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Abstract 

 

The coastal Gulf of Alaska (GOA) is experiencing rapid, climate-driven ecological 

change. Climate forecasts predict increased temperatures and more precipitation as rainfall, but 

these changes will not have uniform effects across nearshore ecosystems. Estuarine habitats will 

be dynamically affected by changes in neighboring watersheds as glaciers melt and recede. 

Because estuaries provide critical habitat for many fishes, including some that support fisheries, 

it is important to understand how changing estuarine conditions may impact nearshore fish 

communities. The overall goal of this thesis was to investigate how environmental conditions, 

fish communities, and food webs vary across estuaries fed by watersheds with varying glacial 

coverage (0–60%). We conducted monthly beach seining and measured environmental 

conditions from April to September 2019 at ten estuary sites in two regions of the GOA, Lynn 

Canal in southeastern Alaska and Kachemak Bay in southcentral Alaska. The goal of Chapter 

One was to characterize differences in estuarine fish communities along the glacial gradient, 

between regions, and throughout the sampling season. We then focused on two abundant species 

in Lynn Canal, starry flounder (Platichthys stellatus) and Pacific staghorn sculpin (Leptocottus 

armatus), and used multiple years of data (2014, 2016–2017, 2019) to determine environmental 

drivers of size structure for each species. Fish communities showed the greatest differences 

between regions and across months, and temperature and salinity were significant drivers of 

variation in species composition. Variation in mean length of Pacific staghorn sculpin was best 

explained by year and the interaction of site and month, whereas variation in mean length of 

starry flounder was best explained by temperature, salinity, and turbidity. The goal of Chapter 

Two was to provide foundational information on the diet of juvenile coho salmon 

(Oncorhynchus kisutch) during the estuarine life stage and characterize variation in diets between 
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years and regions. Juvenile coho salmon have a diverse diet of terrestrial and marine 

invertebrates and fishes, and they exhibited a shift to piscivory during this transitional period in 

nearshore habitats. Site differences accounted for most of the variability in diet, while 

temperature and salinity only accounted for a total of 12% of the variability in diet. Overall, we 

found that fish communities in GOA estuaries vary with environmental and habitat conditions, 

but that the glacial to non-glacial watershed gradient was less important in explaining variation 

in fish community structure than regional and interannual differences
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General Introduction 

 

Overview 

 

Alaska’s coastal ecosystems are experiencing rapid, climate-driven, ecological change. 

Between 1949 and 2016, southeastern and southcentral Alaska experienced a 1.7°C and a 2.6°C 

increase in air temperature, respectively, and an 8% increase in precipitation (Wendler et al. 

2017). This trend is expected to continue, with climate models predicting warming temperatures 

and precipitation falling increasingly as rain rather than snow in the coming decades (Shanley et 

al. 2015). Observed warming in Alaska is about three times the mean global rate, which makes 

Alaska both a possible indicator for future global effects of warming temperatures and a rapidly 

changing and unpredictable place (Wendler et al. 2017). 

Some of the ecosystems most impacted by changing climate are at the coastal margins of 

the Gulf of Alaska (GOA). Along the coasts and in the mountains, tidewater and inland glaciers 

are retreating and their freshwater influx into the marine environment creates a density gradient 

that helps drive the Alaska Coastal Current (ACC), which comprises most of the nearshore ocean 

circulation in the GOA (Royer and Grosch 2006). As temperature and precipitation patterns 

fluctuate in the GOA, forests, rivers, and the nearshore marine environment may all be affected. 

As ecosystems that exist on the margins of forests, rivers, and the marine environment, estuaries 

are particularly important to understand and monitor. 

Estuaries are transitional habitats between freshwater and saltwater systems (Elliott and 

Whitfield 2011). This transition zone is critical for the success of anadromous fishes like salmon, 

which utilize the brackish estuarine water as they adjust physiologically to higher salinities. 
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Estuaries serve as key rearing habitat for juvenile salmon and other fishes (Lefcheck et al. 2019) 

and also provide a number of ecosystem services, including nutrient transfer, erosion control, 

coastal protection, and habitat linkages (Barbier et al. 2011). Because they exist on the margins 

of the marine, freshwater, and terrestrial environments, estuarine habitats are likely to have 

further reaching impacts than most other individual ecosystems (Barbier et al. 2011).  

Estuaries have low species diversity, but are home to highly adaptable organisms, due to 

the inherently variable nature of their habitat, including large fluctuations in temperature and 

salinity, and tidal dynamics (Elliott and Whitfield 2011). Many of these organisms exist in very 

high densities, in part because estuaries are highly productive mixing zones (Caffrey et al. 2007). 

Conditions in high latitude estuaries can be driven by characteristics of adjacent watersheds, 

including the quantity and timing of freshwater influx and the presence or absence of glaciers. 

While the importance of studying estuary ecosystems has become clear, most estuary studies 

take place at lower latitudes with fewer glacierized watersheds. Because of the prevalence of 

glacially influenced estuaries in the GOA and the predicted climate change that will continue to 

take place, it is crucial to study both clearwater and glacial watersheds and their downstream 

estuaries and fish communities. 

Estuarine fish community composition can be influenced by seasonal shifts in 

populations of temporary residents, oceanographic factors, habitat and prey availability, and 

hydrology. Estuaries provide temporary rearing habitat in the spring and summer for larval 

fishes, like herring and osmerids, as well as transitional rearing habitat for juvenile salmonids 

(Ray 2005). Full time residents like sculpins are well-adapted to the stresses of constantly 

changing environmental conditions and remain in the estuary through the winter (Henriksson et 
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al. 2008). Both full-time residents and transient species contribute to the overall makeup and 

dynamic changes in estuarine fish communities in the GOA. 

Salmon use estuaries as transition zones between freshwater and the marine environment, 

both as juveniles entering the ocean and as adults returning to rivers and lakes to spawn. Some 

species may also move between estuary and freshwater habitats intermittently as juveniles. For 

example, juvenile coho salmon (Oncorhynchus kisutch) have been observed to move between 

natal streams and nearby estuaries for overwintering, sometimes moving between several streams 

and estuaries over short periods of time (Hoem Neher et al. 2014). Juvenile coho salmon use 

both freshwater habitat and estuaries throughout the summer and are found in GOA estuaries 

from May through September, during the periods of highest flow for both glacial and clearwater 

rivers (Whitney et al. 2018). Although coho salmon are of great economic and ecological 

importance and the first year of marine life is thought to be a critical stage for survival to 

adulthood, we have surprisingly little information about juvenile coho salmon feeding ecology 

during this period. Establishing juvenile coho salmon diet and environmental correlates during 

the estuarine life stage will help us to understand some of the factors that can affect the survival 

to adulthood of a particular salmon population. This is pertinent to understanding both the 

functioning of estuarine food webs and the fisheries they support. 

Salmon comprise one of the most economically important fisheries in Alaska, providing 

32,900 full-time-equivalent jobs and $1.7 billion in annual labor income in 2015–2016 

(McDowell Group 2017). Aside from their profound importance to the Alaskan economy, 

salmon are also integral to the functioning of the ocean, estuaries, streams, and forest riparian 

areas where they live out their lifecycles. For example, Sitka spruce that grow in riparian zones 

with high densities of salmon carcasses have higher growth rates than Sitka spruce in watersheds 
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with low salmon abundance (Reimchen and Fox 2013). During their migration upriver to spawn 

and after death, salmon provide food for bears, eagles, ravens, scavenging fish, and countless 

other organisms. Their eggs provide a bountiful high quality food source for fishes in streams 

and estuaries, including other juvenile salmon (Johnson and Ringler 1979, Willson et al. 1998, 

Gende et al. 2002). Many of Alaska’s coastal ecosystems rely on salmon, and estuaries play a 

crucial role in the salmon life cycle.  

 

Thesis Goals 

 

This thesis aims to address gaps in our knowledge about the community ecology of high 

latitude estuarine fishes and the feeding ecology of one important species, coho salmon. The first 

chapter aims to characterize the estuarine fish communities in the GOA over the spring and 

summer in two regions and across a range of watershed types and to determine the relative 

importance of environmental conditions in driving community composition. The second chapter 

aims to establish the diet of juvenile coho salmon during the estuarine life stage and identify 

environmental and ontogenetic drivers of diet over multiple years.  

  



 5 

Literature Cited 

 

Barbier, E. B., S. D. Hacker, C. Kennedy, E. W. Koch, A. C. Stier, and B. R. Silliman. 2011. The 

value of estuarine and coastal ecosystem services. Ecological Monographs 81:169–193. 

Caffrey, J. M., T. P. Chapin, H. W. Jannasch, and J. C. Haskins. 2007. High nutrient pulses, tidal 

mixing and biological response in a small California estuary: Variability in nutrient 

concentrations from decadal to hourly time scales. Estuarine, Coastal and Shelf Science 

71:368–380. 

Elliott, M., and A. K. Whitfield. 2011. Challenging paradigms in estuarine ecology and 

management. Estuarine, Coastal and Shelf Science 94:306–314. 

Gende, S. M., R. T. Edwards, M. F. Willson, and M. S. Wipfli. 2002. Pacific salmon in aquatic 

and terrestrial ecosystems. BioScience 52:917–928. 

Henriksson, P., M. Mandic, and J. G. Richards. 2008. The osmorespiratory compromise in 

sculpins: impaired gas exchange is associated with freshwater tolerance. Physiological and 

Biochemical Zoology 81. 

Hoem Neher, T. D., A. E. Rosenberger, C. E. Zimmerman, C. M. Walker, and S. J. Baird. 2014. 

Use of glacier river-fed estuary channels by juvenile Coho Salmon: Transitional or rearing 

habitats? Environmental Biology of Fishes 97:839–850. 

Johnson, J. H., and N. H. Ringler. 1979. Predation on Pacific salmon eggs by salmonids in a 

tributary of Lake Ontario. Journal of Great Lakes Research 5:177–181. 

Lefcheck, J. S., B. B. Hughes, A. J. Johnson, B. W. Pfirrman, D. B. Rasher, A. R. Smyth, B. L. 

Williams, M. W. Beck, and R. J. Orth. 2019. Are coastal habitats important nurseries? A 

meta‐analysis. Conservation Letters:1–12. 



 6 

McDowell Group. 2017. The economic value of Alaska’s seafood industry. Alaska Seafood 

Marketing Institute:1–38. 

Ray, G. C. 2005. Connectivities of estuarine fishes to the coastal realm. Estuarine, Coastal, and 

Shelf Science 64:18–32. 

Reimchen, T. E., and C. H. Fox. 2013. Fine-scale spatiotemporal influences of salmon on growth 

and nitrogen signatures of Sitka spruce tree rings. BMC Ecology 13:13–38. 

Royer, T. C., and C. E. Grosch. 2006. Ocean warming and freshening in the northern Gulf of 

Alaska. Geophysiscal Research Letters 33:1–6. 

Shanley, C. S., S. Pyare, M. I. Goldstein, T. J. Brinkman, R. T. Edwards, E. Hood, A. 

MacKinnon, M. McPhee, T. M. Patterson, H. Suring, Lowell, D. A. Tallmon, and M. S. 

Wipfli. 2015. Climate change implications in the northern coastal temperate rainforest of 

North America. Climatic Change 130:155–170. 

Wendler, G., T. Gordon, and M. Stuefer. 2017. On the precipitation and precipitation change in 

Alaska. Atmosphere 8:1–10. 

Whitney, E. J., A. H. Beaudreau, and E. R. Howe. 2018. Using stable isotopes to assess the 

contribution of terrestrial and riverine organic matter to diets of nearshore marine 

consumers in a glacially influenced estuary. Estuaries and Coasts 41:193–205. 

Willson, M. F., S. M. Gende, and B. H. Marston. 1998. Fishes and the forest: expanding 

perspectives on fish-wildlife interactions. BioScience 48:455–462. 

 

 



 7 

Chapter 1: Environmental drivers of nearshore fish community composition and size structure in 

glacially influenced Gulf of Alaska estuaries1 

 

Abstract 

 

Coastal ecosystems in Alaska are undergoing rapid change due to rising temperatures, 

shifts in hydrology and precipitation, and ocean acidification. Estuaries are key transitional 

environments for economically and ecologically important fishes like salmon and herring and are 

altered by environmental changes in connected watersheds. Understanding species-environment 

relationships in estuaries across a spectrum of glacial influence can provide insight into the 

effects of continued deglaciation on estuarine ecosystems. This study used a natural gradient of 

glacial to non-glacial watersheds in two regions along the Gulf of Alaska to evaluate 

relationships between local environmental conditions and nearshore fish communities and size 

structure of fishes. We collected fishes and took monthly measurements of temperature, salinity, 

turbidity, and river discharge from April to September 2019 at ten sites in Kachemak Bay 

(Southcentral Alaska) and Lynn Canal (Southeast Alaska). We tested the hypotheses that fish 

communities would differ among regions, seasonally, and along the watershed gradient using 

permutational multivariate analysis of variance and a vector fitting analysis to determine 

important drivers of species composition. Regional differences explained the greatest variation in 

species composition, which may be partly attributed to higher salinities and a stronger marine 

influence in Kachemak Bay. Additionally, we found seasonal differences in species composition 

 
1Lundstrom NC, Beaudreau AH, Mueter FJ, Konar B. Environmental drivers of nearshore fish community 

composition and size structure in glacially influenced Gulf of Alaska estuaries. In preparation for Estuaries and 

Coasts. 
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in both regions, driven largely by the influx of juvenile Pacific salmon (Oncorhynchus spp.) in 

the spring and summer. We found that the glacial gradient was not a useful predictor of 

community composition, suggesting that the effects of watershed type were masked by more 

important regional-scale variables. Using a longer-term dataset from Lynn Canal (2014–2019), 

we examined patterns of mean length for two dominant fish species, Pacific staghorn sculpin 

(Leptocottus armatus) and starry flounder (Platichthys stellatus). We used generalized additive 

mixed effects models to predict mean length of each species as a function of space/time variables 

and environmental variables. Mean Pacific staghorn sculpin length varied among years and along 

site-specific seasonal gradients, while starry flounder length was more strongly related to 

environmental gradients in turbidity, temperature, and salinity. Overall, our findings suggest that 

growth and distributional responses of estuarine fishes to changes at the watershed scale likely 

vary among species and life history types, but overall community composition may be resilient 

to changes in glacial coverage. 

 

 

1. Introduction 

 

Global climate change is profoundly affecting estuaries, which lie at the nexus of 

terrestrial, freshwater, and marine ecosystems. Warming, ocean acidification, and hydrological 

changes have consequences for a number of estuary ecosystem services, including nutrient 

transfer, erosion control, coastal protection, and habitat connectivity (Barbier et al. 2011, Elliott 

and Whitfield 2011). The effects of climate change on estuaries vary with estuarine morphology 

and the structure of surrounding watersheds, but globally, estuaries are experiencing more 
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extreme salinities, acidification, and in some cases, warming at twice the rate of the surrounding 

ocean (Gillanders et al. 2011, Scanes et al. 2020). These habitat changes are driving a variety of 

ecological outcomes, including shifts in diversity and abundance of estuarine communities 

(Gillanders et al. 2011, Nyitrai et al. 2012, Teichert et al. 2017). Estuaries have low species 

diversity, but are home to highly adaptable organisms due to the inherently variable nature of 

their environment resulting from large fluctuations in temperature, salinity, and tides (Elliott and 

Whitfield 2011). Many of these organisms exist in very high densities, in part because estuaries 

are highly productive mixing zones (Caffrey et al. 2007). Thus, estuarine resident species may be 

more resilient than oceanic species to climate-driven habitat changes.  

Estuaries naturally experience a wide range of environmental conditions that affect the 

distribution and relative abundance of fishes that use estuaries as temporary or permanent habitat 

(Abookire et al. 2000, Stenhouse et al. 2012, Miller et al. 2014). Temperature, salinity, and 

freshwater inputs from runoff and precipitation are some of the key drivers of community 

structure in estuaries. For example, in a Portuguese estuary, fish diversity and relative abundance 

shifted with varying levels of precipitation over several years (Nyitrai et al. 2012). Similarly, 

Teichert et al. (2017) demonstrated that the diversity of life history strategies in a fish 

community decreased from euhaline to oligohaline estuarine habitats and estuarine fishes 

responded differently to environmental conditions depending on their life histories. 

Environmental conditions also affect the growth of individuals depending on their 

physiological tolerances, and thus may drive population size structure. Fish growth may be 

especially impacted by environmental conditions during the juvenile stage, when rapid growth is 

beneficial for successful recruitment to the adult population (Beamish et al. 2004). In West 

African estuaries that fell along a salinity gradient, the growth of juvenile tilapia (Sarotherodon 



 10 

melanotheron) had a clear negative relationship with salinity (Diouf et al. 2009). Freshwater 

drivers have variable effects on different species; for instance, high discharge has been linked to 

increased catch-per-unit-effort of chum salmon (Oncorhynchus keta) (Kohan et al. 2013), but 

recruitment failures of Pacific herring (Clupea pallasii) populations (Ward et al. 2017). 

However, it is clear that freshwater influx is a key factor influencing nearshore fish communities. 

 Despite many studies linking freshwater drivers to community and species responses in 

estuaries, little is known about these processes in glacially influenced systems, particularly in 

high latitude regions that are experiencing rapid climate change, like the Gulf of Alaska (GOA). 

Increased temperature and precipitation in coastal Alaska (Wendler et al. 2017) has caused 

increased summer runoff of cold, silty meltwater in glacierized watersheds (Hood et al. 2009, 

O’Neel et al. 2015) and warmer water temperatures during summer low flow periods in non-

glacierized transient watersheds (Mantua et al. 2010). The impacts of changes in runoff on 

estuarine habitats and communities depend, in part, on the characteristics of the watersheds 

draining into the nearshore marine environment (Sergeant et al. 2020). Watersheds along the 

coast of the GOA represent a range of freshwater conditions that are driven by rain, snow, glacial 

melt, and low-elevation wetland runoff (Sergeant et al. 2020). Thus, our study aim was to 

examine the environmental conditions and their influence on fish communities in a range of 

GOA estuaries that fall along a gradient of glacierized to clearwater watersheds. 

Estuaries vary in temperature, salinity, and turbidity along a gradient of glacial influence 

(Whitney et al. 2017). These characteristics may determine which species can be successful in 

each estuary. For example, estuarine residents like Pacific staghorn sculpin and starry flounder 

tolerate a range of temperatures and salinities (Morris 1960, Takeda and Tanaka 2007). In 

contrast, Pacific herring recruitment is negatively affected by periods of high freshwater flow 
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into estuaries (Grimaldo et al. 2020) and juvenile coho salmon (O. kisutch) prefer habitats with 

water temperatures less than 14.5°C (Welsh et al. 2001). The influx of cold water from glacial 

watersheds during the summer may help to maintain preferred temperature ranges for some taxa, 

such as Pacific salmon (Fellman et al. 2014, Pitman et al. 2020). However, it may decrease the 

fitness of species with metabolic requirements for warmer temperatures (Johnston and Dunn 

1987). Glacial melt also contributes large quantities of silt to the nearshore, which provides 

substrate beneficial for some species of flatfishes (Abookire and Norcross 1998). In contrast, 

turbidity can reduce growth in some young-of-the-year fishes (Ljunggren and Sandstrom 2007). 

In assessing environmental factors influencing estuarine fish communities and mean size across a 

range of representative watershed types, we aim to better understand how climate change is 

affecting GOA estuarine ecosystems and what changes in environmental conditions and fish 

communities we may expect to see in the future. 

The first objective of this study was to describe and compare estuary fish community 

composition during spring and summer along a gradient of watershed types in two regions of the 

GOA, Lynn Canal (eastern GOA) and Kachemak Bay (central GOA) and to evaluate 

environmental drivers of variation in fish communities (i.e., temperature, salinity, turbidity, and 

river discharge). Previous studies have reported high abundances of species that are tolerant to a 

wide range of salinities in Lynn Canal [e.g., Pacific staghorn sculpin (Leptocottus armatus), 

starry flounder (Platichthys stellatus), Pacific salmon (Oncorhynchus spp.); Whitney et al. 2017, 

Whitney et al. 2018, Duncan and Beaudreau 2019]. In Kachemak Bay, we have less information 

about the species occupying estuaries, but studies sampling the deeper waters away from river 

mouths have documented more oceanic species such as those from the cod family (Gadidae) 

(Abookire et al. 2000). Thus, we hypothesized that community composition would show greater 
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differences between regions than among sites within a region because of differing oceanographic 

and habitat features between the eastern and central GOA. Within regions, we expected seasonal 

variation in community composition. Seasonal fluxes in nutrients due to upwelling and changes 

in prey availability due to downstream migration of juvenile salmon and forage fish recruitment 

events are important drivers of fish community structure (Haldorson et al. 1993). 

The second objective was to quantify interannual and seasonal patterns of mean size for 

dominant fish species (Pacific staghorn sculpin and starry flounder) using a multi-year dataset 

for a subset of estuary sites and determine environmental conditions explaining these patterns. 

We expected to see differences in environmental conditions among watershed types and 

hypothesized that these environmental variables would explain variation in population mean size 

among sites and over time.  

 

2. Methods 

 

2.1 Study sites and field sampling 

 

 We conducted field work in two coastal regions: Lynn Canal near Juneau in southeast 

Alaska and Kachemak Bay near Homer in southcentral Alaska (Figure 1.1). Lynn Canal is a 

fjord-like body with substantial freshwater input, though it reaches high salinity below the 

freshwater lens, while Kachemak Bay is largely open with influence from GOA circulation 

patterns (Field and Walker 2003, Weingartner et al. 2009). Within each region, we selected five 

estuary sites (Table 1.1) fed by watersheds that range from approximately 0% to 60% glacier 

cover (Figure 1.1). While these watersheds vary in their total area, river hydrology and the 
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surrounding landscape, they were selected because they represented a dominant subset of the 

range of watershed-estuary types feeding the GOA (Sergeant et al. 2020). At the estuary sites, 

field sampling occurred near the adjacent river mouths (Table 1.1) on shallow sloping intertidal 

habitat characterized by fine-grained sediments. Lynn Canal study sites had relatively consistent 

substrates comprised of sand and mud, while Kachemak Bay sites included a wider range of mud 

to cobble substrate. 

To capture fishes, we conducted monthly beach seine sampling from April through 

September of 2019 at each of the ten sites during the first negative low tide cycle of each month. 

The range of sampling months was selected to capture the period of peak freshwater discharge 

(Hood and Berner 2009, O’Neel et al. 2015) and the seasonality of estuary production. Sampling 

was conducted using a 15.2 m long by 2.4 m deep beach seine (white stretched knotless mesh, 

size 1.27 cm), following the seining protocols of previous studies conducted at these sites 

(Whitney et al. 2017, Whitney et al. 2018, Duncan and Beaudreau 2019). Briefly, the net was 

pulled by two people parallel to the shore for 5–6 minutes, then one end was walked in an arc 

toward shore, effectively closing the net before it was pulled to shore. Approximately six sets 

were conducted per sampling event during the 4–5 hours around low tide. Fish captured in the 

beach seine were identified to the lowest taxonomic level possible and measured to fork length 

or total length, depending on species, before release.  We also analyzed data collected at four of 

the Lynn Canal sites from April to September of 2014, 2016, and 2017 using nearly identical 

sampling protocols, as described by Whitney et al. (2017), Whitney et al. (2018), and Duncan 

and Beaudreau (2019). Two net types were used during 2014–2017 sampling: the white mesh net 

described above and a black mesh net with dimensions 15.2 m long x 2.4 m deep and stretched 

knotless mesh size 0.95 cm. 
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Water quality measurements were taken following beach seining at each site on a flood 

stage. We used a handheld YSI Pro2030 (Xylem) instrument to measure salinity (ppt) and 

temperature (°C) at three evenly spaced stations along an approximately 150 m transect 

perpendicular to the beach, beginning just off the beach from the seining site (station 1), 50 m 

offshore (station 2), and 100 m offshore (station 3). At each station, water parameters were 

measured at depths of 1 m and 5 m (if bottom depth allowed). Surface water samples were 

collected at each station and brought back to the lab to measure turbidity in Nephelometric 

Turbidity Units (NTU; Hach 2100P Turbidimeter). Discharge data were obtained from the U.S. 

Geological Survey and the University of Alaska Southeast Environmental Science Department 

stream gages (USGS 2020). 

 

2.2 Data analysis 

 

We used different subsets of the full dataset to address each objective. To address the first 

objective, we used fish community and environmental data from 2019, collected at all ten study 

sites in both regions (Lynn Canal and Kachemak Bay; Table 1.1). To address the second 

objective, we used fish length for two species (Pacific staghorn sculpin and starry flounder) and 

environmental data from 2014–2019, collected at four Lynn Canal sites (all except Lemon 

Creek; Table 1.1). For both datasets, we calculated species-specific catch-per-unit-effort (CPUE) 

by dividing the number of individuals for a given species and seine set by the set duration 

(minutes). This number was multiplied by five to standardize for a five-minute set and a mean 

catch-per-set (hereafter, ‘mean CPUE’) was calculated across all sets in a sampling event (site x 

month). Only sets without sampling errors (e.g., net stuck on a rock or technician stuck in the 
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mud) were included in CPUE calculations. Invertebrates, which were captured infrequently, were 

excluded from analyses. Larval fish and fish smaller than 20 mm in length were also excluded 

from analyses because their catchability was inconsistent due to their small size relative to the 

mesh size. Juvenile salmonids were aggregated to the genus Oncorhynchus, and members of the 

family Osmeridae were aggregated due to difficulty of field identification to lower taxonomic 

levels. Environmental data (i.e., temperature, salinity, and turbidity) were averaged for each 

month and site. River discharge data recorded in 15-minute intervals were averaged over the 

sampling date to generate a mean daily discharge value, thus maintaining consistency with the 

temporal resolution at which other environmental variables were measured. 

To assess differences in fish community composition among regions, sampling sites, and 

months, we performed multivariate analyses on the 2019 dataset. Mean CPUE was fourth-root 

transformed to down-weight the influence of highly abundant species (Clarke et al. 2014). We 

calculated pairwise Bray-Curtis dissimilarities between net sets and performed non-metric 

multidimensional scaling (NMDS) ordination in as many dimensions as needed to reduce the 

stress below 20% using the ‘vegan’ package in R (Oksanen 2019). We plotted the first two 

dimensions of the NMDS ordination and used the ‘envfit’ function to fit vectors to the ordination 

space scaled proportionally to their correlations (R2 > 0.2) so that the influence of individual 

species on the ordination configuration was reflected by the lengths of their respective vectors. 

The vectors show the directions in which the environmental variables are most strongly 

correlated with fish community composition in ordination space. We conducted an analysis of 

dispersion (Anderson 2001) to determine if the multivariate dispersion of samples, which reflects 

variability in species composition, differed between regions and sites. 
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To evaluate relationships between fish community composition and environmental 

conditions at each sampling event, we first characterized the environmental conditions 

(temperature, salinity, turbidity, and discharge) for each sampling event within our regions by 

calculating an average of the measurements taken at each transect point and depth on a given 

sampling date and site. We calculated pairwise Bray-Curtis dissimilarities of the fish 

communities between sampling events because our environmental data were recorded for each 

sampling event rather than for each seine set. We also used vector-fitting analysis to overlay the 

environmental variables onto the ordinations of the fish communities, as described above 

(‘envfit’ function; Oksanen et al. 2019). Finally, we ran a permutational multivariate analysis of 

variance (PERMANOVA) on the Bray-Curtis distance matrix to test for the effects of region, 

site, sampling date, and each environmental variable on species composition (‘adonis2’ function 

in R). Partial R2 values were calculated as the additional variation explained by a given variable, 

after the effects of all other variables have been accounted for [‘marginal’ effect obtained via 

‘adonis2(…, by = “margin”)' or from entering it as the last term in 'adonis' models]. 

To address the second objective, we used the 2014–2019 Lynn Canal (LC) dataset to 

describe variation in mean length of two dominant species: Pacific staghorn sculpin (hereafter, 

staghorn sculpin) and starry flounder. We chose these species because they were the most 

abundant at all LC sites across all months and years of sampling. These species are also estuarine 

residents that are found at our sampling sites year-round, making them more likely to have 

growth responses that reflect local environmental conditions. However, it is important to 

acknowledge that shifts in mean length from one period to the next could reflect individual 

growth, immigration into and out of the nearshore, size selective predation, or some 

combination. We measured the first 30–50 (depending on sampling year) haphazardly selected 



 17 

individuals in each set. For each species, we calculated a mean length for each seine set and 

evaluated changes in mean length across months, years, and sites. We used overall mean length 

because there were not consistently clear cohorts of staghorn sculpin or starry flounder that we 

could identify based on length frequency histograms (Supplemental Materials). We log-

transformed mean lengths to meet the regression assumption that residuals follow a normal 

distribution. 

We used generalized additive models (GAMs) with a normal distribution to model 

log(length) as a function of space/time effects (random year effect, site by day of year 

interaction) and additive local environmental effects (temperature, salinity, turbidity, and 

discharge). All continuous variables (day of year, temperature, salinity, turbidity) were 

standardized in the regression to have a mean of 0 and a standard deviation of 1. Net type was 

included as a random effect in all models to control for potential differences in selectivity 

between the white mesh and black mesh seines. A set of 12 candidate models was generated for 

each species from all possible combinations of potential predictor variables. Combinations of 

predictors were split into two sets of models, one set that included space/time predictors and one 

set that included environmental predictors, to avoid the inclusion of confounded variables like 

day of year and temperature in the same model. Model selection was performed using Akaike’s 

Information Criterion (AIC), where models within two units of the lowest AIC were considered 

to perform equivalently (Burnham and Anderson 2002). We calculated Akaike parameter 

weights for parameter j as the sum of model Akaike weights (relative likelihoods) across all 

models that included parameter j (Burnham and Anderson 2002). 
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3. Results 

 

3.1 Seasonal and spatial patterns in environmental conditions 

 

 Temperature, salinity, turbidity, and discharge in the estuaries varied seasonally. In both 

regions, temperature was lowest in April, rapidly increased to a peak in July, then decreased in 

August and September (Figure 1.2). Salinity was similar in the two regions in April, but rapidly 

decreased in Lynn Canal while remaining relatively stable and higher on average in Kachemak 

Bay over the course of the summer (Figure 1.2). Turbidity was highly variable, but the most 

glacierized watersheds in each region showed the highest peaks in turbidity. Watersheds differed 

substantially in discharge patterns; the most glacially influenced sites in both regions had much 

higher mean summer discharge than the less glacial sites (Table 1.1). This higher discharge is 

due to a large peak in flow in June and July as glacial melt contributed heavily to runoff, whereas 

the non-glacial sites had consistently lower flows throughout the summer and were smaller on 

average (Figure 1.2). Temperature, salinity, and turbidity also varied among sites within regions. 

Peak July temperatures were lowest at the Tutka Bay site in Kachemak Bay and the Sheep Creek 

site in Lynn Canal, while the more glacial sites in both regions had higher peak temperatures. 

Mid-summer salinity was lowest in Kachemak Bay at the highly glacierized Grewingk River and 

Wosnesenski River estuaries as well as Tutka Bay. In Lynn Canal, Lemon Creek exhibited 

consistently lower salinities than any other site throughout the summer, although this was likely 

a result of estuary morphology, which necessitated sampling at very shallow depths often within 

the freshwater lens (Figure 1.2). Finally, turbidities were variable but substantially higher at the 
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highly glacierized Wosnesenski River site in Kachemak Bay compared to all other sites (Figure 

1.2). 

 

3.2 Environmental drivers of fish community composition 

 

We caught and identified over 13,000 fish (38 species from 15 families) over the course 

of 60 sampling events and 360 net sets in the 2019 sampling season. Over 85% of the total catch 

was attributed to four families: Cottidae, Gadidae, Pleuronectidae, and Salmonidae (Table 1.2). 

The families Cottidae and Pleuronectidae contributed substantially to the catches in all Lynn 

Canal sites throughout the sampling season. In Kachemak Bay, catches were less dominated by 

one or two families, but contained fishes not caught in Lynn Canal, including several cod species 

(Gadidae). Gunnels (Pholidae) were also caught more consistently in Kachemak Bay. In both 

regions, juvenile Pacific salmon were caught in high numbers, especially in May and June. 

However, over half of the Pacific salmon in Kachemak Bay were caught at Tutka Bay, whereas 

the catch in Lynn Canal was more consistent across sites (Table 1.2). 

Fish community composition differed between Lynn Canal and Kachemak Bay (F = 12.4, 

R2 = 0.19, P = 0.001). Fish communities were more similar within Lynn Canal than they were 

within Kachemak Bay, based on heterogenous dispersions between regions (analysis of 

dispersion: F = 130.03, P < 0.001). Lynn Canal sites were dominated by staghorn sculpin and 

starry flounder, whereas Kachemak Bay sites had large proportions of gadids and Pacific herring. 

The NMDS provided a good representation of the community differences in three dimensions 

based on a stress value of 0.137. The first axis of the NMDS primarily separated regions (Figure 

1.3), with species vectors (R2 > 0.2) indicating that staghorn sculpin and starry flounder were 
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more strongly associated with Lynn Canal sites and great sculpin (Myoxocephalus 

polyacanthocephalus) were more strongly associated with Kachemak Bay sites (Figure 1.3). The 

second NMDS axis indicated seasonal effects, which were largely driven by the higher 

abundance of juvenile Pacific salmon in May and June, based on vector analysis (Supplemental 

Materials). For these ordinations, we show only two dimensions in the plots because the third 

NMDS axes were not associated with an obvious environmental or space gradient. Communities 

differed among sampling events (i.e., month x site combinations) (F = 2.34, R2 = 0.18, P = 

0.001), with a clear seasonal change in species composition along NMDS 2 (Supplemental 

Materials). 

Temperature and salinity had significant effects on species composition, based on a 

PERMANOVA (Figure 1.4). Salinity had a greater explanatory power, accounting for up to 12% 

of the variability in species composition (partial R2 = 0.12, P = 0.001), compared to temperature 

(partial R2 = 0.075, P = 0.001). Turbidity and discharge did not have a significant effect on 

species composition (P > 0.05). After accounting for the effects of environmental variables, there 

was still a strong and significant site effect (partial R2 = 0.32, P = 0.001). After site and 

environmental conditions were included in the model, the effect of season was significant but 

only accounted for about 5% of the variation in species composition (partial R2 = 0.05, P = 

0.001). Species composition varied among sites in Lynn Canal (partial R2 = 0.1, P = 0.001) and 

Kachemak Bay (partial R2 = 0.12, P = 0.001). Among Lynn Canal sites, Sheep Creek and Lemon 

Creek had the lowest species diversity but high dominance of sculpins and flatfishes (Table 1.2). 

In Kachemak Bay, the dominant groups varied among sites (e.g., clupeids were most abundant at 

the Grewingk River site and gadids were most abundant in Jakolof Bay; Table 1.2). 
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3.3 Catch summary for two dominant species in Lynn Canal estuaries 

 

 In total, we caught and identified 18,457 staghorn sculpins and 9,039 starry flounders 

across four sites: Cowee Creek (CC), Eagle River (ER), Mendenhall River (MR) and Sheep 

Creek (SC). Sampling took place at CC, ER, and MR in 2014, and all four sites in 2019. 

Staghorn sculpins were most abundant at our most glacierized sites for all years (9,781 total at 

MR, 4,548 total at ER), whereas starry flounder were more evenly distributed across sampling 

sites. However, there was more yearly variation in starry flounder catch, with substantially 

higher numbers at the three common sampling sites in 2016 and 2017 compared to 2014 and 

2019 (2,447 in 2016; 3,203 in 2017 compared to 1,835 in 2014; 457 in 2019). We measured a 

total of 11,337 staghorn sculpins and 7,848 starry flounder over the course of all years and 

sampling sites. 

 

3.4 Environmental drivers of fish size structure 

 

Seasonal patterns in staghorn sculpin size structure varied among sites and years in Lynn 

Canal. The best model explaining variation in mean staghorn sculpin length included year, the 

interaction of site and day of year, and net, and had an Akaike model weight of 1 (Table 1.3). 

Year, day of year, and site*day of year were all important predictors, with parameter weights of 

1. In interpreting the day of year effect, it is important to note that day of year was positively 

correlated with temperature (r = 0.64) and turbidity (r = 0.33), and negatively correlated with 

salinity (r = -0.70). However, the environmental variables were poor predictors of mean length, 

with parameter weights close to zero. Mean length of staghorn sculpins gradually increased 
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throughout the spring and summer in Sheep Creek and Cowee Creek estuaries, while mean 

lengths of Eagle River and Mendenhall River fish showed a rapid increase in April through June 

then stabilized around July (Figure 1.5). 

 Mean size of starry flounder differed from staghorn sculpin in that only Sheep Creek fish 

showed consistent increases in mean length through the spring and summer. Starry flounder 

mean lengths at Cowee Creek, Mendenhall River, and Eagle River estuaries approached an 

asymptote mid-summer (Figure 1.6). The models for mean length also differed from the staghorn 

sculpin models in that environmental predictors were more important than space/time factors. 

The best model included all three environmental covariates and net type and had a model weight 

of 0.56; the model including only temperature, turbidity, and net type also performed well (ΔAIC 

= 0.45) with a model weight of 0.44 (Table 1.3). Temperature and turbidity were highly 

influential predictors, with parameter weights close to 1, while salinity was moderately important 

with a parameter weight of 0.59. 

 

4. Discussion 

 

This study improves our understanding of how estuarine habitats and fish communities in 

the GOA are affected by dynamic watersheds within glacierized landscapes. While other studies 

have examined environmental factors including temperature, salinity, substrate, and depth 

structuring GOA nearshore fish communities (Moles and Norcross 1995, Norcross et al. 1995, 

1999, Abookire et al. 2000, Pirtle et al. 2012, Miller et al. 2014, Guo 2019), ours is the first to 

sample estuaries along a glacial to non-glacial watershed gradient across two oceanographically 

distinct regions of the GOA. This allowed us to examine a wide range of environmental 
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conditions at river deltas along a gradient of glacial influence and their effects on fish 

community structure. Overall, we found differences in community structure between regions and 

among sites, which were partly explained by contrasting salinities and temperatures. Regional 

differences were greater than site differences within a region. Additionally, strong variation in 

fish community composition and size structure across months aligns with our understanding of 

high latitude ecosystems as seasonally dynamic. 

We found striking differences in species composition between the Lynn Canal and 

Kachemak Bay regions. Lynn Canal communities were consistently dominated by staghorn 

sculpin and starry flounder, whereas Kachemak Bay communities included a more variable 

assemblage of species. Heterogeneous dispersions between regions complicate the interpretation 

of the PERMANOVA results because it can be difficult to determine whether a rejection of the 

null hypothesis represents significant differences between the centroids of the two regions, or 

differences in the spread of the points. However, qualitative differences in species composition 

between regions support statistical results. Our vector fitting analyses indicated that differences 

between regions may be attributed to contrasting environmental conditions, particularly salinity. 

We found considerably higher salinities throughout the summer in Kachemak Bay compared to 

Lynn Canal, where salinity decreased from ~30 ppt at most sites in the spring to ~15 ppt at most 

sites by mid-summer. Higher average salinity in Kachemak Bay arises from a more direct 

connection to the Gulf of Alaska (Figure 1.1). More oceanic conditions may support a higher 

diversity of marine and estuarine species. Similar to our findings, a previous study at more 

oceanic sites in Kachemak Bay found a high prevalence of saffron cod (Eleginus gracilis) and 

Pacific tomcod (Microgadus proximus) (Abookire et al. 2000). Greater retention of freshwater 

runoff within the Alexander Archipelago of southeastern Alaska may favor the euryhaline 
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species that we found at high abundances in Lynn Canal. Unexplained site differences accounted 

for more of the variation in fish communities than water quality parameters (i.e., temperature, 

salinity, turbidity, discharge). Substrate is an important determinant of habitat preferences for 

demersal species (Tallmark and Evans 1986) and may have accounted for some of the greater 

within region variability in species composition in Kachemak Bay compared to Lynn Canal. 

Sites in Lynn Canal had more similar substrate types composed of sand, mud, and silt, whereas 

sites in Kachemak Bay were characterized by a wider variety of mud, sand, and cobble. 

There were significant differences in species composition among months, with the most 

notable shift between the April–July and August–September periods. These seasonal differences 

can partially be attributed to the influx of juvenile Pacific salmon from both wild and hatchery 

populations in April, May, and June. Wild-born Pacific salmon outmigrate from freshwater to 

saltwater as fry in the spring and early summer (Fisher et al. 2007). In the vicinity of our Lynn 

Canal study sites, the Macaulay Salmon Hatchery releases millions of juvenile chum salmon (O. 

keta), along with more limited releases of coho salmon and Chinook salmon (O. tshawytscha), 

into estuaries in April and May (Duncan and Beaudreau 2019, Stopha 2019). Hatcheries in the 

Kachemak Bay area, such as the Tutka Bay Lagoon Hatchery, release pink salmon (O. 

gorbuscha) and sockeye salmon (O. nerka) in the early summer (ADFG 2019). The 

anthropogenic input of these hatchery Pacific salmon to the estuary sites complicates the 

detection of environmental drivers of community structure. However, the hatchery salmon may 

be an important driver of community composition themselves, as a massive seasonal subsidy to 

the nearshore area that occurs independent of environmental drivers. It has been well-established 

that large marine mammals move into the nearshore to feed on hatchery Pacific salmon when 

they are released (e.g., Chenoweth et al. 2017), and smaller estuarine consumers like staghorn 
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sculpin and Dolly Varden (Salvelinus malma) have been documented to increase their predation 

on juvenile salmon after hatchery releases (Duncan and Beaudreau 2019). Other fish migrants 

move into and out of the estuary seasonally, including larval herring and smelt (Johnson et al. 

2015), but juvenile Pacific salmon seem to be driving the biggest seasonal differences in species 

composition according to our vector fitting analysis. 

Seasonal trends in temperature may influence estuarine fish assemblages at multiple 

ecological scales, from community structure to individual growth (Beauchamp et al. 2007, Fisher 

et al. 2007, Pirtle et al. 2012, Wendler et al. 2017). In this study, temperature helped to explain 

differences in GOA fish communities and was also an important predictor of starry flounder 

length in Lynn Canal. For staghorn sculpin, mean length was better explained by site-specific 

seasonal trends (i.e., site x day of year interaction term) than temperature. Metabolic rate 

increases with temperature for most teleost fishes (Clarke and Johnston 1999) and the increasing 

mean lengths of starry flounder and staghorn sculpin in Lynn Canal throughout the summer 

likely reflects both ontogeny (i.e., juvenile fish are growing over the course of the summer) and 

temperature-dependent growth. Length is the result of thermal history, and not simply the 

temperature at the time of sampling, and future studies may benefit from continuous temperature 

measurements that allow for calculation of degree days to assess the effects of past temperatures 

on growth. A caveat to our length analysis is that we were not able to differentiate changes in 

size that arise from actual growth of individual cohorts, apparent growth due to recruitment 

pulses of multiple cohorts, ontogenetic movement, or a combination. Based on inspection of 

length frequency histograms, in some cases we were able to infer changes in mean length that 

were likely attributed to growth of a dominant cohort (e.g., staghorn sculpin and starry flounder 

at the Sheep Creek site; Supplemental Materials). However, in other cases, changes in mean 
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length were more difficult to attribute to growth, as shifts seemed to arise from different age 

classes moving into the estuary (e.g., staghorn sculpin and starry flounder at the Mendenhall 

River site; Supplementary Materials). These patterns appear to be both species and site-specific, 

with stronger positive trends in mean and modal lengths for staghorn sculpins at the sites 

experiencing lower glacial runoff. While limited movement data exist for these species, staghorn 

sculpins may be more sedentary than starry flounder based on preliminary tagging data in Lynn 

Canal (C. Bergstrom, personal communication), and their size structure may therefore be more 

reflective of local thermal conditions. Persistent input of colder water at outflow of glacial rivers 

may also create an environment of low growth, particularly during periods of peak flow, when 

we saw asymptotic lengths for both species. 

Differences in staghorn sculpin length distributions among years, as indicated by our 

model results, may also be explained by interannual temperature differences. For example, 2014 

was a cool, wet summer, whereas the summer of 2019 was hot and dry (NOAA 2020). While the 

mean water temperature measured across sites for both sampling seasons was 11°C, the 

maximum water temperature we measured in 2014 was 12.8°C and the maximum water 

temperature we measured in 2019 was 16.8°C. In 2014, the overall mean length for staghorn 

sculpins was 129.7 mm, while the mean length in 2019 was 105.2 mm. As water temperatures in 

shallow areas increase, mobile fishes may seek cooler water in deeper habitats to avoid higher 

metabolic demands and physiological stress (e.g., Dulvy et al. 2008). Our observation of fewer 

large sculpins in 2019, one of the warmest recorded years in Southeast Alaska (ACRC 2019), 

may have resulted from movement of individuals into deeper thermal refuges. Although there is 

a positive relationship between growth and temperature, our measure of mean length also 
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captures migration in and out of our shallow sampling areas, and migration of larger individuals 

may be driven by high water temperatures in our shallow sampling areas. 

The best explanatory models for starry flounder length included environmental variables 

rather than space/time variables. This finding offers a helpful lesson for other observational 

studies in ecology. Common categorical factors used to explain ecological variation, such as site 

and month, may be poor proxies for dynamic environmental processes driving seasonal and 

spatial changes in fish communities. When possible, key environmental variables like 

temperature and salinity should be directly measured and included in analyses of size structure. 

Temperature, salinity, and turbidity were positively related to starry flounder length but were not 

important predictors of staghorn sculpin length. While starry flounder and staghorn sculpin tend 

to occupy similar habitats, this finding may be partly explained by starry flounder habitat 

preferences. Starry flounder are highly freshwater tolerant (Takeda and Tanaka 2007) and prefer 

fine substrates that allow them to burrow and camouflage (Moles and Norcross 1995). 

Furthermore, starry flounder diet is largely made up of small infauna found in fine sediment 

(McCall 1992), such as that found at glacial river deltas.  

For estuarine groundfishes, the relative effects of different habitat features on growth and 

distribution may be estuary specific and influenced by a suite of conditions. In Nova Scotia 

estuaries, nearshore fish distributions were influenced by substrate as well as temperature and 

salinity, with flatfishes like winter flounder (Pseudopleuronectes americanus) preferring fine 

substrates in warmer, fresher estuaries compared to species like the rock gunnel (Pholis 

gunnellus) which prefer more oceanic estuaries with coarse substrates (Horne and Carnpana 

1989). Staghorn sculpin and starry flounder may also have estuary-specific habitat preferences 

that we were unable to fully capture using only temperature, salinity, and turbidity in our models.  
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The findings from this study have important implications for Alaska’s coastal ecosystems 

and other nearshore ecosystems in northern latitudes. Greater differences in community 

composition between regions, compared to within regions, suggests that climate change will not 

have uniform impacts across GOA estuaries but is dependent on the interaction of landscape 

features (e.g., presence of glaciers) and marine drivers (Pitman et al. 2020). Fish communities 

will not respond uniformly to climate change impacts on nearshore habitats, as changing 

environmental conditions will have variable effects on different types of estuarine habitats. Thus, 

it is critical to first understand the range of habitats and fish assemblages present in the Gulf of 

Alaska’s nearshore environment through small-scale studies like this one, before hypothesizing 

how biological communities in these estuaries will be affected by changing climatic conditions.  

In high discharge glacial watersheds, the influx of cold, turbid, fresh meltwater to the estuary 

may occur progressively earlier in the summer, perhaps shifting the timing of wild juvenile 

Pacific salmon outmigration to the early spring and slowing temperature-dependent growth for 

estuarine resident species earlier in the summer. In low discharge clearwater systems, water 

temperatures are likely to become warmer on average, and our models suggest that temperature 

may play an important role in growth for estuarine fishes. For most species in this region, 

metabolic rates will increase with warmer temperatures; however, optimal temperatures for 

growth may be exceeded under continued warming. That scenario may lead to estuarine fishes 

like staghorn sculpin and starry flounder moving into cooler water temperatures in deeper 

habitats, which was observed in the demersal fishes of the North Sea under similar warming 

conditions (Dulvy et al. 2008).  
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Conclusions 

 

Changing climatic conditions are unlikely to have consistent effects on GOA fish 

communities and will depend on a suite of factors including, but not limited to, watershed size, 

ocean circulation, temperature and salinity thresholds, and habitat type. However, the fish 

species that are most likely to do well with continued glacier recession are those that have the 

physiological flexibility and mobility to live in a range of environments, like staghorn sculpin, 

starry flounder, and other estuarine residents. Staghorn sculpin show no physiological stress with 

salinities ranging from 15–30 ppt and can tolerate 0 ppt for short periods (Henriksson et al. 

2008). Preferred temperature range data is limited for staghorn sculpin, but they have been 

sampled in nearshore areas with water temperatures between 1.1°C  and 18.7°C (Kaschner et al. 

2016). This large range of tolerable temperatures and salinities suggests that staghorn sculpin 

will continue to inhabit nearshore ecosystems even with dramatic environmental changes. 

However, the maximum water temperature recorded during the 2019 sampling season was 17°C 

at the Eagle River estuary site, indicating that temperatures may eventually reach uninhabitable 

levels in some shallow waters, potentially driving this species into deeper, cooler habitats. 

Similarly, starry flounder were ranked with low overall vulnerability and low climate 

exposure by the Bering Sea Vulnerability assessment, largely because of their high potential for 

distribution change, should habitat conditions change (Spencer et al. 2019). In contrast, 

temporary estuarine residents like juvenile Pacific salmon have less flexibility in optimal 

environmental conditions. In many species of Pacific salmon, optimal temperatures for juvenile 

growth and development are between 12 and 14°C (Richter and Kolmes 2005), a range that 

leaves little room for accommodating increasing maximum summer temperatures in the Gulf of 
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Alaska. This temperature threshold is of particular concern in the estuaries fed by smaller, non-

glacial rivers, where water temperatures are more likely to rise on hot days, while increased 

temperatures in glacial watersheds may actually cause lower water temperatures in the estuary 

with increased glacial meltwater. Because of this estuary-specific variability, it is important to 

continue to monitor GOA estuaries for changing conditions that affect habitat availability for 

sensitive species.   
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Tables 

 

Table 1.1. Estuary site information for each Gulf of Alaska region. Estuary sampling at the Eagle 

River site (also known as Eagle Beach) is downstream of the confluence of the Eagle and 

Herbert rivers so both watersheds are included in the table. Mean summer discharge was 

calculated as the average daily discharge for June–September 2019. Discharge for the Eagle and 

Herbert rivers is based on modeled values for the total discharge of both rivers. 

 

Estuary site Percent 

glacierized 

(%) 

Glacier area 

(km2) 

Watershed 

area (km2) 

Mean 

summer 

discharge 

(m³/s) 

SD 

summer 

discharge 

Kachemak Bay   

Jakolof Bay 0 0 18.9 0.31 0.15 

Tutka Bay 8 5 66.0 7.71 4.48 

Halibut Cove 16 9 55.6 10.1 8.74 

Wosnesenski 

River estuary 

27 69 257 105 38.4 

Grewingk 

River estuary 

60 67 112 47.4 18.0 

Lynn Canal      

Sheep Creek 

estuary 

0 0.03 15.5 1.27 1.60 

Cowee Creek 

estuary 

10 12 119 10.1 5.25 

Lemon Creek 

estuary 

25 15 62.6 11.5 8.78 

Eagle River 

estuary (Eagle 

+ Herbert) 

41 117 285 75.5 29.4 

     Eagle 41 53 127 33.1 13.1 

     Herbert 41 64 158 41.4 16.3 

Mendenhall 

River estuary 

54 124 228 87.8 35.7 
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Table 1.2. Proportion of total 2019 catch per site by fish family. Kachemak Bay sites include Jakolof Bay (JB), Tutka Bay (TB), 

Halibut Cove (HC), Wosnesenski River estuary (WR), Grewingk River estuary (GR). Lynn Canal sites include Sheep Creek estuary 

(SC), Cowee Creek estuary (CC), Lemon Creek estuary (LC), Eagle River estuary (ER), Mendenhall River estuary (MR). 

 

 Kachemak Bay Lynn Canal 

Taxon JB TB HC WR GR Total SC CC LC ER MR Total 

Agonidae 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.32 0.00 0.14 0.07 0.61 

Ammodytidae 0.00 0.00 0.00 0.12 0.00 0.12 0.00 2.68 0.00 0.18 0.00 2.86 

Clupeidae 0.00 0.00 0.00 9.37 69.06 78.43 0.25 0.21 0.15 0.68 1.40 2.69 

Cottidae 1.91 22.42 42.00 7.89 16.25 90.47 32.37 49.68 73.57 67.79 55.42 278.82 

Cyclopteridae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 

Gadidae 88.16 0.29 3.20 19.22 0.31 111.19 0.00 0.00 0.00 0.00 0.00 0.00 

Gasterosteidae 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.21 0.49 0.00 0.03 0.99 

Hexagrammidae 1.08 0.29 6.40 0.00 1.56 9.33 0.00 0.32 0.00 0.14 1.19 1.65 

Liparidae 0.00 0.00 0.40 0.12 0.63 1.14 0.08 0.21 0.05 0.05 0.00 0.39 

Osmeridae 0.00 0.00 0.40 39.50 0.00 39.90 2.40 1.18 0.00 5.26 7.90 16.74 

Pholidae 2.21 3.83 6.80 0.12 1.25 14.22 0.00 5.26 0.00 0.09 0.24 5.59 

Pleuronectidae 0.96 5.01 17.20 3.91 0.31 27.40 20.61 18.56 10.28 11.16 9.99 70.61 

Salmonidae 1.43 68.14 21.60 18.98 10.63 120.78 43.96 20.82 15.47 13.57 21.84 115.64 

Stichaeidae 4.12 0.00 2.00 0.77 0.00 6.90 0.00 0.54 0.00 0.95 1.89 3.38 

Syngnathidae 0.12 0.00 0.00 0.00 0.00 0.12 0.00 0.00 0.00 0.00 0.00 0.00 

4
0
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Table 1.3. Model summaries for generalized additive models of the log-transformed lengths of 

Pacific staghorn sculpin and starry flounder. In total, 12 models were evaluated for each species, 

with all combinations of the space/time predictors (site, day of year, year: random effect) and all 

combinations of the environmental predictors (temperature, salinity, and turbidity); net was 

included as a random effect in all models. K is the total number of parameters estimated, AIC is 

Akaike’s information criterion, ΔAIC is calculated as the difference in AIC between each model 

and the model with the lowest AIC, and wi is the model weight. 

 

Model 

Number 

Model Parameters K AIC ΔAIC wi 

Pacific Staghorn Sculpin 

1 Year + site*day of year + net 14 151.69 0 1 

2 Temperature + salinity + 

turbidity + net 

6 232.23 80.53 0 

3 Null 2 386.14 234.45 0 

Starry Flounder 

1 Temperature + salinity + 

turbidity + net 

6 588.69 0 0.56 

2 Temperature + turbidity + net 5 589.15 0.45 0.44 

3 Year + site*day of year + net 14 884.84 296.15 0 

4 Null 2 1086.0 497.34 0 
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Figures  

 

 

Figure 1.1. Map of Gulf of Alaska (top left) and sites within Kachemak Bay (left) and Lynn Canal (right). Sampling sites are marked 

by white circles. Full names and watershed characteristics for each site are listed in Table 1.1. Map created by Chris Sergeant and used 

with permission.  
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Figure 1.2. Seasonal patterns in environmental variables from April to September 2019 in 

Kachemak Bay and Lynn Canal estuaries. From top to bottom: temperature, salinity, turbidity, 

river discharge. Points show the mean of monthly measurements taken at depths of 1 m and 5 m 

below the surface at three stations along a ~150 m transect perpendicular to the beach where 

seining was conducted for temperature and salinity; discharge is a mean daily value from stream 

gages. Kachemak bay sites are the Grewingk River (GR), Wosnesenski River (WR), Halibut 

Cove (HC), Tutka Bay (TB), and Jakolof Bay (JB). Lynn Canal sites are the Mendenhall River 

(MR), Eagle-Herbert Rivers (ER), Lemon Creek (LC), Cowee Creek (CC), and Sheep Creek 

(SC).  
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Figure 1.2 continued. 
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Figure 1.3. Non-metric multidimensional scaling (NMDS) ordination performed on Bray-Curtis 

dissimilarities of sampled fish communities in Gulf of Alaska estuaries. Each point represents the 

fish community caught in an individual beach seine set during a sampling event (month x site 

combination). Points are color coded by region, with ellipses encompassing 95% of points per 

region. Vectors inset in the top right corner show the directional measure of influence of fish 

species (only correlations with R2 > 0.2 are shown).  
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Figure 1.4. Non-metric multidimensional scaling (NMDS) ordination performed on Bray-Curtis 

dissimilarities of sampled fish communities in Gulf of Alaska estuaries. Each point represents the 

fish community caught during a sampling event (month x site combination). Points are color 

coded by site (Lynn Canal sites: blue to green spectrum; Kachemak Bay sites: purple to red 

spectrum), with vectors showing the directional influence of the environmental variables (only 

correlations with R2 > 0.2 are shown).  Kachemak bay sites are the Grewingk River (GR), 

Wosnesenski River (WR), Halibut Cove (HC), Tutka Bay (TB), and Jakolof Bay (JB). Lynn 

Canal sites are the Mendenhall River (MR), Eagle-Herbert Rivers (ER), Lemon Creek (LC), 

Cowee Creek (CC), and Sheep Creek (SC). 
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Figure 1.5. Mean Pacific staghorn sculpin lengths over time for Lynn Canal sites, 2014–2019. 

Points are color coded by mean water temperature measured on the sampling date. 
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Figure 1.6. Mean starry flounder lengths over time for Lynn Canal sites, 2014–2019. Points are 

color coded by mean water temperature measured on the sampling date.
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Chapter 2: Juvenile coho salmon (Oncorhynchus kisutch) feeding ecology during the early period 

of marine entry in Gulf of Alaska estuaries 2 

 

Abstract 

 

Pacific salmon (Oncorhynchus spp.) are a critical component of Alaska food webs and 

fisheries, and their success as adults can depend on their foraging success during the first year in 

the marine environment. This estuarine life stage is a critical period for growth, and the aim of 

this study was to address basic knowledge gaps about juvenile coho salmon feeding ecology in 

Gulf of Alaska estuaries. Our objectives were to describe juvenile coho salmon diets during the 

summer period of feeding and growth in estuaries and to quantify temporal, spatial, and 

environmental drivers of variation in diets. We analyzed stomach contents of juvenile coho 

salmon (n = 195) collected from ten estuary sites in Lynn Canal and Kachemak Bay across three 

summers (2014, 2019, 2020). The overall diet composition of juvenile coho salmon was diverse, 

including terrestrial invertebrates, marine invertebrates, and marine fishes, with a few prey types 

(amphipods, cumaceans, copepods, dipterans) dominating the diet by weight. Based on 

permutational analysis of variance, we found significant differences in the diets of juvenile coho 

salmon collected in 2019 between sites, driven partially by differences in temperature and 

salinity. Additionally, we found significant differences in coho salmon diet in Lynn Canal 

between years, perhaps driven by differences in temperature and precipitation between 2014 (a 

cold, wet summer) and 2019 (a hot, dry summer). Our results lay the groundwork for future 

 
2Lundstrom NC, Beaudreau AH, Whitney EJ. Juvenile coho salmon (Oncorhynchus kisutch) feeding ecology during 

the early period of marine entry in Gulf of Alaska estuaries. In preparation for Transactions of the American 

Fisheries Society. 
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studies examining how climate change effects on coupled watershed-estuary ecosystems may 

affect the foraging and growth environment for salmon. 

 

1. Introduction 

 

Global climate change is profoundly affecting terrestrial, freshwater, and marine habitats, 

particularly in high latitude regions. These changes may have particularly complex ecological 

outcomes for species that use a range of habitats across their life history, such as anadromous 

Pacific salmon (Oncorhynchus spp.) (Pitman et al. 2020). Adult salmon returning from the ocean 

to spawn provide a marine subsidy to freshwater and terrestrial food webs through predation and 

processes of decay (Willson et al. 1998). Juvenile salmonids rearing in lakes and rivers rely on 

terrestrial subsidies, such as insects, for a large proportion of their diet (Johnson and Ringler 

1980, Nakano and Murakami 2001, Richardson et al. 2017). Those same juveniles provide a 

pulse subsidy to the marine environment as they migrate downstream and into nearshore habitats 

(Duncan and Beaudreau 2019). As a result, climate-driven change in freshwater, estuarine, and 

marine habitats can have compounding effects on Pacific salmon populations and salmon-

centered food webs, emphasizing the importance of monitoring these species across all life 

stages. The juvenile period immediately following marine entry is particularly understudied for 

Pacific salmon. 

Estuaries are important habitat for Pacific salmon because they provide a zone for 

transition and growth in a protected area before migration to the marine environment (Iwata and 

Komatsu 2011, Carr-Harris et al. 2015). In estuaries, salmon undergo major physiological 

changes that allow them to osmoregulate in a saline environment (Thorpe 1994). They also 
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experience rapid growth during this period and when they are large enough, they make the 

transition to piscivory—a critical transition for further growth and development. The timing of 

the transition to piscivory varies by species, habitat, and prey availability. Litz et al. (2017) 

demonstrated that for Chinook salmon (O. tshawytscha), the transition to piscivory was earlier in 

years when northern anchovy (Engraulis mordax) were available, but fatty acid markers for 

piscivory still varied with salmon length. This finding suggests that ontogeny is important, but 

not the only factor inciting the transition to piscivory. Furthermore, salmonids in marine 

environments were more likely to be piscivorous at smaller sizes compared to those in lakes and 

streams, indicating that the marine environment provides more opportunity for high quality prey 

than freshwater habitats (Keeley and Grant 2001). However, because the estuarine life stage is so 

brief and Pacific salmon spend most of their lives in deeper marine waters, estuarine feeding 

ecology for salmonids is generally not well-understood. This lack of information is particularly 

problematic for coho salmon (O. kisutch) that can spend extended periods in estuaries, 

sometimes overwintering there before entering the oceanic environment (Koski 2009, Shaul et al. 

2013).  

For juvenile coho salmon, the timing of downstream migration and residence time in 

estuaries can vary substantially. During the period of outmigration, hydrological factors like 

seasonal increases in freshwater discharge and flooding can instigate downstream migration of 

juvenile coho salmon (Giannico and Healey 1998). Over longer timescales, climate forcing can 

result in shifts in the timing of regular freshets. For example, in glacial watersheds, warmer 

spring temperatures can cause earlier periods of high runoff, potentially initiating earlier 

outmigration of juvenile salmon. The timing of coho salmon entry into the estuary could 

determine their access to high quality marine prey, including fishes, with potential consequences 
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for growth and survival during the early marine stage (Beamish et al. 2010). Moreover, the 

nearshore period may be protracted for some juvenile coho salmon, known as “nomads,” that 

remain in the estuary through the winter. Nomads are a rare, but potentially important, life 

history type contributing to adult coho salmon returns (Shaul et al. 2013, Bennett et al. 2015). 

Despite the importance of the estuarine period to feeding and growth, there is little known about 

juvenile coho salmon foraging ecology during this intermediate stage between the freshwater and 

marine phases of the life cycle (Bollens et al. 2009). 

In freshwater, juvenile coho salmon feed primarily on terrestrial and aquatic insects 

(Johnson and Ringler 1980, Grunblatt et al. 2019), whereas in saltwater, adult coho salmon are 

largely piscivorous (Beamish 2018). Juvenile coho salmon sampled using pelagic surface trawls 

in the Gulf of Alaska have diets primarily consisting of fish, decapods, and euphausiids 

(Weitkamp et al. 2014, Adams et al. 2017, Daly et al. 2019, Fergusson et al. 2020), but these 

juveniles have already moved out of the estuarine environment. During the transitional stage in 

estuaries, juvenile coho salmon likely consume a diverse portfolio of prey types, including 

terrestrial, riverine, and marine invertebrates and fishes. In a Washington fjord, where samples 

were collected using midwater and surface trawls 1–3 km from shore, juvenile coho salmon diet 

consisted of both terrestrial and marine invertebrates (Bollens et al. 2009), whereas in one Alaska 

estuary, juvenile coho salmon diet consisted of mostly fishes and decapod larvae (Murphy et al. 

1988). This suggests that there may be a marine invertebrate stage between insectivory and 

piscivory, and this diet shift could be taking place in the estuary. Variation in estuary habitats 

could affect the nature and timing of dietary shifts; for example, stable isotopes of juvenile coho 

salmon revealed greater quantities of terrestrially derived organic matter in the estuaries 

downstream of highly ice-covered (glacierized) watersheds compared to an estuary downstream 
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of a predominantly forested watershed (Whitney et al. 2018). As a result, juvenile coho diet may 

not be consistent across estuaries, but may depend on the flux of nutrients from adjacent 

watersheds. 

A primary goal of this study was to address gaps in knowledge of juvenile coho salmon 

feeding ecology during a critical transitional stage between freshwater and marine habitats. 

Specifically, we evaluated the relative contributions of prey of varying taxa and origin (i.e., 

terrestrial, riverine, marine) to diets of juvenile coho salmon from estuaries in two regions of the 

Gulf of Alaska. We hypothesized that coho salmon would exhibit a size-based shift in diet, from 

a high proportion of insects and marine invertebrates at smaller sizes to incorporation of fishes 

into the diet at larger sizes. A second objective was to assess environmental drivers of variation 

in diet composition from different sites and years to better understand the potential energetic 

consequences of juvenile coho salmon foraging in different estuarine conditions, as influenced 

by features of adjacent watersheds and summer weather patterns. We hypothesized that juvenile 

coho salmon diets would vary among estuaries fed by different watershed types. In a previous 

Southeast Alaska study, the contribution of terrestrially-derived organic matter to coho salmon 

was greater near watersheds with high glacier cover compared to those near watersheds with low 

glacier cover (Whitney et al. 2018). Therefore, we anticipated a greater contribution of terrestrial 

prey (e.g., insects) to the diets of coho salmon feeding in estuaries near more glacierized 

watersheds compared to those feeding in estuaries with lower glacial influence. 
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2. Methods 

 

2.1 Field sampling and laboratory analysis 

 

We collected juvenile coho salmon from Gulf of Alaska (GOA) estuaries located 

downstream of watersheds ranging from 0 to 60% glacierized, which are representative of the 

dominant watershed types found along the GOA coast (Sergeant et al. 2020). Coho salmon 

specimens were collected from beach seine sampling conducted over the course of multiple 

projects in 2014, 2019, and 2020 from 10 estuary sites in two regions of the GOA—Lynn Canal 

(LC) in the eastern GOA and Kachemak Bay in the central GOA (Table 2.1, Figure 2.1). The 

majority of specimens were collected during the first negative low tide series of the month from 

April to September of 2014 (Lynn Canal sites only), 2019 (Lynn Canal and Kachemak Bay 

sites), and 2020 (Kachemak Bay sites only; Table 2.1). Additional specimens from two sites in 

Kachemak Bay were provided in 2019 by Kachemak Bay National Estuarine Research Reserve 

staff (C. Guo). Sampling months captured the periods of wild-born coho salmon outmigration 

and hatchery release of smolts into estuaries (ADFG 2019). 

Fish were collected using a 15.2 m long by 2.4 m wide beach seine (white stretched 

knotless mesh, size 1.27 cm) in 2019 and 2020 (Duncan and Beaudreau 2019) and using a net of 

the same dimensions with black mesh (stretched knotless mesh 0.95 cm) in 2014 (Whitney et al. 

2017, Whitney et al. 2018), following identical seining protocols. Briefly, the net was pulled by 

two people parallel to the shore for 5–6 minutes before it was closed off and pulled to shore. 

Approximately six sets were conducted per sampling event during the 4–5 hours around low tide. 

Beach seines were deployed on shallow, sloping intertidal habitat consisting of fine grain 
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sediments near river mouths. All juvenile coho salmon caught in the net were euthanized with a 

lethal dose of tricaine methanesulfonate (MS-222) and immediately placed on ice until returning 

to the laboratory (4–8 hours later). On each sampling date, we used a handheld YSI Pro2030 

(Xylem) instrument to measure salinity (ppt) and temperature (°C) at three evenly spaced 

stations along an approximately 150 m transect perpendicular to the beach. The stations were 

located in proximity to the seining site (station 1), 50 m offshore (station 2), and 100 m offshore 

(station 3). At each station, water parameters were measured at depths of 1 m and 5 m (if bottom 

depth allowed).  

In the laboratory, individual coho salmon specimens were measured (mm fork length, 

FL) and weighed (nearest 0.01 g) before their stomachs were removed and placed in 80% 

ethanol. Stomach content analysis followed standard protocols used in fish feeding ecology 

studies (Beaudreau and Essington 2007, Whitney et al. 2017, Duncan and Beaudreau 2019). 

Briefly, bolus weight was recorded as a blotted wet weight before prey items were sorted and 

identified to lowest taxonomic level. Each prey item was weighed individually (nearest 0.01 g) 

when possible. If individual prey were too small for the resolution of the scale, all items of the 

same prey type retrieved from a stomach were weighed together. Prey items were identified 

using a variety of taxonomic keys for insects, marine invertebrates, and marine fishes (e.g., 

McCafferty 1983, Kozloff and Price 1987, Pennak 1989, O’Clair and O’Clair 1998, 

Mecklenberg et al. 2002). 
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2.2 Data analysis 

 

To better understand the origin of our stomach samples, we began our analysis by 

characterizing the numbers of coho salmon caught during each month, year, and sampling site. 

We visualized the coho salmon catch data to determine the period of peak coho salmon densities 

and the sizes of coho salmon at the river deltas we sampled. We calculated juvenile coho salmon 

catch-per-unit-effort (CPUE) by dividing the number of individuals caught in a seine set by the 

set duration (minutes), then multiplying by 5 to standardize for a five-minute set. We used 

boxplots to visualize the distribution of CPUE for each sampling event (date x site). We also 

plotted length frequency histograms and calculated mean lengths for each site and year 

combination. 

We analyzed diets using the full dataset and two subsets of our data: the “full dataset” 

includes all sampled stomachs from all years; the “watershed gradient” dataset includes samples 

from only 2019 in both GOA regions; the “partial LC” dataset includes samples from 

Mendenhall River and Cowee Creek from 2014 and 2019. Because our sampling yielded uneven 

numbers of coho salmon across years, months, and sites, conducting analyses on these three data 

sets allowed us to better separate temporal and spatial drivers of variation in coho salmon diets. 

Prior to analysis, we aggregated fish and marine invertebrate prey items to the family level and 

insect prey items to order because we were interested in broad questions of diet origin and prey 

type rather than species-specific questions. For insects at different life history stages that occupy 

distinct habitats, we separated prey categories into adults and larvae. Prey items that were 

unidentifiable to order or family remained as initially identified at higher taxonomic levels. We 

also categorized prey items into the following groupings based on prey type and origin: 
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terrestrial invertebrate (i.e., insects), riverine invertebrate (i.e., aquatic life stage of terrestrial 

insects), marine invertebrate, and marine fish (Table S1). We used cumulative prey curves, in 

which the cumulative number of unique prey types is plotted against the cumulative number of 

stomachs analyzed, to determine if we had adequate sample sizes to draw conclusions about prey 

diversity in diets; a curve approaching an asymptote suggests that sample sizes are sufficient for 

describing diets. We also used cumulative prey curves to identify differences in diet diversity 

between years.  

To describe diet composition overall, we used the full dataset to calculate two common 

metrics of diet composition: proportion by weight and frequency of occurrence. Proportion by 

weight was calculated as the sum of each prey group’s weight in coho salmon stomachs divided 

by the sum of all prey consumed (Chipps and Garvey 2007). Frequency of occurrence is the 

number of coho salmon that consumed a given prey group divided by the total number of coho 

salmon stomachs sampled (Chipps and Garvey 2007). We calculated these compositional metrics 

for both levels of taxonomic aggregation described above. We then used multivariate analyses to 

quantitatively assess variation in diet composition. For each coho salmon stomach, we calculated 

the proportion of each prey type by weight, then fourth root transformed the proportional data. 

We performed a non-metric multidimensional scaling (NMDS) on pairwise Bray-Curtis 

dissimilarities calculated from the transformed data in as many dimensions as needed to reduce 

the stress below 20% using the ‘vegan’ package in R (Oksanen 2019). A permutational analysis 

of variance (PERMANOVA) was performed to assess the importance of year, month, and site in 

explaining variation in diet composition. We used the function ‘betadisper’ in the ‘vegan’ 

package to test for the PERMANOVA assumption of homogenous dispersions (Oksanen 2019). 
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To determine environmental drivers of diet composition, we used the watershed gradient 

dataset and performed an NMDS using the same approach described above. We used vector 

fitting analysis (Oksanen 2019) to visualize the influence of temperature and salinity on diet 

composition and conducted a PERMANOVA to quantify the effects of temperature, salinity, site, 

and region on diet composition; we used the adonis2 function to quantify marginal effects of 

temperature, salinity, and site on diet composition (Oksanen 2019). We tested for differences in 

dispersion between regions to ensure that the assumptions of our PERMANOVA were met using 

an analysis of dispersion (Anderson 2001). Finally, we used the partial LC dataset to evaluate 

whether diets differed between two years with contrasting summer temperature and precipitation. 

Following the same approach above, we performed an analysis of dispersion and tested for 

effects of year, site, temperature, and salinity using PERMANOVA. 

To evaluate evidence for a size-based shift to piscivory, we used binomial generalized 

additive models (GAMs) with a logit link function to predict the probability of fish in a coho 

salmon stomach as a function of predator length and the interaction of site and day of year. The 

dependent variable was binary, indicating the presence (1) or absence (0) of fish in each sampled 

stomach in the full dataset. We assessed four models that included all possible combinations of 

the potential predictors site*day of year and coho salmon length. Model selection was performed 

using Akaike’s Information Criterion (AIC), where the best model or set of models had AIC 

values within two units of the lowest AIC across models (Burnham and Anderson 2002). We 

calculated Akaike parameter weights for each parameter as the sum of model weights (relative 

likelihoods) across all models that included that parameter. 
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3. Results 

 

3.1 Summary of catch data and diets 

 

We collected and analyzed a total of 192 juvenile coho salmon stomachs (Table 2.1). On 

average, the largest fish came from China Poot Bay and the smallest from Jakolof Bay (Table 

2.1). There was a greater range of coho salmon lengths in 2019 (mean = 99.0 mm, SD=22.2) 

than in 2014 (mean = 95.1mm, SD = 13.2) (Table 2.1, Figure 2.2). Catches were patchily 

distributed across sites and years. Juvenile coho salmon were caught in every month from May 

through August of 2014 and 2019 at Cowee Creek and Mendenhall River estuaries (Table 2.1). 

Samples were captured at Eagle River estuary in 2014 only, and most of the Kachemak Bay 

samples came from the Wosnesenski River estuary in June 2019 (Table 2.1). The highest CPUE 

of juvenile salmon for all years occurred in June (Figure 2.3). 

Cumulative prey curves approached asymptotes, indicating adequate sample size for 

assessing diet diversity broadly and for comparing prey taxonomic richness in diets between 

years (Figure 2.4). Overall, juvenile coho salmon diets in the estuary consisted of a diverse array 

of 37 prey types after taxonomic aggregation of prey items (Figure 2.5, Table S2). Percent 

frequency of occurrence was high for most prey items compared to percent weight, indicating 

that overall diet composition is diverse, but the majority of the weight can be attributed to a small 

number of invertebrate taxa of terrestrial (dipterans) and marine (cumaceans, amphipods, and 

copepods) origin (Figure 2.5). In Kachemak Bay, a higher proportion of marine prey was 

identified in fish from China Poot Bay and Anchor River sites compared to Jakolof Bay, Tutka 

Bay, and Wosnesenski River (Figure 2.6, Table S2). In contrast, Lynn Canal sites showed more 
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consistent proportions of each prey type (~75% marine, ~25% terrestrial/riverine) across sites 

(Figure 2.6, Table S2). Vector fitting analysis for the full dataset revealed that prey items 

influential in distinguishing prey communities were dipterans (adults and larvae), decapod 

larvae, amphipods, and copepods (R2>0.2). PERMANOVA indicated that site (F=6.5, R2=0.24, 

P=0.001), year (F=9.1, R2=0.04, P=0.001), and month (F=2.3, R2=0.03, P=0.002) were all 

significant predictors of diet differences among individuals, but site had the greatest explanatory 

power.  

 

3.2 Environmental drivers of diet variability 

 

A stress of 0.12 suggests that the NMDS provides a good representation of the diet 

differences in three dimensions. For all ordinations, we show only two dimensions in the plots 

for ease of visualization; additionally, the third NMDS axes in all cases were not associated with 

an obvious environmental or spatial gradient. The diet compositions of fish collected in 2019 

showed some separation by region along the first NMDS axis, with the exception of the highly 

glacially influenced Wosnesenski River site, which was closer in ordination space to the Lynn 

Canal sites (Figure 2.7). For the watershed gradient dataset, region was a significant predictor of 

diet differences among individuals (PERMANOVA: F = 6.6, P = 0.01), but only explained about 

7% of the variation in diets. The diets also varied by coho salmon size, with the diets of longer 

coho salmon containing higher proportions of fish and dipteran larvae (Figure 2.7). Vector fitting 

analysis showed amphipods, decapod larvae, coleopterans, and adult dipterans were all 

influential prey sources (R2 > 0.2). Temperature (PERMANOVA: partial R2 = 0.04, P = 0.018) 

and salinity (partial R2 = 0.03, P = 0.045) were both significant predictors of variation in diet 
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composition but together only accounted for about 7% of the variation in diet. After temperature 

and salinity effects were accounted for, differences among sites still accounted for 13% of the 

variation in diet. Day of year was not a significant factor explaining diet variation (P = 0.05). 

There was no significant difference in dispersion between the two regions (F = 0.55, P = 0.46). 

 

 

3.3 Interannual variation in diet 

 

We found differences in diet diversity between 2014 and 2019 (Figure 2.4); 42 unique 

prey types were identified in 2014 stomachs, whereas only 26 unique prey types were found in 

2019 stomachs. There were apparent differences in diet composition between 2014 and 2019 in 

the two Lynn Canal sites (Cowee Creek and Mendenhall River) based on a three-dimensional 

NMDS (stress = 0.16; Figure 2.8). Vector fitting analysis revealed that the prey items that were 

influential correlates of differences between individual diets included dipterans (adults and 

larvae), amphipods, copepods, and cumaceans. The first NMDS axis primarily separated 2014 

from 2019 diet samples and implied a larger proportion of dipterans in the 2014 diets, while the 

second NMDS axis reflected a gradient from a higher proportion of cumaceans to a higher 

proportion of copepods in the diet. Dispersion analysis revealed that there were not significant 

differences in dispersion between years. When looking only at year effects, year was a 

significant factor and explained about 10% of the variation in diets (F = 7.9, P = 0.001). 

Temperature and salinity were both significant in explaining differences in diet composition, but 

together only explained 12% of the variation in diet (temperature: P = 0.06, partial R2 = 0.036; 

salinity: P = 0.001, partial R2 = 0.097). After accounting for the effects of temperature and 
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salinity, year only explained another 3% of the variability in diet. Site did not explain a 

significant amount of variation in diet composition (P = 0.05). The combined effects of 

temperature, salinity, and year explained only about 17% of the variation in diet composition. 

 

3.4 Ontogenetic shift to piscivory 

 

The minimum length for the appearance of fish in the diet of juvenile coho salmon was 

approximately 65 mm FL (Figure 2.9). Model selection revealed that length was an important 

predictor of presence of fish in diet (Table 2.2, Figure 2.9). The best model included only length 

and had a model weight of 0.87 (ΔAIC = 0.0) (Table 2.2). The null model had the next best AIC 

and had substantially less support (ΔAIC = 3.86) Length was the most important parameter, with 

a parameter weight of 0.87 (Table 2.2). Site, day of year, and the interaction of site and day of 

year all had parameter weights less than 0.001.  

 

4. Discussion 

 

While many studies have examined the diets of juvenile coho salmon during the 

freshwater life stage, this study is among the few to describe their feeding ecology during the 

earliest period of marine entry, a critical stage for growth (Murphy et al. 1988). The results 

provide a broad snapshot of estuarine diets in two glacially influenced regions of the GOA; 

however, our sample sizes at each site individually were low, typically less than 20 samples total 

per site, so we were unable to draw conclusions about differences in diet across watershed types. 

Salmon densities peaked in June, but were generally patchy across months, sites, and years. 
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Juvenile coho salmon were captured from May through August, supporting previous work 

showing that juvenile coho salmon can have variable marine entry times and may linger in the 

estuarine environment for months (Hoem Neher et al. 2013, Shaul et al. 2013). 

We found that juvenile coho salmon feed on a diverse array of prey types in the 

nearshore, and often have a wide assortment of individual items in their stomachs. However, 

there were just a few species that dominated coho salmon stomach contents by weight, and thus 

provide the bulk of their nutrition. Many of these energetically important prey were marine 

invertebrates (i.e., amphipods, cumaceans, mysids), although terrestrial insects (primarily 

dipterans) were also a common component of the diet. When fish were present in the diet, they 

often made up a large proportion of the stomach content weight and the probability of consuming 

fish was higher for larger coho salmon. Marine invertebrates may represent a key transitional 

prey item for small, gape-limited juvenile salmon that allow them to more quickly achieve a size 

capable of consuming fish. While energy densities of amphipods can vary by species, location, 

and season, they can be as high as 5,000 J/g (Weil et al. 2018). Insect energy densities can also 

vary by season and species, but energy densities for chironomids during summer months have 

been measured at approximately 15,000 J/g (Bertoli et al. 2018). A combination of energy 

density and prey size will determine the ultimate energy gain from a single meal. To illustrate, 

one coho salmon stomach from 2014 contained 34 individual chironomids weighing a total of 

0.01 g, while a different stomach contained 17 individual gammarid amphipods with a total 

weight of 0.13 g. Based on the energy densities above, the energy content of the chironomid 

meal was 147 J, whereas the energy content of the gammarid amphipod meal was 648 J. 

Amphipods are considerably larger than chironomids, and a single amphipod is likely to provide 
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more energy than a single chironomid, so juvenile coho salmon may benefit from transitioning to 

marine invertebrate prey as soon as they enter the estuary to maximize growth during this period. 

As anticipated, coho salmon length was an important predictor of fish presence in a 

stomach, and the effects of site and season were insignificant. Our samples indicated that 

juvenile salmon as small as 65 mm are able to eat fish, and the probability of consuming fish 

increases with size. Lager fish are able to pursue more mobile prey like other fishes and longer 

coho salmon also have larger gape widths to consume large vertebrate prey items. Site and 

season may not have had significant effects because in addition to coho salmon length, the 

transition to piscivory is likely related to prey availability, which is often inconsistent across sites 

and seasons. 

 Our analyses indicated diet differences among sites and between regions, most notably 

that diets were more similar across sites in Lynn Canal than sites in Kachemak Bay. For 

example, diet of Anchor River and China Poot Bay fish was heavily marine compared to Jakolof 

Bay fish, which had mostly consumed terrestrial prey. Some of the larger juvenile salmon 

captured in 2019 were caught in the Tutka Bay estuary, and their diets contained fish and 

decapod larvae, indicating that these larger fish had diets starting to resemble coho salmon 

caught in more marine waters (Weitkamp and Sturdevant 2008, Adams et al. 2017, Daly et al. 

2019, Fergusson et al. 2020). The variability in prey communities may reflect the heterogeneity 

of habitats across the Kachemak Bay sites, which range from fjord-like pocket estuaries to 

shallow river deltas. Lynn Canal sites are shallow sloping river deltas, with more consistent 

depths and substrate types and lower exposure to oceanic circulation patterns compared to 

Kachemak Bay sites (Chapter 1, this thesis). The site variable may have also served as a proxy 

for other environmental differences driving foraging conditions for coho salmon. Vector fitting 
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analysis with the environmental data indicated that salinity and temperature explained some of 

the differences in coho salmon diets in 2019. Environmental conditions can be important drivers 

of fish diet. For example, in the Gulf of Alaska, diets of adult steelhead (Oncorhynchus mykiss) 

during a particularly warm year were characterized by low energy density prey and toxic debris 

like plastics, compared to the relatively energy-rich diets of other years (Atcheson et al. 2012). 

Similarly, diets of coho salmon in the marine environment were dominated by euphausiids in 

2015 during the marine heatwave, but dominated by fish and decapod larvae during cooler years 

(Fergusson et al. 2020). Diet and consumption rate are indicators of ocean survival rates in pink 

salmon in the GOA (Beauchamp et al. 2007), and in some cases, environmental conditions may 

alter the availability of key prey items. However, in this case, temperature and salinity together 

only explained about 12% of the variation in diet, so there are likely other factors including prey 

availability, timing of estuarine entry, and coho salmon size that are at play. 

 Perhaps the most unexpected result was the difference in juvenile coho salmon diet 

composition between years in the Lynn Canal region. While year did not explain a large 

proportion of the variation in diet, it was a more important predictor than site, and becomes an 

interesting factor when we consider the contrasting climatic conditions of 2014 and 2019. 

Summer of 2014 was cold and wet in Southeast Alaska, with 61.7 cm of rainfall recorded at the 

Juneau airport, while 2019 was among the hottest and driest summers on record, with only 26.6 

cm of rainfall (NOAA 2020). Diets of coho salmon collected in 2014 were dominated by 

terrestrial flies and their larvae, while 2019 diets included a higher proportion of marine 

invertebrates. One potential explanation may be that divergent weather conditions affected prey 

availability to coho salmon or foraging habitat in the estuary. During a rainy summer, more 

flying insects might be knocked into the water by precipitation, where they float on the surface to 
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be consumed by small fishes. During warm conditions, salmon may seek a cooler thermal refuge 

in deeper marine habitats, thereby gaining access to benthic marine invertebrates, such as 

gammarid amphipods.   

There were also differences in the diversity of prey in coho salmon stomachs between the 

two years, with 2014 diets including a greater number of unique prey taxa compared to 2019 

diets (Figure 2.4). This difference can be attributed, in part, to the greater contribution of insects 

to coho salmon diets in 2014. It is possible that the fish sampled in 2014 had more recently 

emerged from their natal streams, where they are largely insectivorous, or were foraging in both 

the estuary and upstream. The finding that juvenile coho salmon may go back and forth between 

the estuary and nearby streams (Koski 2009, Hoem Neher et al. 2013, Shaul et al. 2013) makes it 

difficult to determine where the contents of a particular stomach were consumed. Thus, diet 

differences between years could have resulted from differences in prey availability, salmon 

foraging strategies, or some combination. For example, the timing of the transition to piscivory 

varied interannually for Chinook salmon in Willapa Bay based on the abundance of northern 

anchovies (Litz et al. 2017). Future studies that link juvenile coho salmon diets with their periods 

of occupancy in freshwater and marine habitats (e.g., through otolith microchemistry analysis;  

Hoem Neher et al. 2013) may better inform our understanding of coho salmon foraging strategies 

in relation to their estuarine life stage. 

 

Conclusions 

 

This study provided baseline information about juvenile coho salmon diets during their 

early marine stage, and raised new areas of inquiry to explore in future research. For example, 
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some of the fish captured in both Lynn Canal and Kachemak Bay were likely of hatchery origin 

and future work could be aimed at investigating resource partitioning between hatchery produced 

and wild-born coho salmon during their estuarine residence. Continued work on the ecology of 

juvenile coho salmon should also examine foraging strategies of nomads that move intermittently 

across the river-estuary interface and watershed-estuary drivers of prey selection. Our finding 

that juvenile coho salmon consume a wide range of prey types has positive implications for coho 

salmon in a changing climate. As environmental conditions impact productivity regimes, coho 

salmon will benefit from the ability to capitalize on a wide variety of prey sources. 
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Tables 

 

Table 2.1. Number and mean length of juvenile coho salmon collected from 10 sites in two 

regions of Alaska (Kachemak Bay and Lynn Canal) during April–September of 2014, 2019, and 

2020. 

 2014 

 

2019 2020 

Estuary Site N Mean 

Length 

(mm) 

N Mean 

Length 

(mm) 

N Mean 

Length 

(mm) 

Kachemak Bay 

Anchor River (AR)   11 116   

China Poot Bay (CP)   3 141   

Jakolof Bay (JB)   1 83.0 3 93.3 

Tutka Bay (TB)   14 112   

Wosnesenski River 

(WR) 

  16 94.4   

Lynn Canal 

Sheep Creek (SC)   8 101   

Cowee Creek (CC) 23 93.7 20 86.4   

Lemon Creek (LC)   3 85.0   

Eagle River (ER) 55 98.7     

Mendenhall River (MR) 18 85.6 17 92.1   

Total 96  93  3  
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Table 2.2. Model summaries for generalized linear models of the probability of fish in juvenile 

coho salmon stomachs. In total, four models were evaluated, with all combinations of the 

following predictors: site*day of year and fish length. K is the total number of parameters 

estimated; AIC is Akaike’s information criterion; ΔAIC is the difference between the AIC of 

each model and that of the best-performing model (i.e., the lowest AIC); and wi is the model 

weight. 

 

Model 

Number 

Model Parameters K AIC ΔAIC wi 

1 Length 3 202.19 0 0.87 

2 Site*day of year + length 22 217.15 14.96 0.00 

3 Null 2 206.05 3.85 0.13 
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Figures 

 

Figure 2.1. Map of sampling locations in two Gulf of Alaska regions: Kachemak Bay in southcentral Alaska (left) and Lynn Canal in 

southeastern Alaska (right). Sampling locations are indicated by circles, shaded by the percent glacier cover of the surrounding 

watershed. 
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Figure 2.2. Length distributions of juvenile coho salmon sampled in 2014, 2019, and 2020. 
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Figure 2.3. Boxplot of catch-per-unit-effort (N / 5 min of seining) of juvenile coho salmon in 

estuaries over time, all years and sites combined. The boxes show the interquartile range (IQR), 

lines within the boxes depict the median, and whiskers extend to the nearest observation within 

1.5*IQR. Points outside of whiskers represent outliers.  
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Figure 2.4. Cumulative species richness for coho salmon stomachs from all years and sites (top) 

and stomachs sampled only at the Mendenhall River and Cowee Creek estuary sites in 2014 and 

2019 (bottom). Bands show ±one standard deviation from the mean species accumulation curve. 
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Figure 2.5. Frequency of occurrence of each prey type (left) and proportion of the diet by prey 

weight (right), based on all coho salmon stomachs (n = 193). Prey are color coded in coarse 

categories based on prey type and origin. 
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Figure 2.6. Diet composition (proportion by weight) of all coho salmon by estuary site. 

Kachemak Bay sites are China Poot (CP), Anchor River (AR), Tutka Bay (TB), Jakolof Bay 

(JB), and Wosnesenski River (WR). Lynn Canal sites are Sheep Creek (SC), Cowee Creek (CC), 

Lemon Creek (LC), Eagle River (ER), and Mendenhall River (MR). Prey groups are color coded 

based on prey type and origin.  
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Figure 2.7. Non-metric multidimensional scaling ordination of coho salmon diet composition 

(2019 only), color coded by site (top) and by coho salmon length (bottom). Site acronyms are 

defined in Table 2.1. Vectors represent the direction of influence of prey items with correlations 

greater than 0.2. 
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Figure 2.8. Non-metric multidimensional scaling ordination showing juvenile coho salmon diet 

composition at Mendenhall River and Cowee Creek sites in 2014 and 2019. Vectors show 

influential species and environmental variables (inset). 
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Figure 2.9. Probability of fish found in the diet of coho salmon of varying lengths from 2014, 

2019, and 2020. Tick marks indicate presence or absence of fish in the stomachs of sampled 

coho salmon. Fitted line is the estimated mean probability of consuming fish at a given length 

and grey band denotes the 95% confidence band. 
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General Conclusion 

 

 

This work contributed to our knowledge of estuarine fish community and feeding ecology 

in high latitude, glacially influenced estuaries. It filled an important knowledge gap about 

juvenile coho salmon diet during the estuarine life stage and contributed to our understanding of 

the environmental drivers of fish community and size structure in GOA estuaries. It was, to our 

knowledge, the first study of its kind to use a paired sampling design to compare estuaries along 

a watershed gradient in two separate regions. 

 

Community ecology 

One of the most interesting results was the clear difference in fish community 

composition between Lynn Canal and Kachemak Bay, driven partially by the stronger marine 

influence in Kachemak Bay as reflected in high salinities. However, in both regions, we found a 

diverse assortment of species including estuarine residents, like Pacific staghorn sculpin and 

great sculpin; larval forage fishes, such as Pacific herring, surf smelt, and Pacific sand lance; and 

temporary estuarine residents, like juvenile Pacific salmon. We expected to find many of these 

species based on previous sampling in the areas and scheduled hatchery releases of juvenile 

Pacific salmon (Whitney et al. 2017, Whitney et al. 2018, ADFG 2019, DIPAC 2019, Duncan 

and Beaudreau 2019). Some species were rare and found only at a single sampling site (e.g., 

Pacific spiny lumpsucker at the Mendenhall River estuary), while others were only found in one 

region, like species from the family Gadidae in Kachemak Bay. While gadids were unique to 

Kachemak Bay and were somewhat unexpected in our shallow, nearshore sampling areas, we 

knew they might be present based on previous subtidal sampling  (Robards et al. 1999, Abookire 

et al. 2000, Laurel et al. 2007). The similarities between the fish communities in the two regions 
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emphasize the importance of estuaries as habitat for a variety of fishes across multiple life stages, 

while the differences highlight the fact that not all GOA estuaries behave the same way. While 

this work is not directly applicable to management of Alaska’s fisheries, it does provide evidence 

of the critical role estuaries play for many GOA fish species. As nearshore systems that are often 

close to roads or have high boat traffic, estuaries are vulnerable to pollution and habitat 

degradation (Elliott and Whitfield 2011), and their health is essential for the health of the Pacific 

salmon and forage fish populations that are so important to Alaska’s fisheries and food webs.  

 

Juvenile coho salmon diets 

The second chapter of this thesis filled a critical knowledge gap about juvenile coho diet 

in estuaries. We found a diverse array of prey items, including terrestrial and aquatic insects, 

marine invertebrates, and juvenile fishes. We expected to find many of these prey items based on 

juvenile coho salmon diet studies from freshwater, as well as diet studies of other estuarine 

predators like Dolly Varden (Johnson and Ringler 1979, 1980; Whitney et al. 2017; Duncan and 

Beaudreau 2019). These prey items suggest that juveniles have a range of foraging strategies in 

the estuaries, attacking insects on the surface, foraging in the benthos, and pursuing mobile prey 

like other fish. While our sample size did not allow for a quantitative comparison of diets among 

sites, it did give us the ability to observe coho diets in a broad range of estuary sites in two 

different regions of the Gulf of Alaska. Our findings have important implications for the future 

of juvenile coho salmon under changing climatic conditions. Many small marine invertebrates 

experience mortality during anomalously warm conditions, particularly during the juvenile stage 

(Pandori and Sorte 2019). If juvenile coho salmon relied entirely on one or two species for their 

nutritional needs, a recruitment failure of those prey could have disastrous consequences for 
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particular cohorts of salmon. However, because coho salmon have such a diverse portfolio of 

prey items during this life stage, a lack of one prey item is unlikely to produce negative 

consequences for their survival. Because juvenile Pacific salmon are already quite sensitive to 

temperature (Richter and Kolmes 2005), our findings are good news for Pacific salmon that are 

themselves physiologically vulnerable to temperature changes, but whose ability to meet their 

energetic demands may not be greatly impacted by shifting environmental conditions. 

The research presented in this thesis opens the door for many future studies, both in 

nearshore fish community ecology and coho salmon feeding ecology. This work is largely based 

upon data collected in 2019, which was the first year of field sampling for a 5-year project 

examining the freshwater, estuarine, and oceanographic patterns associated with different 

watersheds in Lynn Canal and Kachemak Bay. The next several years of sampling will provide a 

robust dataset to further our understanding of nearshore fish communities, including comparisons 

of fish assemblages between sampling years. These comparisons will be especially informative 

when paired with environmental data that captures the variable weather patterns of southeastern 

and southcentral Alaska. We were only able to capture environmental data through monthly 

point sampling in our estuary sites, but continuous environmental data measurements recorded 

with underwater sensors would better track the tidally-influenced and seasonal dynamics of 

estuarine conditions.  

One of the central problems in community ecology is the issue of scale, which is certainly 

a factor in this research. The initial motivation for this research was the possibility of a space for 

time substitution—that by studying estuaries along a gradient of watershed types (space), we 

might be able to anticipate the future of different systems (time). For example, by comparing an 

estuary downstream of a 60% glacierized watershed to an estuary downstream of a 20% 
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glacierized watershed, we would be able to predict what the estuary of the highly glacierized 

watershed might look like in 100 years. However, we quickly found that ten sites in two regions 

was not an adequate sample size to make these sweeping generalizations, and that the percent 

glacial cover of the associated watersheds may be too coarse a variable to explain patterns in fish 

communities. Instead, we found that small scale shifts in environmental variables are the 

important drivers of communities, and this is a useful finding. Glacier change is unlikely to 

impact estuarine fish deterministically, but rather, estuaries across the Gulf of Alaska may 

undergo nonlinear phase shifts and stochastic events that drive their ecological dynamics. In his 

2004 address to the American Society of Naturalists, Daniel Simberloff argued that some of the 

most impactful ecological studies have been highly localized (e.g., Paine 1966) and that there is 

great benefit in the knowledge that many ecological rules are contingent on the conditions of a 

particular environment (Simberloff 2004). Because of the research presented here, we have a 

better understanding of estuaries in Lynn Canal and Kachemak Bay that can inform future 

research and contribute to the suite of local ecological studies that make community ecology an 

immensely broad and fascinating field.  
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Appendices 

 

Appendix A: Supplemental Materials for Chapter 1 

 

 

 

Figure A1: Non-metric multidimensional scaling (NMDS) ordination performed on Bray-Curtis 

dissimilarities of sampled fish communities in Gulf of Alaska estuaries. Each point represents the 

fish community caught in an individual beach seine set during a sampling event (month x site 

combination). Points are color coded by month, with ellipses encompassing 95% of points per 

month. Vectors inset in the top right corner show the directional measure of influence of fish 

species (only correlations with R2 > 0.2 are shown).  
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Figure A2. Pacific staghorn sculpin length distributions over time for all sites combined 

(Mendenhall River, Eagle River, Cowee Creek, Sheep Creek) over all years sampled. The boxes 

show the interquartile range (IQR), lines within the boxes depict the median, and whiskers 

extend to the nearest observation within 1.5*IQR. Points outside of whiskers represent outliers.  
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Figure A3. Starry flounder length distributions over time for all sites combined (Mendenhall 

River, Eagle River, Cowee Creek, Sheep Creek) over all years sampled. The boxes show the 

interquartile range (IQR), lines within the boxes depict the median, and whiskers extend to the 

nearest observation within 1.5*IQR. Points outside of whiskers represent outliers. 
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Figure A4. Length distributions of Pacific staghorn sculpin (top) and starry flounder (bottom) 

caught at the Sheep Creek estuary site in 2016, 2017, and 2019. Blue lines indicate median 

monthly length and red lines indicate mean monthly length. 
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Figure A5. Length distributions of Pacific staghorn sculpin (top) and starry flounder (bottom) 

caught from the Mendenhall River estuary site in 2014, 2016, 2017, and 2019. Blue lines 

indicate median monthly length and red lines indicate mean monthly length. 
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Figure A6. Non-metric multidimensional scaling of ordination of a) Lynn Canal fish 

communities and b) Kachemak Bay fish communities based on Bray-Curtis dissimilarities. 

Points represent one set of the net and are color coded by site from most glacially influenced 

(top) to least glacially influenced (bottom). 
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Table A1. Coefficient estimates for all generalized additive models of log-transformed Pacific staghorn sculpin and starry flounder 

lengths. Estimates for all continuous variables have been standardized to have a mean of 0 and a standard deviation of 1. 
Pacific Staghorn Sculpin 

Model X 

Interc

ept 

Site.

ER 

Site.

MR 

Site.

SC 

Day of 

Year 

Net Day of 

Year*ER 

Day of 

Year*MR 

Day of 

Year*SC 

Year.

2014 

Year.

2016 

Year.

2017 

Year.

2019 

Tempe

rature 

Sali

nity 

Turbi

dity 

Year + Site*Day of Year 

+ Net 

4.977 0.06

5 

-

0.03

1 

-

0.20

0 

0.258 0.0

29 

-0.446 -0.241 0.235 0.074 -

0.073 

0.109 -

0.110 

   

Salinity + Turbidity + 

Net 

5.062 
    

-

0.1

00 

        
-

0.16

2 

0.045 

Temperature + Salinity 

+ Turbidity + Net 

5.059 
    

-

0.1

06 

       
0.031 -

0.13

4 

0.051 

Temperature + Turbidity 

+ Net 

5.050 
    

-

0.1

17 

       
0.103 

 
0.082 

Site*Day of Year + Net 5.003 0.07

0 

-

0.02

8 

-

0.21

9 

0.256 -

0.0

32 

-0.472 -0.244 0.236 
       

Turbidity + Net 5.052 
    

-

0.0

96 

         
0.085 

Year + Net 4.957 
    

0.0

34 

   
0.089 -

0.087 

0.108 -

0.111 

   

Temperature + Net 4.969 
    

-

0.0

44 

       
0.098 

  

Temperature + Salinity 

+ Net 

4.964 
    

-

0.0

39 

       
0.089 -

0.01

8 

 

Salinity + Net 4.963 
    

-

0.0

21 

        
-

0.05

3 

 

Net 4.979 
    

-

0.0

32 

          

Null 4.963 
               

 

9
7
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Table A1 continued. 

 
Starry Flounder 

Temperature + Salinity 

+ Turbidity + Net 

4.927     0.0

66 

       0.428 0.18

3 

0.326 

Temperature + Turbidity 

+ Net 

4.949     0.0

72 

       0.306  0.280 

Salinity + Turbidity + 

Net 

4.970     0.0

96 

        -

0.23

8 

0.240 

Turbidity + Net 4.934     0.1

05 

         0.323 

Year + Site*Day of Year 

+ Net 

4.934 0.27

8 

-

0.19

0 

-

0.42

5 

0.174 0.2

88 

0.028 -0.057 0.323 0.137 0.146 0.055 -

0.339 

   

Site*Day of Year + Net 5.043 0.28

5 

-

0.18

0 

-

0.43

8 

0.183 0.1

83 

0.003 -0.070 0.341        

Temperature + Net 5.020     0.1

25 

       0.440   

Temperature + Salinity 

+ Net 

5.011     0.1

38 

       0.390 -

0.06

6 

 

Salinity + Net 4.999     0.1

94 

        -

0.30

8 

 

Year + Net 4.940     0.2

68 

   0.164 0.141 0.057 -

0.362 

   

Net 5.059     0.1

47 

          

Null 5.110                

9
8
 

 



 99 

Table A2. Environmental data for 2019 sites and months. All temperature, salinity, dissolved 

oxygen, and turbidity measurements were recorded in estuaries adjacent to river mouths. 

Discharge measurements were recorded using stream gauges in the rivers.  

 Region 

 

Lynn Canal 

 

Kachemak Bay 

 Site SC CC LC ER MR JB TB HC WR GR 

Temp (°C) Apr 5.6 4.8 6.5 5.1 NA 6 6.1 5.8 7.6 5.9 

 May 7.3 6.7 6.9 6.6 7 7 7.2 7.2 6.9 7 

 Jun 10.1 11.6 10.3 12 11.9 9.7 7.1 9.7 8.6 10.2 

 Jul 13.1 15.7 13.7 16.8 14.6 12.6 13.1 13.2 14.3 14.6 

 Aug 11.8 14.2 12.5 14.1 13.3 12.4 11.5 12.6 11.5 13 

 Sept 10.3 11.8 9.4 11.1 11.9 11.7 12.7 11.4 10.6 11.6 

Salinity (ppt) Apr 30.5 32.7 NA 32 NA NA NA 35.4 27.7 31.6 

 May 28.1 31.9 7 32.2 27.6 29.9 30.2 30.5 30.6 31.1 

 Jun 18.3 27.3 10.1 24.8 22.3 31.7 29.3 28.5 29.9 28.6 

 Jul 14.9 17.9 6.5 18.9 20.5 29.9 23.1 27.6 21.9 24.8 

 Aug 20.9 18.1 17.7 20.1 18.8 31.1 29.4 27.6 28.4 23.7 

 Sept 23.1 25.1 17.4 23.2 23.9 31.2 30.3 29.3 31.7 30 

DO (mg/L) Apr 16.3 10.1 11.4 12.6 NA NA 12 NA 13.5 12.2 

 May NA NA NA NA NA 12.4 13.8 11.4 11.1 11.2 

 Jun 12.7 12.5 10.1 12.6 13 12.9 13 11.7 10.8 10.8 

 Jul 11.6 10.1 9.8 10.4 10.2 11 12.2 11.1 10.7 10.3 

 Aug 10.2 9.5 9.7 9.5 10 10.1 10.9 10.2 10.1 10.1 

 Sept 9.7 10 8 10.7 10.1 97 11.4 10.5 9 10.8 

Turbidity (NTU) Apr 1.03 0.72 4 0.89 2.18 NA NA NA NA NA 

 May 7.71 1.36 5.77 0.64 10.53 NA 1.15 1.07 5.1 1.25 

 Jun 1.73 1.71 5.06 1.14 1.75 2.14 1.99 2.79 18.0 3.93 

 Jul 3.08 5.16 6.55 2.12 8.57 3.89 5.13 2.76 22.1 2.99 

 Aug 1.98 2.54 2.03 0.79 9.09 1.57 1.93 3.49 10.24 4.11 

 Sept 1.67 1.55 4.62 5.11 2.41 3.37 7.72 8.96 2.2 4.84 

Discharge (cms) Apr NA 3.94 1.06 8.44 6.37 0.02 3.63 0.99 NA NA 

 May 1.91 7.3 4.59 11.01 22.63 0.01 5.19 3.65 92.93 NA 

 Jun 1.24 6.44 11.33 50.3 44.46 0.06 9.1 6.55 104.3 22.3 

 Jul 0.91 12.5 11.81 80.19 108.17 0.03 12.82 14.55 145.2 52.96 

 Aug 0.55 7.5 8.24 64.9 88.63 NA 5.54 5.63 96.12 46.92 

 Sept 0.92 6.73 7.05 58.87 60.6 0.1 3.55 9.25 133.4 29.82 
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Appendix B: Supplemental Materials for Chapter 2 

 

Table B1. Original prey identification with reclassification and coarse categories of prey type 

and origin used in analysis. All prey items were identified from the stomachs of juvenile coho 

salmon obtained from Lynn Canal estuaries during the summers of 2014 and 2019 and 

Kachemak Bay estuaries during the summer of 2019. 

 

Original identification Reclassified for 

analysis 

Type Habitat 

Pacific herring Clupeiform Fish fish marine 

Teleost Fish fish marine 

Pholidae Perciform Fish fish marine 

Snake Prickleback Perciform Fish fish marine 

Pleuronectidae (Family) Pleuronectiform Fish fish marine 

Pleuronectiformes 

(Order) 

Pleuronectiform Fish fish marine 

Salmon Salmoniform Fish fish marine 

Agonidae (poacher) Scorpaeniform Fish fish marine 

Sculpin Scorpaeniform Fish fish marine 

Pacific sand lance Trachiniform Fish fish marine 

Americorophium 

spinicorne 

Amphipoda invertebrate marine 

Amphipod Amphipoda invertebrate marine 

Amphipoda Amphipoda invertebrate marine 

Gammarid Amphipoda invertebrate marine 

Bivalve Bivalvia invertebrate marine 

Blue mussel Bivalvia invertebrate marine 

Clinocardium nuttallii Bivalvia invertebrate marine 

Copepod Copepoda invertebrate marine 

Harpacticoida Copepoda invertebrate marine 

Cumacean Cumacea invertebrate marine 

Crangon Decapoda invertebrate marine 

Crangon genus shrimp Decapoda invertebrate marine 

Dendrobranchiate 

(shrimp and prawns) 

Decapoda invertebrate marine 

Decapod larvae Decapoda (larvae) invertebrate marine 

Eumalacostraca Eumalacostraca invertebrate marine 

Euphausiidae Euphausiacea invertebrate marine 

Gastropod Gastropoda invertebrate marine 

Littorina sitkana 

(Periwinkle) 

Gastropoda invertebrate marine 

Sea Louse Hexanauplia invertebrate marine 

Isopod Isopoda invertebrate marine 

Oregon pillbug Isopoda invertebrate Marine 
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Table B1 continued. 

 

Mysid Mysida invertebrate marine 

Crustacean OMIT invertebrate marine 

Ostracod Ostracoda invertebrate marine 

Paguroidea Paguroidea invertebrate marine 

Paguroidea (Hermit 

crab) 

Paguroidea invertebrate marine 

Errantia polychaetes Polychaeta invertebrate marine 

Polychaeta Polychaeta invertebrate marine 

Pycnogonida Pycnogonida invertebrate marine 

Elmidae Coleoptera invertebrate riverine 

Chironomidae Larvae Diptera (larvae) invertebrate riverine 

Ephemeroptera larvae Ephemeroptera 

(larvae) 

invertebrate riverine 

Belostomatidae (Water 

bug) 

Hemiptera invertebrate riverine 

Hebridae Hemiptera invertebrate riverine 

Arachnida Arachnida invertebrate terrestrial 

Araneae (Spiders) Arachnida invertebrate terrestrial 

Mite/Tick (Acari) Arachnida invertebrate terrestrial 

Pseudoscorpion Arachnida invertebrate terrestrial 

Coleoptera Coleoptera invertebrate terrestrial 

Narrow rove beetle Coleoptera invertebrate terrestrial 

Ptilodactylidae Coleoptera invertebrate terrestrial 

Rove beetle Coleoptera invertebrate terrestrial 

Coleoptera larva Coleoptera (larvae) invertebrate terrestrial 

Coleoptera larvae Coleoptera (larvae) invertebrate terrestrial 

Chironomidae Adult 

(midge) 

Diptera invertebrate terrestrial 

Chironomidae Diptera invertebrate terrestrial 

Culicidae (Mosquitoes) Diptera invertebrate terrestrial 

Diptera Diptera invertebrate terrestrial 

Paraclunio alaskensis 

(AK seaside midge) 

Diptera invertebrate terrestrial 

Syrphid fly Diptera invertebrate terrestrial 

Tephritidae (Fruit flies) Diptera invertebrate terrestrial 

Tipulidae (Crane flies) Diptera invertebrate terrestrial 

Poduridae (Springtail) Entognatha invertebrate terrestrial 

Sminthuridae Entognatha invertebrate terrestrial 

Hemiptera Hemiptera invertebrate terrestrial 

Hymenoptera Hymenoptera invertebrate terrestrial 

Lepidoptera Lepidoptera invertebrate terrestrial 

Odonate (Dragon and 

damsel flies) 

Odonata invertebrate terrestrial 

Orthoptera 

(Grasshoppers) 

Orthoptera invertebrate terrestrial 
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Table B1 continued. 

 

   

Plecoptera (Stone fly) Plecoptera invertebrate terrestrial 

Trichoptera Trichoptera invertebrate terrestrial 

Ceoleoptera Coleoptera invertebrate terrestrial/riverine 

Calliphoridae Diptera invertebrate terrestrial/riverine 

Muscidae (House flies) Diptera invertebrate terrestrial/riverine 

Muscidae (House fly) Diptera invertebrate terrestrial/riverine 

Ceratopogonidae 

(Biting Midge) Larvae 

Diptera (larvae) invertebrate terrestrial/riverine 

Diptera pupa Diptera (larvae) invertebrate terrestrial/riverine 

Diptera larvae Diptera (larvae) invertebrate terrestrial/riverine 

Poduridae (Springtail) Entognatha invertebrate terrestrial/riverine 

Rhopalidae Hemiptera invertebrate terrestrial/riverine 

Insecta OMIT invertebrate terrestrial/riverine 

Tridactylidae Orthoptera invertebrate terrestrial/riverine 

Perlodid stonefly Plecoptera invertebrate terrestrial/riverine 

EMPTY OMIT na unknown 

NA OMIT na unknown 

Rock OMIT na unknown 

Unknown OMIT na unknown 

Unknown eggs OMIT na unknown 

Unknown parasite OMIT na unknown 

Unknown Tissue OMIT na unknown 

Unknown Vegetation OMIT na unknown 
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Table B2. Diet composition (percent prey by weight) of juvenile coho salmon by site and year. 

Juvenile coho salmon were sampled in Lynn Canal in 2014 and 2019 and Kachemak Bay in 2019 

and 2020. Site acronyms are defined in Table 2.1. 
 Lynn Canal Kachemak Bay 

 2014 2019 2020 

Taxon CC ER MR SC CC LC MR CP AR TB JB WR JB 

Agonidae             3.09  

Americorophium 

spinicorne 

 0.13  0.32   0.20    18.3   

Amphipoda   0.47 1.25 0.96  0.11     1.76  

Arachnida     0.01  0.04       

Araneae  0.41 0.57 0.95           

Belostomatidae   0.09            

Bivalve  0.27            

Blue mussel  0.13            

Chironomidae 1.14 7.01 10.5           

Chironomidae Larvae  0.17 0.29       2.13    

Clinocardium 

nuttallii 

 0.06            

Coleoptera 0.13 0.62 0.49   0.23  3.93  12.7    

Coleoptera larvae  0.51  0.88 0.01 0.18 0.02   0.31  0.02  

Copepod 0.82 5.58 3.31 0.26 10.8 0.12 1.53     2.61  

Crangon    5.26 0.79  1.07     0.88  

Culicidae  0.01 0.32            

Cumacean 75.02 11.28 5.68 1.40 12.4  9.62   2.51 1.22 7.07  

Decapod larvae        2.90  20.5    

Dendrobranchiate      0.12         

Diptera 3.28 18.6 8.98 5.37 1.42 7.36 4.58 6.20  0.05 79.3 26.8 1.18 

Diptera larvae 0.33 0.74 0.19 1.89 0.02  0.18 0.11  23.7 1.22  14.4 

Elmidae  0.66            

Ephemeroptera 

larvae 

   0.24          

Eumalacostraca  0.13            

Euphausiidae          0.31    

Gammarid 7.22 15.2 26.6 32.1 38.1 89.4 39.2 2.10 80.3 9.73  49.9 29.2 

Gastropod  0.13   0.06     0.52    

Hebridae 0.02             

Hemiptera 0.07 0.01   0.09 0.06 0.01       

Hymenoptera 0.26    0.01  0.03   0.44    

Isopod     0.51  2.17   0.02    

Lepidoptera 0.00 0.25           55.2 

Littorina sitkana 0.08 0.18            

Mite/Tick   0.57 0.47           

Mysid 1.72 3.93 1.90 2.69 4.62  29.3   0.80  2.01  

Narrow rove beetle  0.04  4.67   0.01       

Odonate  1.71 0.17 0.28           

Oregon pillbug 0.25 1.52  4.76 0.27  0.16     0.01  

Orthoptera 0.02             

Orthoptera  0.10 0.15 0.47  0.01     0.11    

Ostracod  0.13            

Pacific herring 0.98  0.47           

Pacific sand lance 1.64 10.0 1.90  22.9  11.0  11.9     

Paguroidea   0.95 0.06 0.50       5.81  
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Table B2 continued. 

 

             

Paraclunio 

alaskensis  

 0.13            

Pholidae 0.08             

Plecoptera 0.24 0.13 0.06           

Plecoptera  0.02 0.15            

Pleuronectidae    0.79       1.00    

Pleuronectiformes    0.16           

Poduridae  0.34 0.04 0.27 0.04 0.04       0.03  

Polychaeta 1.07 2.66 0.95 4.95 6.30 1.58 0.72     0.02  

Pseudoscorpion     0.01  0.01       

Ptilodactylidae  0.30            

Pycnogonida     0.01         

Rove beetle 0.05 1.15 0.55           

Salmon  4.68 17.1           

Sculpin   0.95           

Sea Louse          0.22    

Sminthuridae 0.01             

Snake Prickleback 2.13             

Syrphid fly  0.19 0.08           

Teleost 0.57 9.88 15.2 32.4    84.7 7.78 24.9    

Tephritidae   1.24            

Tipulidae  0.19 0.13 0.08           

Trichoptera    1.48  1.05 0.07       

Unknown eggs  0.13            

Unknown parasite 0.08 0.13            

 

 

  



 105 

Appendix C: Permits  

 

Appendix C.1: 2019 ADFG collection permit 
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Appendix C.2: 2019 Department of Natural Resources Park use permit 
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Appendix C.3: UAF IACUC Approval 

 

 

 


