reserves. Armstrong et al. (2013) observed highly variable foraging strategies among juvenile 

coho salmon within a single sockeye-spawning stream (Bear Creek); our results show similar 

diversity in energy allocation among individuals. Extreme inter-annual variation in sockeye 

salmon abundance (Rogers and Schindler 2008), coupled with spatial heterogeneity in flow and 

temperature (Armstrong and Schindler 2013), likely support multiple evolutionarily stable 

strategies for resource use and energy allocation by juvenile coho salmon. 
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 The individual variation in FA composition we observed in juvenile coho salmon, while 

largely related to differences in diet, may also reflect differential retention of essential FAs 

versus non-essential FAs. There is some evidence that fish can preferentially retain or metabolize 

FAs depending on environmental and physiological conditions: Bendiksen and Jobling (2003) 

found that Atlantic salmon parr strongly retained omega-3 essential FA, but not omega-6 FA, 

relative to the proportions in diets, and that retention increased at lower temperatures and with 

low-lipid diets. While most studies of FA metabolism involve laboratory feeding experiments 

rather than natural populations, it is likely that FA composition in wild individuals varies for 

reasons besides diet. For example, age 1 coho salmon in Squaw creek, a non-sockeye stream, had 

DHA proportions (mean= 0.29 ± 0.07) as high as juvenile coho salmon in Whitefish creek, a 

sockeye stream (mean = 0.26 ± 0.03), despite lacking DHA-rich food resources such as salmon 

eggs (stream insects contain only trace levels of DHA; Smits et al. 2015). Squaw creek coho 

salmon had the lowest relative body condition of all  individuals sampled (Figure 4), thus high 

DHA retention (and preferential metabolism of non-essential FA) may reflect physiological 

responses to caloric deficits. High proportions of DHA, or conversely, low proportions of other 

marine biomarkers such as C20 + C22 MUFA in consumer tissue, should not necessarily be 

interpreted as an individual’s degree of reliance on marine resources. 

Geomorphology, hydrology, and climate interact to generate complexity in habitats and 

resources for freshwater consumers. Consumer responses to resource subsidies should reflect this 

complexity.  Much of the literature on marine subsidies provided by spawning Pacific salmon 

ignore the mediating effects of local environment on consumer responses. While it is now 

recognized that incorporation of salmon-derived nitrogen by freshwater and riparian primary 

producers depends on the presence of alternative nitrogen sources within watersheds (i.e. N-
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fixing plants such as alder; Helfield and Naiman 2002, Hocking and Reynolds 2011), similar 

interactions at higher trophic levels remain less well characterized. Our results show that the 

benefits of salmon subsidies to consumers often depend as strongly on environmental conditions 

as on the magnitude of resource pulses. 

As boreal and arctic regions warm due to climate change, production and growth of 

freshwater organisms may improve as temperatures approach thermal optima for certain species. 

However, resultant increases in metabolic costs for consumers must be offset by adequate food 

resources to sustain higher production.  A forty year time series of juvenile sockeye salmon size 

data in SW Alaska lakes showed that while earlier spring ice breakup and higher zooplankton 

abundance led to higher summer growth, the negative effects of con-specific density were on 

average twice as large, demonstrating the complexity of ecological responses to climate change 

(Schindler et al. 2005). Our results show that warm temperatures must be coupled with an 

abundant food resource subsidy to enhance body size in juvenile coho salmon. As temperatures 

continue to warm, releasing freshwater consumers from thermal constraints, resource abundance 

may become an increasingly important control on production in high latitude systems. Managing 

populations in the future may be improved by understanding the interactions between the 

physical and chemical attributes of landscapes and resource availability for consumers. 

Maintaining habitat heterogeneity may be an effective management approach where future 

climate impacts on species and landscapes remain uncertain.  
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Tables 

Table 1. Linear models considered for mean late summer body size of age 0 and age 1 coho 

salmon (2007-2014) in Bear, Yako, Whitefish, Lynx, Silver Salmon, Fifer, and Squaw Creek. K 

is the number of parameters estimated in each model. The optimal models for age 0 and age 1 

coho mean body size are highlighted in bold font. No random effects were included in models. 

 Predictors Sample  

Size 

K AICc ΔAICc AICc 

Weight 

Adjusted 

R^2 

A
g

e 
0
 

Temperature; Spawner presence; 

Interaction  

39 5 215.0 0.0 0.95 0.74 

Temperature; Spawner presence  39 4 221.0 5.7 0.05 0.6785 

Temperature; Spawner density; 

Interaction  

39 5 233.0 17.9 0 0.558 

Temperature; Spawner density 39 4 234.0 18.5 0 0.527 

Temperature 39 3 234.0 18.7 0 0.501 

Spawner presence 39 3 253.0 37.5 0 0.1192 

Spawner density 39 3 257.0 42.4 0 -0.021 

A
g

e 
1
 

       

Temperature; Spawner presence; 

Interaction  

33 5 218.7 0.0 0.70 0.672 

Temperature; Spawner presence  33 4 220.4 1.6 0.30 0.637 

Spawner presence 33 3 240.5 21.7 0 0.3 

Temperature; Spawner density 33 4 240.8 22.0 0 0.326 

Temperature 33 3 241.7 22.9 0 0.274 

Temperature; Spawner density; 

Interaction 

33 5 242.7 24.0 0 0.32 

Spawner density 33 3 253.3 34.6 0 -0.03 
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Table 2.  Mixed effects linear regression models considered for body size (fork length; mm), 

relative body condition, and fatty acid composition (proportion of total) of individual age 1 coho 

collected in 2010 and 2011 from Bear, Yako, Whitefish, Lynx, Silver Salmon, Fifer, and Squaw 

Creek. F_egg refers to the proportion of coho salmon diet made up by sockeye eggs (i.e. egg 

consumption). The optimal models are highlighted in bold font. 

Response  Random 

effects 

Predictors Sample 

Size 

K AICc ΔAICc AICc 

weight 

Fork 

Length 

(mm) 

None f_egg; 

Temperature; 

Interaction  

76 5 578.0 0.0 0.96 

 f_egg; 

Temperature  

76 4 584.4 6.4 0.04 

 f_egg 76 3 593.5 15.5 0 

 Temperature 76 3 594.3 16.3 0 

  Intercept only 76 1 602.6 24.6 0 

  

Random 

effect of 

stream on 

intercept 

      

Relative 

Body 

Condition 

Intercept only 65 3 -134.7 0.0 0.46 

f_egg 65 4 -133.2 1.1 0.26 

Temperature 65 4 -132.3 2.0 0.17 

f_egg; 

Temperature 

65 5 -130.9 3.3 0.09 

 f_egg; 

Temperature; 

Interaction 

65 6 -128.6 5.6 0.03 

        

C20 + 22 

MUFA 

 

Random 

effect of 

stream on 

intercept 

f_egg 76 4 -598.5 0.0 0.64 

f_egg; 

Temperature 

76 5 -596.2 2.3 0.20 

f_egg; 

Temperature; 

Interaction  

76 6 -595.5 2.9 0.15 

Intercept only 76 3 -588.7 9.7 0 

Temperature 76 4 -586.6 11.8 0 

        

Omega 3: 

Omega 6 

FA ratio 

Random 

effect of 

stream on 

intercept 

f_egg 76 4 300.6 0.0 0.61 

f_egg; 

Temperature 

76 5 302.6 2.0 0.22 

f_egg; 

Temperature; 

Interaction  

76 6 304.7 4.0 0.08 

Intercept only 76 3 305.1 4.5 0.06 

Temperature 76 4 307.2 6.6 0.02 

 



72 
 

Figures Legends 

Figure 1. The left panel shows isotopic signatures of all age 1 coho salmon collected from 7 

study streams in 2010 and 2011, as well as their potential food sources (sockeye eggs, stream 

invertebrates). Black dots represent individual coho salmon from non-sockeye streams, while 

pink dots are individuals collected in sockeye spawning streams. Isotopic values for sockeye 

eggs and stream invertebrates were corrected for trophic discrimination (Post 2002). Small right-

hand panels show examples of data from two of the study streams: proportional egg consumption 

by individual coho salmon was calculated using stream-specific invertebrate δ15N. All axes share 

the same units and scale.  

Figure 2. Effects of stream temperature and sockeye spawner density on mean late summer body 

size of age 0 (panels a and b) and age 1 (panels c and d) juvenile coho salmon in seven streams 

between 2007 and 2014. Unique symbols correspond to data from the same stream in different 

years. Data from sockeye spawning streams are denoted by pink colored symbols. Dashed lines 

show linear relationships between mean coho body size and stream temperature in sockeye 

spawning streams (pink) and non-spawning streams (black).  

Figure 3. Fork length (mm; y-axis) and egg consumption (proportion; x-axis) of individual age 1 

coho salmon collected in 2010 and 2011. Colored dots are coho salmon collected from sockeye 

spawning streams (Whitefish, Lynx, Bear, Yako), and black dots are coho salmon from non-

sockeye streams (Silver Salmon, Fifer, Squaw). Average summer stream temperature (June-

August; ° C) during the year sampled is included below stream name in each panel. 

Figure 4. Marine resource (i.e. egg) consumption (proportion; x-axis) versus relative body 

condition (y-axis) of age 1 coho salmon (n = 76). Each panel shows individuals collected in one 
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stream in 2010 or 2011. Colored dots represent coho salmon collected in sockeye salmon 

spawning streams. We did not calculate the relative body condition of Yako Creek coho salmon 

because they lacked wet weight measurements. Average summer stream temperature (June-

August; ° C) during the year sampled is included below stream name in each panel. 

Figure 5: Marine resource consumption (proportion; x-axis) of age 1 coho salmon versus a) total 

FA concentration (µg/mg dry mass), b) proportion of marine-origin FA (C20+ C22 MUFA) and c) 

omega-3 to omega-6 FA ratio of muscle tissue. Black dots represent individuals collected from 

non-sockeye spawning streams, while colored dots represent individuals collected from streams 

where sockeye salmon spawn. 

Figures 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Supplementary Information 

Figure S1. Size distributions of juvenile coho salmon seined in late summer in Bear Creek (2007-

2012) 
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Figure S2. Size distributions of juvenile coho salmon seined in late summer in Lynx Creek 

(2008-2013) 
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Figure S3. Size distributions of juvenile coho salmon seined in late summer in Yako Creek 

(2007-2012) 
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Figure S4. Size distributions of juvenile coho salmon seined in late summer in Whitefish Creek 

(2007-2012). Note that scale of y-axis is different for 2008 than for other years. 
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Figure S5. Size distributions of juvenile coho salmon seined in late summer in Silver Salmon 

Creek (2007-2012) 
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Figure S6. Size distributions of juvenile coho salmon seined in late summer in Squaw Creek 

(2012-2013) 
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Figure S7. Size distributions of juvenile coho salmon seined in late summer in Fifer Creek 

(2009-2011) 
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Figure S8. Biplot showing the first two axes of a principal components analysis using 22 FA 

variables. Principal components 1 and 2 explain 28% and 21.4% of the variation in FA 

composition among juvenile coho salmon, respectively.  Dots represent the mean score for 

juvenile coho salmon from each study stream (WF = Whitefish, B = Bear, Y = Yako, L = Lynx, 

F = Fifer, Sq = Squaw, SS = Silver Salmon). Error bars represent one standard deviation. 
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Table S1. Fork length and wet mass of age 1 juvenile coho salmon analyzed for fatty acid 

composition and stable isotope ratios. Means plus or minus one standard deviation are reported. 

Wet mass was not measured for Yako Creek fish. 

Stream Sample size Fork length (mm) Wet mass (g) 

Bear 18 101.55  ± 12.18 13.22  ± 4.76 

Whitefish 8 110.00 ± 17.26 20.97 ± 8.16 

Yako 11 93.18 ± 9.31 NA 

Lynx 10 110.1 ± 15.73 19.14 ± 6.91 

Silver Salmon 11 101.64 ± 7.16 13.31 ± 3.32 

Squaw 10 100.00 ± 9.65 10.73 ± 3.74 

Fifer 8 98.75 ± 8.48 12.76 ± 3.07 

 

Table S2. Correlations between FA variables and the first two principal components axes (PC1 

and PC2), which together explain half the variation in FA composition among coho salmon 

muscle samples (n = 90). FA variables are sums of structurally similar FA’s, which are listed 

below. 

Variable name FA PC1 PC2 

C14 MUFA 14:1n? 0.044 -0.465 

C16 MUFA 16:1n5; 16:1n7; 16:1n9 -0.76 -0.316 

MOB 16:1n6; 16:1n8 0.335 -0.223 

C16 PUFA 16:2n? -0.514 -0.25 

C17 MUFA 17:1n8 -0.786 -0.085 

C18 MUFA 18:1n5; 18:1n7; 18:1n9 -0.829 0.135 

gLA 18:3n6 -0.328 -0.441 

LIN 18:2n6 -0.149 -0.883 

C19 MUFA 19:1n9 0.568 0.111 

C20 + C22 MUFA 20:1n7; 20:1n9; 20:1n11; 

22:1n11 

-0.594 0.582 

C20 n6 PUFA 20:2n6; 20:3n6 0.162 -0.624 

C20 n3 PUFA 20:3n3; 20:4n3 -0.345 0.501 

ALA 18:3n3 -0.217 -0.663 

DHA 22:6n3 0.722 0.602 

C24 MUFA 24:1n9 0.149 0.538 

SDA 18:4n3 -0.56 0.061 
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C14_C17 SAFA C14:0; C15:0; C16:0; C17:0 0.414 -0.632 

C18:0 C18:0 0.605 -0.519 

C20_C22 SAFA C20:0; C22:0 -0.509 -0.391 

Branched i15:0; i16:0; i17:0; a17:0 -0.815 -0.18 

ARA 20:4n6 0.738 -0.402 

EPA 20:5n3 -0.105 0.427 
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CHAPTER 4: WATERSHED GEOMORPHOLOGY INTERACTS WITH PRECIPITATION 

TO INFLUENCE THE MAGNITUDE AND SOURCE OF CO2 EMISSIONS FROM 

ALASKAN STREAMS 

 

Abstract 

Boreal ecosystems sequester a large fraction of the world’s soil carbon and are warming rapidly, 

prompting efforts to understand the role of freshwaters in carbon export from these regions. We 

examined geomorphic controls on the magnitude of stream CO2 emissions and sources of stream 

dissolved inorganic carbon (DIC) across a heterogeneous river basin in SW Alaska. We found 

that watershed slope and precipitation interact to control terrestrial carbon fluxes into and out of 

streams. Watershed slope influences C loading and stream CO2 fluxes by determining the 

amount of carbon accumulation in watersheds, and to a lesser extent by determining gas transfer 

velocity across the air-water interface. Low gas transfer velocity in low gradient streams offsets 

some of the effects of higher terrestrial C loading at those sites, resulting in lower than expected 

vertical CO2 fluxes. While the isotopic composition of stream DIC (Δ14C and δ13C) was highly 

variable across space and time, shifts towards younger, more terrestrial sources after rain events 

were most pronounced in low gradient watersheds. At base flow DIC was a mixture of modern 

and aged sources of biogenic and geologic origin (Δ14C, -198.3 ‰ to 27.9 ‰, n=23). Aged C 

sources contributed to food webs via an indirect pathway from DIC to algae to invertebrate 

grazers. We observed coherent changes in stream carbon chemistry after rainstorms despite 

considerable physical heterogeneity among watersheds. These patterns provide a way to 

extrapolate across boreal landscapes by constraining CO2 concentration and flux estimates by 

local geomorphic features. 

Introduction 

Since the initial realization that freshwaters transform and emit substantial amounts of  
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terrestrial carbon to the atmosphere and oceans [Coyne and Kelley, 1974, Schindler et al., 1975, 

Kling et al., 1991, Cole et al., 1994], there has been increasing effort to understand the role of 

freshwaters in global and regional carbon cycling [e.g., Cole and Caraco, 2001; Richey et al., 

2002]. More recent efforts have largely focused on aquatic export of terrestrial carbon from 

boreal and arctic ecosystems, which contain almost a third of the world’s organic soil carbon and 

are also subject to rapid climate warming [McGuire et al., 2009]. The fate of these aged soil 

carbon deposits, accumulated over millennia in cold, moist conditions, remains uncertain, but 

most scenarios predict higher mobilization rates into streams and rivers as temperatures increase 

[Frey and Smith, 2005; Schuur et al., 2015]. Arctic rivers transport large quantities of dissolved 

organic carbon (DOC) to the ocean, most of which is fairly young in origin [<10 years old; 

Raymond et al., 2007].  In addition, gaseous emissions (CO2, CH4) from large Arctic rivers 

roughly equal lateral carbon transport (DOC, POC, dissolved inorganic carbon (DIC)) to the 

ocean [Striegl et al., 2012]. Studies of smaller streams in tundra or peatland catchments tend to 

confirm this 1:1 ratio of vertical gas emissions to downstream lateral flux [Teodoru et al., 2009; 

Wallin et al., 2013].  

While predicting regional-scale ecosystem responses to climate change does not 

inherently require detailed accounting of carbon emissions at local scales, understanding local 

drivers of carbon cycling is necessary to understand watershed or basin-scale responses to 

changes in temperature and precipitation, which will in turn affect food web processes and 

ecosystem function. Classic ecological frameworks such as the River Continuum Concept [RCC; 

Vannote et al., 1980] and the Flood Pulse Concept [FPC; Junk et al., 1989] describe basic 

physical controls on the strength of aquatic-terrestrial coupling; the RCC predicts decreased  

coupling strength from small headwaters to large, higher order rivers[Vannote et al., 1980], and 
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the FPC hypothesizes that the majority of riverine carbon derives from floodplain production, 

which is mobilized into the main channel by seasonal inundation [Junk et al., 1989]. However, 

landscape variables beyond network position or flood stage should also influence carbon inputs 

and export from high latitude rivers. 

Controls on dissolved carbon export from boreal watersheds are becoming better 

understood: wetlands often provide the dominant source of DOC to stream networks [Olefeldt et 

al., 2013], while precipitation acts to mobilize accumulated DOC from wetland and upland soils 

into streams [Laudon et al., 2011; Raymond et al., 2016]. In fact the majority of annual DOC 

export may occur after only a few large storms in forested watersheds [Raymond and Saiers, 

2010]. 

Efforts to quantify the magnitude, sources, and controls of carbon gas emissions (CO2 

and CH4) from boreal rivers and streams have revealed considerable spatial and temporal 

variability rather than clear patterns across landscapes. Dissolved CO2 concentrations tend to be 

both higher and more variable in small streams than in larger rivers [Teodoru et al., 2009; 

Crawford et al., 2013], presumably due to greater connectivity with organic soils [Hope et al., 

2004], but often landscape-scale variables such as vegetation cover and lithology correlate 

poorly with CO2 flux [Giesler et al., 2013]. Carbon export (DOC and DIC) from an intensively 

monitored watershed in northern Sweden varied three-fold among years over a 12 year period [6-

18 g C m2 year-1; Leach et al., 2016], reflecting both variation in precipitation and discharge 

among years, but also inter-annual and seasonal differences in ecosystem productivity and 

respiration rates. Dissolved CO2 concentration and flux generally vary considerably both within 

and among streams in boreal drainage networks [Crawford et al., 2013]. 
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CO2 flux from streams is a function both of CO2 concentration in water, which reflects C 

loading and remineralization rates, and of gas transfer velocity across the air-water interface. 

Landscape heterogeneity in CO2 fluxes may therefore arise from features that affect either of 

these processes. Slope (i.e. steepness) is a basic geomorphic characteristic of watersheds that 

should strongly influence CO2 fluxes from streams through controls on both C loading and gas 

transfer velocity.  Watershed slope determines long-term carbon accumulation in riparian soils 

(i.e. wetlands form in low-gradient watersheds), thus setting the potential magnitude of terrestrial 

C loads (DIC, DOC, POC) to streams. Watershed slope also influences stream-riparian 

connectivity; streams in low gradient watersheds are more closely linked to terrestrial C pools 

due to longer water residence times in soil and in the stream channel. Finally, watershed slope 

influences stream channel gradient, flow velocity, and surface turbulence, all of which affect gas 

transfer velocity [Wallin et al., 2011; Raymond et al., 2012]. While many studies have 

investigated patterns in C loading to streams, work in a Swedish watershed showed not only that 

gas transfer velocity (KCO2) was highly heterogeneous across space, but that KCO2, rather than 

CO2 concentration, explained the most variation in CO2 fluxes among sites [Wallin et al., 2011]; 

sites with high KCO2 tended to have the highest CO2 fluxes despite having lower CO2 

concentrations. 

Anthropogenic disturbances such as urban development, forestry, and agriculture may 

mask natural variation in impacted landscapes, however pristine systems offer an opportunity to 

understand underlying natural drivers of variation in C cycling at watershed and basin scales. In 

this study, we examine geomorphic controls on the magnitude of stream CO2 emissions and 

sources of stream DIC across a heterogeneous boreal Alaskan landscape that varies markedly in 

the geomorphic features of individual tributaries [Lisi et al., 2013]. We ask two main questions: 
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1) is the influence of watershed morphology (slope) on stream CO2 emissions mainly via effects 

on terrestrial C loading (i.e. strength of aquatic-terrestrial linkages), or due to effects on gas 

transfer velocity, and how do these relationships change after large rainstorms? 2)  How does 

watershed geomorphology affect sources of stream DIC at base flow and after rain events?  

We expected that streams draining low gradient watersheds would have greater 

accumulated soil C, leading to higher DOC and DIC concentrations in stream waters. We also 

expected streams draining high gradient watersheds to have more turbulent flow due to higher 

water velocity and larger substrate size [Lisi et al., 2013]. Therefore, streams in high gradient 

watersheds should have higher gas transfer velocity than streams in low gradient watersheds. As 

a consequence of these two opposing landscape patterns, CO2 fluxes out of streams should not 

scale linearly with CO2 concentration. We expected more homogeneous CO2 fluxes than CO2 

concentrations among streams, because low gradient streams with the highest C loading would 

also have the lowest gas transfer velocity.   

We expected that watershed slope would also significantly influence the sources (as 

reflected in the isotopic composition) of stream DIC. Specifically we hypothesized that older, 

terrestrially-derived C (soil DIC or terrestrial DOC respired in situ) would contribute more to 

stream DIC in low gradient watersheds than in steep, soil-poor watersheds, resulting in more 

depleted Δ14C-DIC and δ13C-DIC in low gradient streams. In turn we expected the isotopic 

signatures of invertebrate (larval caddisflies and mayflies) to reflect stream DIC, and therefore 

assimilation of pre-modern carbon sources. Following major precipitation events, we expected 

Δ14C-DIC enrichment and δ13C-DIC depletion relative to base flow conditions, reflecting inputs 

of recently fixed terrestrial C transported via shallow or surface flow paths. 
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Methods and Analyses 

Watershed Description 

We collected water samples and stream measurements across the Wood River basin in 

the Bristol Bay region of southwest Alaska (59°20′ N, 158°40′W, Figure 1). The high degree of 

landscape heterogeneity in this undeveloped, pristine basin allowed us to quantify geomorphic 

controls on carbon cycling and emissions in boreal streams. Over 50 watersheds for 2nd-4th order 

streams comprise the Wood River system, which has a total drainage area of 3,950 km2. We 

sampled streams that flow directly into three large lakes (Aleknagik, Nerka, Beverley), which are 

connected to one another by short rivers. Underlying geology in this region includes mainly 

volcanic and sedimentary deposits. This region was last glaciated during the late Wisconsin 

period [~ 10,000 years BP; Briner and Kaufman, 2008], and glacial till and gravels underlie soils 

throughout the basin. There is a general longitudinal gradient of peat accumulation across the 

basin, associated with a shift from high gradient, mountainous terrain on the western side to low 

gradient, wetland dominated terrain in the east. Temperature and flow regimes also generally 

reflect this slope gradient, wherein steep, high elevation streams are colder and snow-melt 

dominated, and low gradient, low elevation streams are warmer and primarily rain-fed [Lisi et 

al., 2013]. The mean watershed slope of sampled streams, calculated in ArcGIS from a digital 

elevation map, ranges from 0.5 to 29 degrees [Lisi et al., 2013]. Mean watershed elevation 

ranges from 32 to 502 m above mean sea level. Geomorphic characteristics of study catchments 

within the basin are reported in the supporting information (Table S1). 

Vegetation at lower elevations (<150 m) is dominated by a white spruce (Picea glauca) 

and paper birch (Betula papyrifera) mixed forest, interspersed with areas of moist tundra and 

sphagnum bog. Stands of green alder (Alnus crispa) cover steep, high elevation hill slopes. 
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Riparian areas are dominated by feltleaf willow (Salix alexensis), as well as alder and 

cottonwood in steeper watersheds [Bartz and Naiman, 2005]. Higher gradient streams tend to 

have higher canopy cover presumably due to water-saturated soils hindering riparian tree growth 

at low gradient sites.  

Stream chemistry has previously been shown to vary systematically across the Wood 

River basin. The concentration of DOC and dissolved nutrients, as well the temperature 

dependence of stream metabolism, reflect local conditions dictated by geomorphic characteristics 

such as watershed slope [Jankowski et al., 2014]. Streams draining flat watersheds tend to be 

characterized by relatively high DOC and low NO3 concentrations, whereas streams draining 

steep watersheds tend to the opposite [Jankowski et al., 2014].  

Sample Collection and Analysis 

We measured pCO2, total DIC, and DOC, and collected DIC samples for isotope 

analyses, from streams and rivers within the Wood River basin during two summers (23 streams 

in 2014; 26 streams in 2015). Some measurements (total DIC, isotopic signatures) were not 

collected in both years or at all sites. All streams were sampled at least once in June or July at 

base flow conditions; we collected few samples in August due to significant disturbance caused 

by abundant sockeye salmon spawning later in summer, which has been shown to affect C 

dynamics within these streams [Holtgrieve and Schindler, 2011]. In addition, we 

opportunistically sampled a subset of sites in August 2014 (n = 12) and July 2015 (n = 20) 

immediately after significant rain storms to assess stream responses to large precipitation events 

(Figure S1). All measurements and samples were collected within 500 m of stream outlets to 

lakes in order to take an integrative measure of processes occurring upstream. At a representative 
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subset of streams in 2015 (n=9) we also measured pCO2 and total DIC at an upstream site (0.5 - 

2 km) to investigate coarse spatial variation in C fluxes along the stream channel. 

Dissolved CO2 concentration (pCO2) and total DIC concentration in stream water were 

measured using headspace equilibration techniques as described in Alin et al.[ 2011; modified 

from Cole et al., 1994]. Triplicate headspace samples from stream water and ambient air above 

the stream surface were analyzed for partial pressure of CO2 using a Li-Cor LI-6262 benchtop 

infra-red gas analyzer (IRGA). Total DIC was measured by acidifying triplicate 30-mL stream 

water samples with 5% phosphoric acid, thereby converting carbonate and bicarbonate to CO2, 

and equilibrating the acidified water sample with a headspace. Concentrations of all carbon 

species (dissolved CO2 gas, bicarbonate, carbonate, pH) were calculated from pCO2, total DIC 

concentration, air pressure, and stream temperature using the program CO2SYS [Lewis and 

Wallace, 1998]. 

In both years we collected duplicate water samples for DOC concentration at all sites 

where we measured pCO2, and duplicate samples for total DIC were collected at a subset of 

these sites (19 streams; the duplicate was not analyzed unless the first sample was damaged). 

DOC samples were collected and analyzed as described in Jankowski et al. [2014].  Water 

samples collected for isotopic analysis of DIC were poisoned with saturated mercuric chloride in 

the field and stored in glass bottles at room temperature until analysis within six months 

according to the methods of Quay et al. [1992]. Sample aliquots of 100-mL were acidified and 

bubbled with helium to strip inorganic carbon from the solution, and concentrations were 

measured manometrically. CO2 remaining in ampoules from DIC analyses was analyzed for δ13C 

and radiocarbon content at an accelerator mass spectrometry (AMS) facility. δ13C DIC is a useful 

natural tracer because potential DIC sources (atmospheric, biological, geologic) differ in their 
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isotopic signatures [Finlay, 2003]. Likewise, Δ14C can further distinguish DIC sources based on 

relative age: older C sources (ex. deep organic soil layers, carbonate minerals) are more depleted 

than younger C sources (atmospheric CO2, modern terrestrial plants).  

To examine how variation in C sources to streams affected the age and origin of carbon 

incorporated into stream food webs, we collected invertebrate consumers from 12 streams and 

analyzed their tissues for δ13C and Δ14C. Caddisfly larvae (Trichoptera) and mayfly nymphs 

(Ephemeroptera) were collected in conjunction with a separate field study [Smits et al., 2015] 

during the summers of 2012, 2013, and 2014. We collected insects with a Surber sampler in 

riffle and pool habitat in three different stream reaches at each site. Insects from each stream 

were sorted to order, and if possible, family, and then combined to provide adequate biomass for 

isotopic analysis. Combined samples were freeze-dried and homogenized, and then stored frozen 

until analysis. 

Isotopic analyses (δ13C and Δ 14C) of DIC and stream invertebrates were performed at an 

AMS facility (Accium Biosciences, Seattle, WA).  13C data are reported in δ13C notation against 

the Vienna PDB standard. All radiocarbon results are reported as Δ14C, adjusted for sample δ13C 

to account for mass-dependent fractionation (Δ in Stuiver and Polach 1977). Δ14C is in per mil 

units (‰), where Δ14C = δ14C–2(δ13C+25)*(1+ δ14C/1000), δ14C = (Fmod–1)×1000, and Fmod = 

fraction modern [Stuiver and Polach, 1977]. The average analytical error for Fmod (± 1 σ) was 

0.0031. Δ14C greater than 0 ‰  reflects the presence of radiocarbon released by nuclear weapons 

testing in the 1950s and 1960s, though it does not preclude the presence of aged carbon fractions 

in a sample. Negative Δ14C values imply the presence of pre-modern C (by definition before 

1890) in a sample: if highly aged (i.e. 14C-dead; Δ14C = -1000 ‰) carbonate minerals or fossil 

carbon are present, sample Δ14C may become depleted with even small contributions of these 



103 
 

sources. δ13C of C3 terrestrial vegetation ranges from -30 to -25 ‰ [Deines, 1980], and organic 

soil carbon should reflect this source. Δ14C and δ13C of atmospheric CO2 vary seasonally, 

regionally, and locally, but average values for the Northern Hemisphere in summer are ~-8 ‰ for 

δ13C and ~30 ‰  for Δ14C [Hua et al., 2013]. Isotopic values for carbonates (either marine 

deposits or deposits within older rock formations) are not well described but should be 

‘radiocarbon-dead’ (Δ14C = -1000 ‰) and enriched in δ13C [≥ 0 ‰; Clark and Fritz, 1997]. 

Bicarbonate formed via chemical weathering of carbonate minerals by plant-produced acids 

should have intermediate isotopic composition between carbonates and C3 vegetation [Clark and 

Fritz, 1997]. 

Estimating gas transfer velocity and CO2 fluxes 

We calculated instantaneous vertical CO2 fluxes out of streams as the temperature-

corrected CO2 concentration difference between stream water and the atmosphere, multiplied by 

a gas transfer velocity (KCO2) according to: 

Equation 1:  Flux = (pCO2(water) −  pCO2(air)) ∗ 𝐾𝐶𝑂2
*KH ; 

where pCO2 is the partial pressure of carbon dioxide in stream water or air above the stream 

surface, measured directly in units of µatm. KCO2 is the CO2 exchange velocity coefficient, in 

m*day-1 .  KH is Henry’s constant corrected for water temperature [Weiss, 1974].Fluxes are in 

units of g C m2 day-1.  

One of the most uncertain aspects of quantifying gas fluxes from water bodies involves 

estimating the air-water gas exchange velocity. Gas transfer velocity across the air-water 

interface is controlled by surface turbulence, the kinematic viscosity of water, and the diffusivity 

of the measured gas [a temperature-dependent property; Wanninkhof, 1992; Zappa et al., 2007]. 
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We used two different modelling approaches to estimate KCO2 values for our study streams. To 

allow comparisons of gas transfer velocity between streams with different water temperatures, 

we modelled K600, the normalized air-water gas exchange velocity, rather than KCO2. K600 

estimates from models were then converted back to KCO2  in flux calculations using site-specific 

water temperature and Schmidt number scaling as described below [Raymond et al., 2012]. 

Briefly, K600 can be related to KCO2 by the following equations: 

Equation 2: 𝐾600 = (600/𝑆𝑐𝐶𝑂2)−0.5 ∗  𝐾𝐶𝑂2 

Equation 3: 𝑆𝑐𝐶𝑂2 = 𝐴 − 𝐵 ∗ 𝑇 + 𝐶 ∗ 𝑇2 − 𝐷 ∗ 𝑇3;    𝐴 = 1911.10 ; 𝐵 = 118.11 ; 𝐶 =

3.45; 𝐷 = 0.04  

ScCO2 is the Schmidt number for CO2 (ratio of the kinematic viscosity of water to the diffusivity 

of CO2), T is water temperature in degrees Celsius, and coefficients A-D are taken from 

Wanninkhof [1992]. 

Our first approach for calculating K600 for our study streams was to develop linear models 

between watershed geomorphic variables and estimates of K600 derived from an oxygen-based 

stream metabolism model within the Wood River system [Holtgrieve et al., 2010] as modified by 

Schindler et al. [in review]. We used model-estimated values of K600 from 24 streams throughout 

the basin [51 total estimates; oxygen measurements collected 2010 – 2014; see Holtgrieve et al., 

2010 for description of sampling] and regressed these against watershed geomorphic 

characteristics. We considered only geomorphic variables that should influence stream surface 

turbulence, and thus gas transfer velocity, via effects on stream bed roughness, flow velocity, and 

stream hydraulic geometry. We used stream gradient (averaged for the lower 1200 meters of the 

stream), substrate size (D84), the average depth and width of study reaches at which oxygen data 
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were collected, and 1/depth (reflects ratio of reach surface area to reach volume) as predictors in 

regression models. Mean reach depth of sites from the metabolism studies ranged from 0.03 to 

0.57 m (mean = 0.25 m), and mean reach width ranged from 1.28 to 17.06 m (mean = 5.73 m).  

We did not include watershed slope as a predictor variable because it is highly correlated with 

stream substrate size in the Wood River system [Lisi et al., 2013]. We never included more than 

one reach geometry variable (width, depth, depth-1) in any model. Additive effects of multiple 

predictors, as well as interactive effects, were tested using regular multiple linear regression 

rather than mixed effects regression for repeat-measures, as there was no statistical support for 

including random effects of sampling stream in the models [following protocol in Zuur et al., 

2009]. Following model selection, we used the best regression model (hereon after the ‘oxygen-

based regression model’) to generate K600 for all of our sampling streams in the Wood River 

system. We used 1000 Monte Carlo simulations to generate a normal distribution of K600 for 

each stream, with mean and variance based on the 95% confidence intervals from the oxygen-

based regression model, using the predict function in R. 

To assess if the K600 estimates derived from our basin-specific regression model were 

similar to K600 in other small streams and rivers, we compared them with K600 estimated using a 

second approach. In this second approach, K600 values for study streams were modelled using the 

relationship between K600, stream slope (s, m*m-1) and stream velocity (v; m*s-1) reported in 

Raymond et al. [2012; Equation 3, hereon after ‘Raymond K model’]. K600 data in Raymond et 

al. [2012] were obtained from 563 gas tracer injection experiments conducted in U.S. rivers. We 

used the stream hydraulic geometry exponents and coefficients in Raymond et al. [2012] to 

predict average stream velocity at our study sites from discharge measured with a flowmeter. 

Average channel slope within 1200 meters of stream outlets was calculated from a 50 meter 
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resolution digital elevation map of the Wood River basin in ArcMap (version 10.3). We used 

1000 Monte Carlo simulations to propagate model error and to generate a distribution of K600 for 

each stream sampling date.  

We calculated evasion CO2 fluxes from streams across the landscape geomorphic 

gradient using Equation 1. We ran 1000 Monte Carlo simulations to incorporate uncertainty in 

K600, as well as measurement error in pCO2 values. Each pCO2 value used in flux calculations 

was drawn from a normal distribution centered around the mean measured value for a specific 

site and date (3 replicates). For the standard deviation of the distributions we used the average 

standard deviation for stream and air pCO2 measurements (n= 105; average water SD = 23 µatm; 

air SD = 16 µatm).  

After generating CO2 flux estimates for each site and sampling event, we used mixed 

effects regression to test how watershed geomorphology (slope), precipitation, and their 

interaction influenced stream pCO2 and CO2 fluxes. pCO2 and flux data were log-transformed 

prior to regression analyses. To account for non-independence of data collected from the same 

stream, we followed the model selection protocol outlined in Zuur et al. [2009].  We first 

compared random model structures using Akaike’s information criterion, corrected for small 

sample sizes [AICc; Burnham and Anderson, 2002].  We compared models with no random 

effects to models including random effects of stream on the intercept, and found that the model 

with random effects fit the data best (ΔAICc > 10 for no random effects models). Mixed effects 

models with different subsets of predictors (watershed slope, precipitation, interactions) were 

then fit using maximum likelihood and compared using AICc. Lower AICc indicates better model 

fit to the data; ΔAICc > 2 between models indicates moderate statistical support for the model 

with lower AICc, whereas ΔAICc > 10 indicates strong support. AICc model weights were 
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calculated as described in [Burnham and Anderson, 2002]. Regression analyses were performed 

in R [R Core Team, 2016] using the lme4 package [Bates et al., 2015].  

Results 

Landscape gradient in stream carbon chemistry 

CO2 and DOC concentrations varied widely among streams within the Wood River basin 

(pCO2, mean= 1131 µatm, sd= 1230 µatm, n = 111; DOC, mean= 4.17 ± 4.12 mg L-1, n=111), 

while DIC concentrations tended to be less variable (DIC, mean = 356 ± 133 µmol kg-1, n = 70). 

Of the 26 streams and rivers sampled for CO2 concentrations, all but five were consistently 

supersaturated with CO2 relative to the atmosphere (> 400 µatm). We observed higher but also 

more variable pCO2 and DOC concentration in streams draining low gradient watersheds than in 

streams draining steep watersheds (Figure 2). pCO2 and DOC concentration in streams were 

positively linearly correlated (p < 0.0001, R2 = 0.43, n= 95). pCO2 and total DIC concentration 

measured at upstream sites were generally slightly higher than measurements at stream outlets 

(mean upstream-downstream pCO2 difference = 12 %, mean DIC difference = 3 % , n=9 sites). 

pH ranged from slightly acidic in streams draining peat wetlands to slightly basic (range: 6.19 – 

7.88). 

Gas transfer velocity and CO2 evasion fluxes 

Watershed geomorphic variables (substrate size, channel width, channel depth) explained 

substantial variability in the K600 estimates generated by the oxygen-based stream metabolism 

model.  The overall best model included substrate size, average reach width, and their interaction 

term as predictors (ΔAICc of next best model > 5). The top nine models included substrate size 

as a predictor, and the top two models included positive interaction terms between substrate size 

and reach-scale stream geometry (width or depth). K600 was higher in streams with larger 
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substrate size (D84), but surprisingly, gradient within the stream channel was unrelated to K600 

(Figure S2). Including stream gradient in multiple regressions did not improve model fit to the 

data. Including reach-specific depth and width measurements greatly improved model fits 

between geomorphic variables and oxygen-based estimates of K600 (a decrease in ΔAICc units 

>10; Table 1). However, reach geometry variables alone were not significant predictors of K600 

(ΔAICc >20) without including substrate size (Figure S2).  

However, because we did not perform similar reach-scale depth or width measurements 

as was done in the metabolism study while sampling for pCO2, and given the high degree of 

spatial and temporal variation in depth and width both within and among streams, for the 

purposes of generating ‘average’ K600 values for the larger set of streams in our study, we 

considered only stream gradient and substrate size in our final model selection process. Of these 

explanatory variables, substrate size was the best predictor of K600 (model highlighted in bold 

font in Table 1), explaining 39% of the observed variation; gradient was not linearly related to 

K600 (a decrease in ΔAICc units > 10 from the best model; see Figure S2).  

Our two modelling approaches yielded similar K600 estimates for our sampling streams 

(oxygen-based regression model, mean= 5.85 m day-1; Raymond K model, mean = 6.04 m day-1). 

Median estimates from 1000 Monte Carlo simulations from either method were significantly 

positively correlated for each sampling event (site and date combination; R2 = 0.42, p < 0.0001, 

n=53). Residual differences are likely due to the fact that the Raymond model accounts for 

changes in discharge (yielding a higher K600 during high flows) whereas the oxygen-based 

regression model provides only a single ‘average’ K600 estimate per stream. Both models yielded 

a similar pattern of increasing K600 in streams from low to high gradient watersheds (Figure 3). 

Streams draining high gradient watersheds in the Wood River system tend to have larger 
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substrate size [Lisi et al., 2013] and higher surface turbulence as well as faster flow velocities, 

thus this pattern fits theoretical expectations for K600. Given the similarity in K600 values 

generated from both approaches, we report only CO2 fluxes calculated using K600 values 

obtained from the oxygen-based regression model, as this model was developed using data from 

the Wood River basin and should better reflect local conditions. 

Instantaneous CO2 fluxes from Wood River streams ranged from -3.9 to 18.1 g C m-2 

day-1 (median estimates from 1000 Monte Carlo simulations). At base flow, evasion fluxes were 

generally similar across sites (1.7 ± 2.1 g C m-2 day-1 (mean ± 1 standard deviation) despite 

heterogeneous geomorphic conditions and variable stream pCO2 across the basin (Figure 4a and 

4c). However, several streams in the flattest watersheds (mean slope < 4°) showed extremely 

high fluxes at base flow. Furthermore, pCO2 and CO2 fluxes increased significantly after 

rainstorms in streams draining flat watersheds, but not in streams draining steep watersheds 

(Figure 4b and 4d).  

To assess the influence of watershed slope on stream pCO2 and CO2 fluxes under 

different hydrologic conditions (base flow versus after large rain events), we compared mixed 

effects multiple regression models with watershed slope, precipitation (‘base flow’ versus ‘after 

rain’), and their interaction as predictors. All models included a random effect of stream on the 

intercept.  

At base flow, stream pCO2 declined with increasing watershed slope; this pattern 

strengthened after rain events (Figure 4a and 4b).The best fit model for pCO2 (log-transformed) 

included watershed slope, precipitation, and a negative interaction term; a model with an 

interaction term fit the data significantly better than a model without an interaction term (ΔAICc 

> 5, n=106, 24 streams, Table 2). Stream CO2 fluxes at base flow were similar across the 
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landscape, except for a few low gradient sites (Figure 4c). After rain events, CO2 fluxes were 

substantially higher from streams draining low gradient watersheds than from steep watersheds 

(Figure 4d). The best fit model for stream CO2 flux (log-transformed) included watershed slope, 

precipitation, and a negative interaction term; a model without an interaction term fit the data 

significantly worse (ΔAICc  > 2, n=106, 24 streams, Table 2). 

Isotopic composition of DIC and stream consumers 

The radiocarbon signatures of DIC in streams across the Wood River watershed in 2014 

and 2015 were substantially depleted (older) than contemporary atmospheric CO2 [currently 

Δ14C ~ 30 ‰, Hua et al. 2013], ranging from -198.3‰ to 47.2‰ (-28.38 ‰ ± 51.65, n = 45; 

Table S2). Average δ13C DIC was slightly depleted relative to atmospheric CO2 (currently ~ -8 

‰), but was also highly variable among and within streams (-11.6 ‰ ± 5.36, n=45). The data did 

not support the expected pattern of older and more δ13C-depleted DIC in low gradient streams, 

but rather showed high variability in DIC age among sites regardless of watershed slope.  

Δ14C DIC within streams changed heterogeneously following rain events, but in 9 out of 

11 streams sampled immediately after a rainstorm in 2015, DIC age become younger (more 

enriched) relative to samples collected at base flow (Figure 5e). In 2014, 6 out of 8 streams 

showed Δ14C DIC enrichment following a large rainstorm. Generally, low gradient streams had 

increased pCO2, increased DOC concentration, and dilution of total DIC following the 2015 rain 

event, accompanied by enriched Δ14C DIC and depleted δ13C DIC (Figure 5b-f).  High gradient 

streams showed smaller responses and Δ14C DIC enrichment was significantly correlated with 

dilution of total DIC concentration following rain (R2 = 0.46, p < 0.001, n=17). 

Δ14C of aquatic invertebrates ranged between -65.6 ‰ and +37.5 ‰ (Figure 6; Table S3) 

and was generally enriched relative to average stream Δ14C DIC (Figure 6 inset). Mean Δ14C of 
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caddisfly larvae (18.9 ‰ ± 15.9, n = 14) was enriched above ‘pre-bomb’ atmospheric CO2, 

indicating consumption of modern C sources. Mayfly nymphs, in contrast, showed greater 

depletion in Δ14C (mean= -4.1 ‰ ± 31.4, n = 13), and were generally close in isotopic signature 

to the average Δ14C DIC in a stream (Figure 6 inset). Mayflies were consistently more depleted 

in δ13C (-36.06 ‰ ± 4.9) than caddisflies (-33.1 ‰ ± 3.8). 

Discussion 

CO2 fluxes and gas transfer velocity 

Watershed geomorphology exerts strong controls on carbon emissions from streams in 

the Wood River basin, Alaska, via two opposing mechanisms.  First, watershed slope appears to 

influence the potential magnitude of terrestrial C loading to streams. Flat watersheds with poor 

drainage accumulate soil carbon over millennial time scales due water-saturated, low oxygen 

conditions that reduce the rate of within-soil respiration of organic material [Trumbore and 

Harden, 1997]. Streams draining low gradient watersheds in the Wood River system tended to 

have higher pCO2 and DOC concentration at base flow (Figure 2a and 2c). Further, differences 

in C loading between streams in low and high gradient watersheds widened following rain 

storms; streams draining low gradient watersheds show greater increases in pCO2 following 

precipitation than steep streams (Figure 4a-b). However, a second mechanism attenuates 

differences in CO2 fluxes across the geomorphology gradient: gas transfer velocity is higher in 

steep, fast-flowing, turbulent streams than in low-velocity, less turbulent streams draining flatter 

watersheds (Figure 3). Therefore, the effects of low gas transfer velocity on gas flux from flat 

streams offsets some of the effects of higher terrestrial C loading at those sites, resulting in lower 

than expected vertical CO2 fluxes (Figure 7a-b).  Estimates of CO2 flux calculated using a 

uniform K600 for all streams (median estimate from oxygen-based metabolism model; K600 = 4.44 
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m*day-1) resulted in substantially higher fluxes from low gradient streams  and slightly 

decreased fluxes from high gradient streams, relative to estimates from a model that accounts for 

landscape variation in gas transfer velocity (Figure 7a-b). Previous efforts to quantify stream 

CO2 emissions from boreal landscapes have often used a single K600 value for streams of the 

same order [Teodoru et al., 2009; Humborg et al., 2010], potentially leading  to overestimation 

of fluxes from low gradient systems [but see Streigl et al., 2012; Crawford et al., 2013]. 

Overall, the effect of geomorphology on stream CO2 fluxes was stronger via the first 

mechanism (terrestrial C loading) than via the second mechanism (KCO2). Calculated fluxes were 

two to four times higher from the low gradient watersheds (mean slope < 5°) than from steeper 

watersheds, both at base flow and after rain events (Figure 4c-d). Our method of estimating KCO2 

(oxygen-based regression model) did not account for changes in discharge, and thus may have 

under-estimated gas transfer velocity during high flow periods. Flow velocity and surface 

turbulence both change during high flow events, and may change differently in low gradient 

versus high gradient streams. However, using the KCO2 estimates from the Raymond equation, 

which does include discharge as an input, did not change the landscape patterns in CO2 flux.  

Stream power [proportional to discharge and channel slope; Leopold et al., 1995] dictates 

the maximum particle sizes that can be mobilized within channel beds, therefore substrate size 

may act both as a direct driver of turbulence and as an integrated response to other drivers such 

as gradient and flow velocity. As a result, distinguishing separate effects of substrate size and 

gradient on surface turbulence and gas transfer velocity may be difficult in natural streams. 

Substrate size, rather than that stream gradient, was the best predictor of oxygen-based KCO2 

estimates in our study streams, whereas other studies have found strong correlations between 

gradient and gas transfer velocity [Wallin et al., 2011; Schelker et al., 2016]. However, this may 
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result from a relative lack of variation in gradients among our sites (range: 0.0001-0.05), or from 

using an overly coarse digital elevation model (50-m resolution) to calculate gradients. 

Alternatively, substrate size may simply be a more important driver of surface turbulence than 

gradient in our relatively small, shallow study streams. Nevertheless, estimates of KCO2 from the 

oxygen-based regression model agreed well with values from the Raymond K model (R2= 0.42; 

Figure 3), giving us confidence that our model based on substrate size described significant 

variation in gas transfer velocity among streams. Our results also suggest that substrate size may 

provide a simple, integrative measure of stream power by which to estimate gas transfer velocity 

in streams lacking detailed measurements of channel geometry.  

The strong interaction between watershed slope and precipitation may be the most 

significant mechanism by which geomorphology affects CO2 flux from Wood River streams. 

During base flow conditions, streams can become disconnected from terrestrial C pools present 

within surface soils, regardless of the size of those pools. The importance of precipitation and 

large storms for mobilizing terrestrial DIC and DOC into boreal streams has been established 

previously [Raymond and Saiers, 2010; Butman and Raymond, 2011; Laudon et al., 2011; 

Olefeldt et al., 2013] , but here we show how catchment geomorphology mediates this process to 

produce heterogeneous CO2 concentrations and CO2 fluxes within a single river basin.  

 In addition to these different stream responses to rain events, the high variability in pCO2 

and fluxes in low gradient watersheds at base flow is likely due to biological as well as physical 

drivers. In the Wood River basin, low gradient streams receive more sunlight than high gradient 

streams due to less riparian canopy cover, presumably because tree growth is inhibited in 

waterlogged soils. Steep watersheds, on the other hand, frequently support dense stands of alder 

and cottonwood that shade the stream channel [Bartz and Naiman, 2005]. Thus low gradient 
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streams, while receiving higher terrestrial C loads, also have a tendency to support higher algal 

primary production [Schindler et al. in review]. Because we collected point measurements of 

pCO2 during the day, when primary production and CO2 draw-down occur, we are likely under-

estimating terrestrial C inputs to some low-gradient streams.  

Stream DIC sources and consumer isotopes 

The isotopic signature of stream DIC in the Wood River basin was spatially and 

temporally heterogeneous and did not match our expected patterns of increasing Δ14C and δ13C 

depletion in low gradient watersheds. Rather, pre-modern carbon (Δ14C < 0 ‰) contributed to 

DIC in both steep and low gradient watersheds at base flow, and δ13C -DIC was even more 

variable across sites, ranging from -17.2 ‰ to -2.4 ‰ at base flow. While watershed slope 

clearly influences C loading and fluxes in the Wood River basin, the complex mixture of 

potential DIC sources present (atmospheric CO2, young terrestrial OM, aged terrestrial OM, 

carbonate minerals), coupled with the biological, chemical, and hydrological processes that can 

affect isotopic signatures, precluded simple prediction of DIC age and origin based on watershed 

characteristics.  

Stream responses to large rainfall events provided valuable information on hydrologic 

controls on DIC sources. Stream DIC generally became younger after rain, and this response was 

accompanied by increases in pCO2 and DOC, and dilution of DIC, implying that surface and 

subsurface flow paths following rainstorms transported a different mixture of DIC sources than 

present in streams at base flow. These changes in carbon chemistry and composition were more 

pronounced in low gradient watersheds than in steep watersheds (Figure 5). Similar patterns of 

Δ14C -DIC enrichment in streams following storms have been observed in other high latitude 

regions [Billett et al., 2012; Garnett et al., 2012]. Rainwater is routed through CO2 and DIC-rich 
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flow paths during storms, delivering these young terrestrial C sources to streams. We show here 

that the strength of this response is mediated by watershed slope. 

The smaller responses we observed in high gradient watersheds may partially result from 

sampling limitations. While we visited all sites within a day of peak rainfall, due to the logistical 

difficulty of sampling multiple streams in remote areas during storm conditions, we may have 

missed the peak pulse of storm water out of high gradient watersheds, whereas in low gradient 

watersheds, storm water has a longer residence time both in soil and in the stream itself. 

Nevertheless, these differences in flow regime among streams likely also contribute to different 

amounts of terrestrial C delivery:  prolonged residence time of rainwater surface or subsurface 

flow in flat watersheds should also increase C loading. Therefore, our conclusions would be 

similar regardless of whether high gradient streams were sampled later on the falling limb of the 

hydrograph than low gradient streams. 

While DIC in Wood River streams was predominantly modern, old C sources clearly 

contributed to the isotopic signature at some sites. Because we did not directly measure the 

isotopic composition of soil DIC or soil evasion CO2, distinguishing aged biogenic DIC sources 

from geologic DIC sources (carbonate weathering product) is difficult. In several streams with 

Δ14C -DIC indicative of pre-modern C inputs, δ13C -DIC was more enriched than atmospheric 

CO2 (see Table S3). While in theory DIC derived from the respiration of aged terrestrial OM 

should have more depleted δ13C than HCO3
- derived from carbonate weathering, the 

phenomenon of  δ13C - DIC enrichment with depth in organic peat soils is well-documented 

[from -20 ‰ to +10 ‰; Aravena et al., 1993; Clymo and Bryant ,2008; Steinmann et al. 2008].  

δ13-DIC in our study streams was often highly enriched relative to typical terrestrial OM (-28 

‰), potentially reflecting processes such as isotopic fractionation of soil CO2 and DIC due to 
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off-gassing [i.e. lighter isotopes diffuse faster to the atmosphere; Doctor et al., 2008], or methane 

production in anoxic soil layers via acetate fermentation or CO2 reduction, wherein CH4 becomes 

highly δ13C -depleted and residual CO2 becomes enriched [Whiticar et al., 1986].  

 While 14C -depleted carbonates are probably distributed throughout the Wood River 

basin within widespread glacial gravel deposits, contributing to Δ14C -DIC depletion, we suspect 

that the depleted Δ14C -DIC and enriched δ13C -DIC observed in low gradient, wetland-

dominated streams (e.g. Stovall, Nerka Bear, Whitefish, and Eagle creeks; Table S3) result in 

part from inputs of respiration products of aged biogenic soil C that has undergone fractionation. 

Aged soil C (> 4000 years BP) is present in Wood River watersheds containing peat (peat soil 

collected along Pick Creek in 2013; see Figure 6). On the other hand, chemical weathering of 

carbonate minerals is likely a more important source of Δ14C depleted, δ13C enriched DIC in 

steep, high-relief, soil-poor watersheds [e.g. Allah creek, Table S3]. Studies in other peatland 

systems have found similar patterns in DIC isotopic composition as we observed in our low 

gradient streams: stream DIC and evasion gases are older and δ13C -enriched relative to surface 

peat vegetation and respiration products, which is attributed to a mixture of aged biogenic and 

geologic sources from deeper soil layers [Leith et al., 2014; Billett et al., 2015].  Regardless of 

the ultimate source of pre-modern DIC in Wood River streams, changes in DIC isotopic 

composition following large rain events likely represent shifts in water inputs from deeper soil 

flow paths at base flow to more shallow soil or surface flow.  

Previous work using fatty acid biomarkers revealed geomorphic influence on the energy 

sources assimilated into stream food webs within the Wood River basin [Smits et al., 2015]. 

Invertebrates incorporated relatively more carbon processed via microbial pathways in low 

gradient watersheds than in steep watersheds. In this study we measured Δ14C of stream insects 
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to see if the influence of geomorphology on terrestrial C loading and CO2 emissions extended to 

the carbon sources assimilated by consumers. On average, insect Δ14C was enriched relative to 

stream DIC, reflecting consumption of pre-dominantly modern resources (Figure 6). However, 

mayflies in streams with Δ14C -depleted DIC were also Δ14C -depleted, whereas caddisflies in 

some streams were more decoupled from the DIC signature (Figure 6 inset). This suggests an 

indirect pathway of aged C to contemporary food webs, where DIC is taken up by primary 

producers during photosynthesis, which are then consumed by grazer taxa such as mayfly 

nymphs and some caddisfly species.  

While we did not sample other potential sources of aged C to insects (POM, DOC), other 

studies in temperate and high latitude systems support an indirect DIC- algae- grazer pathway of 

aged C into food webs. Ishikawa et al. [2013] found that periphyton, insects, and fish were 

substantially Δ14C -depleted in 15 Japanese streams with varying degrees of carbonate influence 

(minimum periphyton Δ14C = -252 ‰), whereas stream POC was modern at all sites (> 0 ‰). 

Fellman et al. [2015] attributed Δ14C depletion in consumers in a glacial-melt river to 

assimilation of heterotrophic biofilms fueled by ancient, labile glacial DOC. However Δ14C DIC 

in the glacial river was also depleted (< -200 ‰), and biofilms likely also contained epilithic 

algae, thus an indirect algal pathway may also contribute to consumer Δ14C depletion. Despite 

our modest sample sizes (two major consumer taxa in 12 streams), our findings corroborate 

previous observations that DIC may be a common source of aged terrestrial (or geologic) carbon 

to aquatic food webs. 

Conclusions 

Geomorphology and precipitation interact to control terrestrial carbon fluxes into and out 

of boreal Alaskan streams. Watershed slope strongly influences C loading and emission 
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dynamics from streams both by determining the strength of aquatic -riparian coupling and to a 

lesser extent by controlling gas transfer velocity. In low gradient watersheds, CO2 emission 

fluxes are high but slightly attenuated by low gas transfer velocity, whereas in steep watersheds 

CO2 emissions are low due to limited terrestrial C loading. While stream DIC sources are highly 

variable across space and time, DIC isotopes change more after rainfall in low gradient 

watersheds, suggesting an influence of watershed slope.  Rainwater flushes young, terrestrial 

DIC into streams, whereas at base flow DIC is a mixture of modern and aged sources, mostly 

likely of both biogenic and geologic origin. These aged C sources partially contribute to 

contemporary food webs via an indirect pathway—algae take up DIC, and algae are then 

consumed by invertebrates. 

The responses we observed in stream carbon chemistry to perturbations such as 

rainstorms revealed coherent landscape patterns in aquatic-terrestrial coupling despite 

considerable physical heterogeneity within and among watersheds. These patterns provide a way 

to extrapolate across boreal landscapes by constraining pCO2 and CO2 flux estimates by local 

geomorphic features. In addition, characterizing how geomorphology dictates stream responses 

to precipitation will aid efforts to understand climate-induced changes in carbon cycling in high 

latitude ecosystems. 
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Tables 

Table 1. Multiple regression models between watershed geomorphic variables (substrate size 

(D84) and stream gradient), reach-scale channel geometry (width, depth, and depth-1), and K600 

(m*day-1) in Wood River streams. K600 values are outputs from an oxygen-based stream 

metabolism model [Holtgrieve et al., 2010; Schindler et al. in review]. Oxygen measurements 

were collected over four summers (2010-2014) from 24 streams in the Wood River basin—16 of 

these same sites were also sampled in this study. N is the sample size, K is the number of 

estimated parameters. The regression model used to predict K600 for the streams in this study is 

highlighted in bold font. The ten models with the lowest AICc are shown (rows 1-10), as well as 

all the single-predictor models (rows 11-13). We show regression equations for the top five 

models. 

Predictors N K AICc ΔAICc AICc 

weight 

Equation 

D84; Width; Interaction 51 5 239.86 0 0.99 K600 = 5.086 – 0.020* D84 – 

0.524*Width + 

0.125*D84*Width;  

p < 0.001 ; R2 = 0.57 

D84; Depth; Interaction 51 5 248.65 8.79 0.01 K600 = 4.271 – 0.017* D84 – 

11.390*Depth + 

0.354*D84*Depth;  

p < 0.001 ; R2 = 0.49 

D84; Width  51 4 254.43 14.57 0 K600 = 0.266 + 0.068* D84 + 

0.200*Width;  

p < 0.001 ; R2 = 0.42 

D84; Depth 51 4 255.11 15.25 0 K600 = -0.252 + 0.074* D84 + 

5.135*Depth;  

p < 0.001 ; R2 = 0.41 

D84 51 3 255.72 15.86 0 K600= 1.191 + 0.072* D84; p < 

0.001 ; R2 = 0.39 

D84; Depth-1 51 4 256.48 16.62 0  

D84; Stream Gradient 51 4 257.07 17.21 0  

D84; Depth-1; Interaction 51 5 258.89 19.03 0  

D84; Stream Gradient; 

Interaction 

51 5 259.5 19.65 0  

Width  51 3 277.5 37.64 0  

Depth  51 3 282.27 42.41 0  
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Depth-1 51 3 282.61 42.75 0  

Stream Gradient 51 3 282.77 42.91 0  

 

 

Table 2. Results from linear regression models between CO2 flux (g C m2 day-1) or pCO2 (µatm) 

and mean watershed slope (degrees) and precipitation (base flow versus after rain). pCO2 and 

flux data were log-transformed prior to use in models. All regression models include a random 

effect of ‘stream’ on the intercept. N is the sample size, K is the number of estimated parameters. 

 Response    Predictors N K AICc ΔAICc AICc weight 

Log CO2 

Flux 

Slope, Precipitation, Interaction 106 6 -74.83  0 0.83 

 Slope, Precipitation 106 5 -71.50 3.33 0.16 

Precipitation 106 4 -65.33  9.50 0.01 

Slope 106 4 -55.42  19.42  0 

Intercept-only 106 3 -49.28  25.55 0 

  
      

Log pCO2 Slope, Precipitation, Interaction 106 6 -90.39 0 0.99 

Slope, Precipitation 106 5 -81.79 8.6 0.01 

Precipitation 106 4 -73.7 16.69 0 

Slope 106 4 -51.3 39.09 0 

Intercept-only 106 3 -43.46 46.93 0 

 

Figure Legends 

Figure 1. Stream sampling sites (black dots) within the Wood River basin, SW Alaska (59°20′ 

N, 158°40′W).   

Figure 2. pCO2 (a), total DIC concentration (b), DOC concentration (c), and pH (d) in streams 

across the Wood River basin, plotted against mean watershed slope (degrees). All measurements 

were collected in summer 2014 and 2015. Data include samples taken at base flow and after rain 

events. The dashed black line in panel A shows the current average partial pressure of CO2 in the 

atmosphere (400 µatm). 
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Figure 3. Estimates of K600 for Wood River streams, plotted against mean watershed slope. The 

black dots show median estimates of K600 for each Wood River stream predicted by the oxygen-

based regression model, and the grey squares show median estimates of K600 for each stream 

(sampling date) from the Raymond equation model. Black or gray bars around data points are the 

95% confidence intervals calculated from 1000 Monte Carlo simulations. The black solid line 

and gray dashed line show linear relationships between estimated K600 and mean watershed slope 

for the oxygen-based regression model and the Raymond equation model respectively. 

Figure 4. pCO2 (panels a and b) and evasion CO2 fluxes (panels c and d) from Wood River 

streams (2014 and 2015) at base flow (left column) and post-rain conditions (right column), 

plotted against mean watershed slope. pCO2 data points are the mean value from triplicate 

samples. Flux data points represent the median of 1000 Monte Carlo simulations (used oxygen-

based regression model to generate K600 for each stream). Grey bars represent 95% confidence 

intervals. The dashed line in panels a and b represents the global average atmospheric pCO2 (~ 

400 µatm). Dashed lines in panels c and d are at zero net CO2 flux. Solid black lines represent 

exponential relationships between watershed slope and pCO2 or flux. pCO2 and CO2 flux data 

were log-transformed prior to use in regression models. 

Figure 5. Responses of Wood River streams to a July 2015 rainstorm for a) stream flow,b) total 

DIC concentration, c) pCO2, d) DOC concentration, e) Δ14C DIC, and f) δ13C DIC, plotted 

against mean watershed slope (x-axis). All x-axes are to the same scale. Black dots represents 

measurements taken at base flow conditions in June or July, and arrows point to the post-rain 

measurement, taken with a day of the storm. The dashed black line in panel c is the current mean 

atmospheric pCO2 (~400 µatm). The gray shaded region in panel e represents Δ14C values that 
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must contain carbon fixed after the onset of nuclear weapons testing (post-bomb, defined as after 

1950 AD).  

Figure 6. Δ14C and δ13C of stream DIC (black dots; 2014-2015), stream invertebrates (triangles; 

2013-2014), and peat soil (squares; samples collected from an exposed profile near Pick Creek in 

2014) collected within the Wood River basin. Colored regions show ‘expected’ isotopic ranges 

for potential C sources to stream DIC. The mean mayfly (black filled triangles) and caddisfly 

(empty triangles) Δ14C per stream are plotted against average Δ14C DIC in the figure inset. The 

dashed line represents the 1:1 relationship. 

Figure 7.  A) Landscape patterns in CO2 flux from Wood River streams, assuming a constant gas 

transfer velocity across sites (gray dots; overall median of all K600 estimates from the oxygen-

based metabolism model; K600 = 4.44 m*day-1), or variable gas transfer velocity (black dots; K600 

values generated from oxygen-based regression model). Data points include all measurements 

from 2014 and 2015 during base flow and post-rain conditions. Solid curved lines represent 

exponential relationships between stream CO2 flux and mean watershed slope (degree). The 

dashed line represents zero net CO2 flux. B) The ratio of CO2 fluxes calculated using constant 

gas transfer velocity versus CO2 fluxes calculated using variable K600, plotted against mean 

watershed slope. The dashed line represents a 1:1 relationship between fluxes calculated using 

either constant or variable K600. 
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Figure 7 
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Supplementary Information 

Figure S1.  Daily rainfall amounts (centimeters) recorded at a rain gage near Lake Nerka, Wood-

Tikchik State Park, Alaska. Red stars indicate storms after which sampling occurred in 2014 and 

2015. 
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Figure S2.  Relationships between estimates of K600 (m day-1) from an oxygen-based stream 

metabolism model [Holtgrieve et al. 2010; Schindler et al. in review] and A) stream substrate 

size (D84; cm), B) stream gradient in the lower 1200 m section of each stream (meters per 

meter), C) average reach depth (m), and D) average reach width (m). Dashed lines represent 

linear relationships between K600 and each variable.  
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Table S1.  Geomorphic characteristics measured or calculated for each sampled stream. 

Watershed slope, stream gradient, watershed area, and mean elevation were calculated from a 

50-m resolution digital elevation map in ArcGIS. D84 (substrate size metric; 84th percentile of 

cumulative distribution of stream particle size) was calculated based on Wolman pebble counts 

within three reaches per stream as described in Lisi et al. [2013]. The latitude and longitude of 

each stream outlet are included in decimal degrees. Squaw creek flows into the Wood River, and 

Skunk Creek drains into Nushagak Bay. 

 

Stream Latitude Longitude Lake Watershed 

slope (°) 

Gradient 

(m/m) 

Watershed 

area (km2) 

Substrate 

size (d84) 

Elevation 

 (m) 

Allah 59.430 -158.659 Nerka 19.3 0.02583 9.5 134 278 

Bear_n 59.470 -158.664 Nerka 2.3 0.00083 10.6 80 43 

Belt 59.172 -158.546 NA 2.4 0.00250 23.4 27 48 

Berm 59.599 -158.814 Nerka 17.6 0.01417 2.2 44 185 

Chamee 59.544 -158.752 Nerka 2.3 0.01660 2.6 27 52 

Cold lynx 59.500 -158.901 Nerka 17 0.01417 18.3 77 258 

Cottonwood 59.623 -159.082 Nerka 28.6 0.05250 9.9 157 502 

Eagle 59.317 -158.694 Aleknagik 7.3 0.00167 4.1 46 80 

Elva 59.581 -159.055 Nerka 25.6 0.01500 31 168 358 

Flyover 59.580 -158.910 Nerka 2.6 0.02750 NA 23 NA 

Happy 59.323 -158.718 Aleknagik 12.5 0.00188 18 66 245 

Hidden 59.540 -158.767 Nerka 14.1 0.01833 8.3 98 171 

Hope 59.646 -158.599 Beverley 7.4 0.00875 36.7 24 159 

Ice 59.332 -158.814 Aleknagik 11.2 0.00001 93.1 57 185 

Kema 59.546 -158.656 Nerka 6 0.01167 20.4 41 115 

Lynx 59.485 -158.920 Nerka 14.8 0.01083 25.6 97 199 

Moose 59.639 -158.584 Beverley 4.3 0.00917 94.3 35 114 

Pick 59.550 -159.064 Nerka 7.9 0.00333 20.1 29 101 

Rainbow 59.665 -159.157 Nerka 25.9 0.00083 65.6 80 493 

Sam 59.589 -158.895 Nerka 20.2 0.00750 10 84 358 

Seventh 59.580 -158.914 Nerka 8 0.01794 2 35 116 

Skunk 59.024 -158.534 NA NA 0.00250 NA NA NA 

Squaw 59.034 -158.517 NA 1.4 0.00417 8.3 30 32 

Stovall 59.459 -158.635 Nerka 2.6 0.00333 30.8 45 58 

Teal 59.482 -158.729 Nerka 7 0.00250 10.6 48 100 

Uno 59.691 -158.755 Beverley 12.6 0.01750 17.5 39 219 

Whitefish 59.266 -158.681 Aleknagik 2.9 0.00001 10.1 31 45 
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Yako 59.275 -158.708 Aleknagik 9.3 0.01000 13.3 88 175 

 

 

Table S2. Isotopic measurements of stream DIC (Δ14C and δ13C), collected in 2014 and 2015 

before and after significant rain storms. 

 
2014 2015 

Base 

Flow 

After 

Rain 

Base 

Flow 

After 

Rain 

Base 

Flow 

After 

Rain 

Base 

Flow 

After 

Rain 

Stream Δ14C (‰)  
 

δ13C (‰) 
 

Δ14C (‰)  
 

δ13C (‰) 
 

Allah     -50.7 -51.8 -3 -7.1 

Bear_N -13.4 -84.2 -9.4 -16.3 -14.2 3.8 -2.4 -17.6 

Chamee -37.2 8.1 -17.2 -21.5  -17.3  -12.6 

Eagle     -8.1 -1.2 -7.5 -3.6 

Flyover -16.9 47.3 -15.3 -26.2 -9.0 31.8 -10.1 -18.9 

Happy     -22.7 -6.2 -8.7 -6.9 

Hidden -13.5 6.2 -13.1 -12.6 -6.9 -50.5 -8 -3.8 

Hope     -33.5 1.4 -10.1 -11.7 

Kema     1.2  -14.1  

Moose     -16.2 -8.6 -9.7 -11.2 

Pick -69.7 -40.1 -13.6 -21.3 -86.3 -63.6 -10.8 -14 

Sam 10.9 -14.8 -15.5 -17.9  4.6  -9.9 

Seventh 10.3  -11.8      

Skunk 27.9  -15.4      

Stovall -32.4 -17.2 -4.7 -11.9 -33.0 -5.2 -11.3 -15 

Teal -10.5 17.1 -10.2 -12.7     

Whitefish     -198.3 -193.7 -11.6 0.5 

Yako     -49.9  -9  
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Table S3. Isotopic measurements of stream invertebrates (Δ14C and δ13C), collected between 

2012 and 2014. 

  

Mayflies Caddisflies 

Stream 

Collection 

Date Δ14C (‰) δ13C (‰) Δ14C (‰) δ13C (‰) 

Allah 6/15/2014 -30.1 -34.4 36.6 -30.7 

Bear_N 6/13/2014 -1.1 -33.9 -7.5 -35.5 

Cottonwood 7/11/2013 -13.0 -34.2 29.0 -24.2 

Flyover 7/7/2013 NA NA 25.9 -35.7 

Hope 7/18/2013 7.2 -28.0 NA NA 

Hope 7/13/2014 10.2 -33.0 18.0 -38.2 

Moose 7/13/2014 13.2 -38.3 20.7 -33.5 

Pick 7/14/2013 -65.6 -42.9 NA NA 

Pick 6/16/2014 -52.4 -43.9 -1.4 -35.2 

Sam 7/19/2012 37.5 -41.6 35.8 -31.2 

Sam 6/20/2014 33.4 -37.7 37.3 -29.2 

Seventh 7/1/2014 15.2 -38.5 21.8 -34.0 

Squaw 7/16/2013 NA NA 22.4 -39.3 

Stovall 7/15/2012 NA NA 30.9 -34.0 

Stovall 6/15/2014 -24.6 -32.7 -2.2 -32.7 

Teal 7/6/2014 15.8 -29.8 -2.9 -30.1 
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