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Abstract 

Estuaries are valuable nursery and stopover habitats that support mobile consumers 

during their ontogenetic migrations such as juvenile anadromous salmon. My first data 

chapter was an extensive field study that examined how two salmon and two small 

pelagic fish integrate with key prey across the estuary of the Skeena River. The different 

fishes selected different prey that were unevenly distributed across the estuary 

seascape in time and space; however, some prey were associated with biophysical 

factors like salinity and eelgrass. My next chapter compiled empirical published data on 

five species of juvenile salmon growth rates and residency durations. Several species 

had poor coverage of these aspects, but it was evident that different salmon species and 

life history strategies have different growth rates and residency durations in estuaries. 

Collectively, this work adds and organizes empirical support for valuing estuaries as 

important habitat for juvenile salmon. 

Keywords:  estuary; Oncorhynchus; ontogenetic diet; nursery; growth; residency 
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Chapter 1.  
 
Introduction 

Estuaries are important nurseries for many mobile species because they provide 

a productive, protected, and connected mosaic of habitats (Beck et al. 2001, Sheaves et 

al. 2015). Estuaries are considered some of the most productive areas on earth (Cloern 

et al. 2014), and their productivity creates a prey base (Jones et al. 1990, Griffin & 

Rippingale 2001, Marques et al. 2007) that underpins their function as nurseries 

(Sheaves et al. 2015). They also provide an environment that can have relatively fewer 

predators than most ocean areas (McCabe et al. 1983, Willette 2001). Perhaps most 

importantly, they provide connectivity between refugia and foraging grounds at a small 

spatial and temporal scales, and between habitats used during ontogenetic migrations 

on a longer scale (Sheaves et al. 2015).  

Anadromous salmon are an example group of species that benefit from estuaries 

during their ontogenetic migration from fresh water to the ocean (Thorpe 1994). Several 

studies show enhanced growing opportunities in estuaries compared to fresh water 

(Tschaplinski 1987, Murphy et al. 1997, Wallace & Allen 2007, Hoem Neher et al. 2013), 

which can lead to increased survival in subsequent life stages (Healey 1982b, Holtby et 

al. 1990, Beamish et al. 2004, Moss et al. 2005, Duffy & Beauchamp 2011). There is 

mixed evidence of the amount of direct predation on juvenile salmon in estuaries 

(Johnston 1982, McCabe et al. 1983, Bottom & Jones 1990, Evans et al. 2016) but it is 

typically thought to be lower than in ocean environments (Willette 2001). Finally, in 

addition to connecting anadromous salmon between their fresh- and saltwater 

ontogenetic stages, estuaries provide a salinity gradient that may ease their required 

osmoregulatory transition (Taylor 1921) that can result in physiological stress 

(Tschaplinski 1987, Healey 1991a) or reduced swimming capabilities (Weitkamp 2008). 

Accordingly, there is evidence that the condition of estuaries can influence survival of 

salmon and influence their population productivity (Magnusson & Hilborn 2003, Meador 

2014). 

Estuaries are incredibly dynamic environments that mobile consumers must 

integrate over. Dynamic gradients and variability in estuary conditions can create 
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variable distributions of predation pressures (Gregory 1993, Gregory & Levings 1998), 

foraging efficiencies (Griffiths 1973, 1975, Gregory & Northcote 1993), and prey 

(Marques et al. 2007, David, Selleslagh, et al. 2016), A prey’s abundance affects its 

availability to mobile consumers (Griffiths 1975). The trade-offs between foraging 

opportunity and predation risk influence both within-habitat movement (Halpin 2000) and 

the decision to move to new habitats (Werner & Hall 1988, Willette 2001). Individuals 

who make successful behavioural decisions based on foraging and predation pressures 

optimize their survival and eventually contribute back to the population (Walters & 

Juanes 1993). Additionally, a juvenile salmon’s foraging capabilities are limited by the 

physiology of their ontogenetic stage, such as gape or burst speed limitations (Lazzaro 

1987), with different life histories of juvenile salmon having variable abilities (Thorpe 

1994, Bollens et al. 2010). Various antipredator mechanisms of prey (Buskey et al. 2002, 

Clarke et al. 2005) interact with foraging ability to affect the availability of prey (Griffiths 

1973). Given that estuaries are just one step in a salmon’s life cycle, their growth and 

condition in this phase can also influence the survival in next life-history stage (Duffy & 

Beauchamp 2011). Thus, juvenile salmon in estuaries provide a system in which to 

consider complex life-cycles and how they interact with complex environments.  

Estuaries are changing quickly and there are variable knowledge gaps in juvenile 

salmon estuary ecology across different species and life-history stages. Climate change 

and anthropogenic development in estuaries is changing their quality and quantity at a 

rapid rate (McClelland & Valiela 1998, Lotze et al. 2006, Thorne et al. 2018). There is 

evidence that habitat loss in wetlands negatively affects juvenile salmon foraging 

efficiency (David, Simenstad, et al. 2016). However, baseline information is lacking on 

juvenile salmon behaviour across many species and life-histories in estuaries (Brodeur 

et al. 2000, Pickard et al. 2015, Levings 2016). This thesis addresses specific knowledge 

gaps, synthesizes existing knowledge, and identifies knowledge gaps for future research 

to investigate. Specifically, I investigated juvenile salmon food web ecology in an estuary 

under increasing anthropogenic development threat, the Skeena River estuary, and 

synthesized the current state of knowledge on growth and residency across life-histories 

of anadromous Pacific salmon in North American estuaries. 

My first data chapter (Chapter 2) is an extensive field study that examined how 

two juvenile salmon species and two small pelagic fish species integrate with key prey 

across the estuary of the Skeena River. I asked i) how are prey distributed in the estuary 
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across space and time, ii) what are the most important and selected prey of these four 

fish species, iii) do biophysical factors of the estuary co-vary or predict diet variability, 

and iv) can variability in prey abundance be predicted by biophysical factors? I collected 

fish from purse seining and plankton from concurrent vertical plankton tows to allow 

comparisons between diets and prey in the environment. I found that different fish 

species selected different prey that were unevenly distributed across the estuary 

seascape in time and space. I also found that some prey abundances in either diets or 

the environment were associated with biophysical factors like salinity, eelgrass, or catch 

per unit effort. I discuss these results through the lens of landscape ecology, as 

previously suggested (Nagelkerken et al. 2015), and explore differences in diets using 

ontogenetic niche theory (Werner & Gilliam 1984) and species-level differences in 

physiology and behaviour (Lazzaro 1987). 

My next chapter compiled empirical published data on five species of juvenile 

salmon growth rates and residency durations. Growth rates and residency are two key 

variables that reflect the relationship between juvenile salmon and estuaries. I asked i) 

what is the spatial and biological (i.e. species and life histories) coverage of information 

on growth rates and residency durations? ii) what methods are used to quantify estuary 

residence and growth and do different methods yield different estimates? and iii) how 

does the mean and variability between species and life-histories differ? I conducted a 

rigorous literature review to compile empirical estimates. Coverage of these aspects 

varied greatly across species’ life-histories, but it was evident that different salmon 

species and life-history strategies have different growth rates and residency durations in 

estuaries. I conclude by introducing several hypotheses that could explain the variation 

in average estuary growth rates and residency durations within species. 

I conclude my thesis by overviewing the key findings of these studies and 

discuss implications to management and future directions. Overall, my research provides 

a case-study that enhances the local knowledge of a single complex system, highlights 

differences in eco-evolutionary drivers between co-occurring estuarine fishes, and 

synthesizes the state of knowledge and trends in juvenile salmon estuary use. 
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Chapter 2.  
 
Integrating prey dynamics, diet, and biophysical 
factors across an estuary seascape for four fish 
species 

2.1. Abstract 

Estuary food webs support many fishes whose habitat preferences and 

population dynamics may be controlled by prey abundance and distribution. Yet the 

identity and dynamics of important estuarine prey of many species are either unknown or 

highly variable between regions. As anthropogenic development in estuarine areas 

increases, so does the need to understand how these environments may be supporting 

economically, culturally, and ecologically important fishes. Here, we surveyed juvenile 

coho salmon Oncorhynchus kisutch, juvenile sockeye salmon O. nerka, Pacific herring 

Clupea pallasii, and surf smelt Hypomesus pretiosus diets along with zooplankton 

abundance in the estuary of the Skeena River (British Columbia, Canada). We examine 

how these predators integrate with their prey across the seascape and what may 

influence prey dynamics. We found diets were highly variable, even within a species, but 

one or two prey comprised the majority of diet contents per species. Juvenile coho 

salmon primarily consumed terrestrial insects and larval fish, whereas sockeye salmon 

primarily consumed Harpacticoid copepods, which increased in both coho and sockeye 

diets over the season. In contrast, small pelagic fish (Pacific herring and surf smelt) 

primarily consumed Calanoid copepods, which were the most abundant prey in the 

environment. We found that certain prey groups were correlated with biophysical factors. 

For example, Calanoid copepod abundance was positively correlated with salinity while 

Harpacticoid copepod abundance was highest over eelgrass sites. Identifying key prey 

species and how they distribute within the estuary seascape is an integral link in 

understanding the food-web foundation of fish habitat use in areas under pressure from 

anthropogenic development. 

Keywords: juvenile salmon, small pelagic fish, diet, prey, estuary, Oncorhynchus, 

Clupea, Hypomesus 



5 

2.2. Introduction  

Marine prey are highly heterogenous across space and time (Hutchinson 1961, 

Hunt Jr. 1990, Barry & Dayton 1991), creating both challenges and opportunities for 

mobile consumers. For example, infrequent pulses of prey due to stochastic processes 

or seasonal dynamics and prey phenology can create temporary prey hotspots for 

predators (Croll et al. 2005, Yang et al. 2008). Further variation of prey abundance 

across space and time may be driven by major habitat transitions, abiotic preferences of 

prey, environmental dynamics, and top down effects of predators (Telesh & Khlebovich 

2010, Lannin & Hovel 2011, David, Selleslagh, et al. 2016). Studying these aspects in 

marine environments is difficult, but increased application of landscape ecology 

approaches to seas (or seascapes) has improved our understanding of faunal-seascape 

relationships (Boström et al. 2011). The dynamics and heterogeneity of prey across 

seascapes, which are dynamic and heterogeneous themselves (Boström et al. 2011, 

Nagelkerken et al. 2015), can increase risks of starvation and predation to mobile 

consumers (Frank & Leggett 1986, Letcher & Rice 1997, Pitchford 2001, Chittenden et 

al. 2010). To cope with this spatio-temporal variation in prey, predators respond 

behaviourally by modifying their distributions (e.g. migration) and search patterns (e.g. 

Lévy walk) to increase encounter rates with prey patches (Viswanathan et al. 1996, Croll 

et al. 2005, Sims et al. 2008). Alternatively, mobile predators may integrate across 

staggered, smaller pulses of prey that occur over the variable seascape (e.g. prey waves 

instead of hot spots) to achieve more extended and consistent feeding opportunities 

(Armstrong et al. 2016). Different species of predators have different prey preferences, 

foraging abilities, and employ different search movements to survive and thrive in 

heterogeneous prey seascapes (Deudero & Morales-Nin 2001, Graeb et al. 2005).  

Thus, understanding the prey dynamics of seascapes is a key component of 

understanding the ecology of their consumers.  

Estuaries can be prey-rich places for planktivorous fishes (St. John et al. 1992, 

Thorpe 1994, Selleslagh et al. 2012, Levings 2016), but they are driven by multiple 

biophysical processes that produce particularly dynamic prey fields. Here, we refer to 

estuaries as the tidally-influenced portions of rivers that have saltwater influence and the 

constituent bays that have freshwater influence (Perillo 1995). Productivity in estuaries is 

derived from the combination of riverine inputs and upwelled ocean nutrients, as well as 
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local production from sea grasses, salt marshes, benthic and epiphytic algae, and 

microbes (Cloern et al. 2014). Each of these sources have seasonal patterns, often 

creating large phytoplankton blooms followed by zooplankton blooms (Cloern 1996, 

Mackas et al. 2012). In addition, zooplankton within an estuary must compete with a 

hydrodynamic hurricane of tides and currents that interfaces with a variety of habitats to 

remain in their optimal environment (Palmer 1988, Lucas, Koseff, Monismith, et al. 1999, 

Menendez et al. 2012, David, Selleslagh, et al. 2016). For example, rising tides over 

intertidal areas can push pelagic zooplankton into high density patches (David, 

Selleslagh, et al. 2016). In contrast, benthic and epibenthic zooplankton are known to 

have higher site fidelity than pelagic species because they can bury or attach 

themselves to their substrate and avoid this redistribution (Palmer 1988). Temperature 

and turbidity are also strong drivers of zooplankton habitat preference and are linked 

with their growth and reproductive development (Huntley & Lopez 1992, Morgan et al. 

1997). Thus, a dynamic mosaic of zooplankton prey provide the resource base for 

planktivorous fishes that may rely on estuaries for staging or important nursery habitats 

(Beck et al. 2001, Sheaves et al. 2015, Nagelkerken et al. 2015). 

Multiple economically, culturally, and ecologically important small fishes such as 

juvenile coho salmon Oncorhynchus kisutch, juvenile sockeye salmon O. nerka, adult 

Pacific herring Clupea pallasii, and adult surf smelt Hypomesus pretiosus are supported 

by zooplankton and other food sources in estuaries along the West Coast of North 

America (Table A1). Food webs supporting juvenile coho salmon are well researched, 

though many studies are from systems in the California Current System like the 

Columbia estuary or Puget Sound (Table A1). These studies found large regional, 

seasonal, annual, and ontogenetic variability in juvenile coho salmon diets (Brodeur, 

Daly, Sturdevant, et al. 2007, Daly et al. 2009, Bollens et al. 2010, Levings 2016). 

Juvenile coho are considered generalists, eating decapod larvae, amphipods, pteropods, 

copepods, euphausiids, eggs, and various other larval crustaceans but are 

predominantly piscivorous and insectivorous (Brodeur 1991). Studies on sockeye diets 

in estuaries reported that they consumed euphausiids, cirripeds, mysids, larval fish, and 

calanoid copepods as well as other crustaceans in minor amounts (Simenstad et al. 

1982, Birtwell et al. 1987, Ajmani 2011). In contrast, Pacific herring and surf smelt can 

have variable diets but generally consume copepods and other crustaceans in coastal 

environments (Miller & Brodeur 2007, Hill et al. 2015). To the best of our knowledge, few 
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published reports on the estuarine diets of adult Pacific herring exist and none for adult 

surf smelt (Table A1). Interestingly, two studies on Pacific herring found that large 

herring can consume juvenile salmon entering estuaries (Thorsteinson 1962, Ito & 

Parker 1971). Overall, there is variable scientific understanding of the estuary diets of 

juvenile coho and sockeye salmon, Pacific herring, and surf smelt in Northeast Pacific 

estuaries. There are even fewer studies linking diets and prey distribution patterns 

(Bollens et al. 2010) or understanding the role of estuaries as staging and nursery 

habitats (Sheaves et al. 2015, Nagelkerken et al. 2015, McDevitt-Irwin et al. 2016). 

Here, we quantify the spatial and temporal dynamics of estuarine prey for four 

fish species and their relationships with biophysical aspects of their seascape. 

Specifically, we studied juvenile coho salmon, juvenile sockeye salmon, adult Pacific 

herring, and adult surf smelt in the estuary of the Skeena River in northern British 

Columbia, Canada’s second most productive salmon watershed. We asked: i) how are 

prey distributed in the estuary across space and time, ii) what are the most important 

and selected prey of these four fish species, iii) do biophysical factors of the estuary co-

vary or predict diet variability, and iv) can variability in prey abundance be predicted by 

biophysical factors? We discovered that diets varied greatly across the small spatial and 

temporal scale of our study for each species, particularly salmon, and that a few prey 

had consistently high abundances across the seascape while other prey were 

associated with different biophysical factors such as salinity or the presence of eelgrass. 

These findings provide insight into important prey dynamics and identifies biophysical 

factors through which potential change could impact food webs supporting key fish 

species —a recognized knowledge gap in on-going decision-making and planning 

processes in the Skeena River watershed (Pickard et al. 2015). 

2.3. Methods 

We investigated the spatio-temporal dynamics of zooplankton prey, along with 

the diets of four fish species in estuary of the Skeena River, British Columbia, Canada. 

We mapped important prey abundance across our sampling sites and tested for trends 

in abundance between sites and sampling periods. Next, we ranked prey importance 

and selectivity with two common metrics and scored diet overlap across individuals 

within species to measure small scale diet variability. Subsequently, we assessed 
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whether variation in important prey abundance in diet samples and in the seascape 

could be predicted by biophysical factors through generalized linear regression.   

2.3.1. Field sampling and laboratory methods 

Our study was in the Skeena River estuary. The Skeena River is the second 

largest watershed entirely in British Columbia, Canada, draining an area of 55 000 km2. 

The Skeena mixes with the ocean in Chatham Sound, a semi-enclosed basin 

approximately 1500 km2 (Ocean Ecology 2014), by travelling through three major 

passages. Our study area is situated at the end of the northern-most passage, 

Inverness, which directs approximately 25% of the total flow of the Skeena River (Trites 

1956).  The study region (Fig 2.1) is in the traditional territory of the Tsimshian First 

Nations and is a focus of a research program developed in collaboration with Lax 

Kw’alaams Fisheries and Skeena Fisheries Commission to improve understanding of 

estuarine use by juvenile salmon and the broader estuarine food web. This study 

focusses on an estuary region previously demonstrated to be used in high abundances 

by juvenile salmon during their migration, up to 2-8 times greater than other regions 

(Carr-Harris et al. 2015). This region also supports juvenile salmon from throughout the 

Skeena watershed with at least 40 different populations identified in the estuary (Carr-

Harris et al. 2015, Moore et al. 2015) that enter at different times (Carr‐Harris et al. 

2018), most likely forage there, and reside for variable amounts of time (Moore et al. 

2016). The average estimated residencies for sockeye and coho were 2 and 14 days, 

respectively (Moore et al. 2016). Further work within this region identified that different 

fish abundances were associated with abiotic aspects of estuary habitat (Sharpe 2017), 

however, how the estuarine zooplankton community support salmon and other small 

pelagic fish in the Skeena remains unknown. 
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Figure 2.1  Map of sampling locations according to net type used to capture fish 
across the Skeena River estuary. Note that vertical zooplankton 
tows were done concurrently at small seine net sampling events. 

Map inserts indicate location of sampling region in relation to: 1) the coastline of British Columbia, 
2) the mouth of the Skeena River. Source: Sharpe 2017. Reproduced with permission. 

For diet analysis, we lethally sampled (Simon Fraser University Animal Care 

1107B-11; Fisheries and Oceans Canada licence XR 82 2016) 111 sockeye salmon, 57 

coho salmon, 57 Pacific herring, and 35 surf smelt across 17 sampling occasions (from 

here on, referred to as “sets”). The 17 sets occurred across 10 sites that were from a 

subset of 25 sites from the ongoing research program. Sites were chosen to represent 

four main habitat types available in the estuary, eelgrass, sandy bay, rocky shoreline, 

and open water (Sharpe 2017), or were part of the long-term monitoring project (Carr-

Harris et al. 2015). We collected fish with two sizes of purse seine; the larger net 

measured 73.2 m long by 9.1 m deep with 5.1 cm webbing at the tow end and 1.3 cm 
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webbing at the bunt, and the smaller net measured 45.7 m long by 5.5 m deep with 1.3 

cm webbing at the tow end and 0.64 cm webbing at the bunt end. The two sizes of net 

were used so we could target the entire water column of sites with varying depths 

without catching the estuary substrate. We enumerated each species of fish and 

calculated a catch per unit effort (CPUE) as a measurement of salmon abundance. 

Relative abundances from the smaller purse seine were standardized to the larger purse 

seine by multiplying the small net catches by the large net area (length by width) and net 

tow duration, and then dividing by the area and tow duration of the small net. Fish 

samples were retained when there were at least five individuals of a species from any 

given set available for collection. We collected fish between May 10th and June 21st, 

2016, to capture juvenile salmon around the peak of their outmigration, immediately 

storing lethal samples in seawater buffered 5% formalin solution.  

Fish and diet samples were further processed in the laboratory. We measured 

fork length and wet weight (outside pat dried with paper towel) of all fish before excising 

their stomachs. Stomach contents were analyzed by identifying prey to the lowest 

possible taxonomic level. Abundance, total wet weight, and state of digestion was 

reported for each prey taxa in each stomach. Prey that was too digested to be identified 

was removed from the subsequent analysis. When diet contents could be identified to 

taxonomic group but were broken into parts, preventing an accurate count of individuals, 

we estimated abundance by using prey specific linear regressions of known abundance 

on weight from our diet samples (Table A2). One sockeye salmon, four coho salmon, 

and one Pacific herring had empty stomachs, leaving 110 sockeye salmon, 53 coho 

salmon, 56 Pacific herring, and 35 surf smelt in the analysis (Table A3). 

We concurrently sampled for zooplankton in the environment at the 18 small-

purse seine sites as when fish were sampled (Fig 2.1). Zooplankton were collected over 

four time periods, May 13 - 20, May 24 - Jun 1, Jun 6 - 10, and Jun 20 – 24 (n = 71, one 

sampling occasion was missed due to safety concerns from ocean conditions). We used 

a 250 μm WP2 plankton net towed by hand vertically from a boat from 5 m below the 

surface to standardize the volume of water that was sampled. Samples were stored in a 

seawater buffered 5% formalin solution. We stained zooplankton with Rose Bengal to 

make them more visible, partitioned them with a Folsom plankton splitter, and sorted 

them until at least 400 individuals or the entire sample had been identified. We used a 

taxonomic level that was comparable to zooplankton identified within the diet samples 
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and enumerated each group. We used abundance, corrected by the size of partition, as 

the final variable because all samples were from the same depth (5 m) and, therefore, 

volume of water (3900 L). 

2.3.2. Prey abundance across the seascape 

We identified six fish prey groups to investigate their spatial and temporal trends 

based on their common occurrence in diets of our study fish in other studies. 

Harpacticoid and Calanoid copepods, Cirripedia cyprids, decapod zoea, pteropods, and 

oikopleurans were chosen based on their prevalence in prior diet research that we 

compiled (Table A1) and representation in the zooplankton tows (i.e. we did not 

investigate prey groups such as larval fish that could avoid the plankton net nor 

terrestrially derived insects who would be concentrated at surface waters). We tested for 

differences in zooplankton abundance between sites and periods, for each species, 

using the non-parametric Kruskal-Wallis test by ranks. If there was a significant 

difference (alpha = 0.05 level) between groups, we used Dunn’s test to determine which 

sites or periods were different. We determined the direction of any differences in 

abundance graphically. 

2.3.3. Importance, selectivity, and variability of prey in diets 

We used two indices that calculate consumption and selectivity of different prey 

by predators to determine what prey are most important and selected for by the study 

fish. First, we quantified prey consumption by the amount and frequency it was 

consumed for every individual fish as a metric of prey importance to each fish species 

using a modified Index of Relative Importance (IRI) (Bottom & Jones 1990): 

(1)                                       𝐼𝑅𝐼𝑖𝑗 = (𝐴𝑖𝑗 +  𝐵𝑖𝑗)  × (𝐹𝑂𝑗) 

We calculated an IRI score for each prey taxa (j) for each individual fish (i). A 

represents the percent abundance of prey j in fish i. B represents the percent wet weight 

biomass of prey j in fish i. FO is the percent frequency of occurrence of prey j across all 

individuals of a given species. The IRI metric considers prey “importance” as best 

described by both its percent abundance and percent wet weight biomass within a diet 

because abundance and weight relationships are not equivalent across taxa (e.g. one 
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fish larvae may account for a high percentage of prey biomass but a low percent of 

abundance while many small copepods may do the opposite). Multiplying the cumulative 

percent of prey abundance and biomass by its percent frequency of occurrence scores 

rare prey lower than common prey and helps standardize IRI scores across varying 

individuals. Thus, individuals who did not consume a certain prey were not a 0 but an NA 

for this analysis and subsequent calculation of standard error around the mean IRI for 

each prey per predator species. 

Second, we quantified prey electivity to investigate which food resources were 

appearing more often in the diets than expected by chance. Electivity indices are 

commonly used to provide inference on realized selectivity within a given prey seascape. 

We used Chesson’s α-electivity index (Chesson 1978; Robert et al. 2008) to rank the 

electivity of fish for each prey taxa (j):  

(2)                                                  𝛼𝑗 =
𝑑𝑗

𝑝𝑗
∑(⁄

𝑑𝑖

𝑝𝑖
), for i = 1, … N, 

where N is the number of prey taxa considered (N = 7, 9, 11, and 13 for coho, 

sockeye, herring, and smelt, respectively), dj/pj is the relative frequency ratio of the 

proportion of prey j in the diet (d) of an individual fish and in the plankton (p) of its 

associated site, and ∑(di/pi) is the sum of this ratio for all prey taxa included in the 

analysis. The neutral electivity threshold, which suggests that a prey is being eaten in an 

equivalent proportion to what it would be encountered at by random in the environment, 

is defined for each predator as 1/N. We removed some species from analysis including 

prey that could readily avoid capture in the plankton net (e.g. larval fish, crab megalopa, 

cumaceans, isopods) or occurred in less than 5% of tow samples (e.g. terrestrial insects) 

because they artificially inflated the electivity denominator (p) due to systemic sampling 

error or general rarity (Brodeur et al. 2011). Prey that were not eliminated from this 

process but were still not present at some sites were assigned a p that was one order of 

magnitude smaller than the smallest measured p so that there were no zeros in the 

denominator. Since zooplankton samples were only taken at the 18 small purse seine 

sites during concurrent fish sampling, diet samples of fish caught from large purse seine 

sets were matched with the nearest plankton sample in time and space. If multiple 

plankton samples were taken within 250 m of the diet sample, we selected the sample 

closer in time. 
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We quantified the amount of variability in diet samples across all individuals 

within a fish species by using Schoener’s (1970) percent similarity index (PSI): 

(3)                                 𝑃𝑆𝐼𝑥,𝑦 = 100 (1 − 0.5 (∑ |𝑃𝑥,𝑗 −
𝑛

𝑗
𝑃𝑦,𝑗|)) 

where 𝑃𝑥,𝑗 = percent wet weight of prey 𝑗 in the stomach of individual 𝑥; and  

 𝑃𝑦,𝑗 = percent wet weight of prey 𝑗 in the stomach of individual 𝑦; and 

 𝑛 = the total richness of prey consumed of the fish species concerned. 

A PSI of 100 represents complete diet overlap and zero represents complete dissimilarity. 

We also quantified gut fullness across all individuals within each fish species. Gut 

fullness is also referred to as stomach fullness, an index of feeding intensity (Bottom & 

Jones 1990), or feeding index (Price et al. 2013), and is commonly calculated as a percent 

of body weight (%BW) (Brodeur et al. 2015): 

(4)                                 %𝐵𝑊 = 100 × (𝑀𝑃 (𝑀𝑇 − 𝑀𝑃)⁄ ) 

where 𝑀𝑇 = total wet weight of the fish prior stomach removal; and  

 𝑀𝑃 = total wet weight of prey contents. 

2.3.4. Predicting prey in diets and across the seascape 

We subsequently investigated patterns that could predict variability of important 

or selected prey across individuals. We chose prey (Table A4) with higher than average 

IRI and α scores per fish species and regressing their abundance across individual diets 

(including zeros) against a suite of covariates using generalized linear models with 

mixed effects (GLMM). The covariates included: fish fork length, turbidity (Secchi disk 

depth), water temperature, distance from shore, number of conspecifics in set (in 

CPUE), total number of fish in set (in CPUE), and day of year. We formulated several 

hypotheses about the relationships between each of these variables, with explanations 

and examples for why they could be negative or positive (Table A5). We included a 
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random effect for set in each model because individuals caught in the same net are 

considered non-independent. 

We used a similar approach to the diet variability analysis to investigate 

relationships between variation in prey abundance with biophysical covariates of the 

estuary seascape. We used the same six prey from the prior prey analysis: Harpacticoid 

and Calanoid copepods, Cirripedia cyprids, decapod zoea, pteropods, and oikopleurans. 

We used GLMMs to regress prey abundance counts from zooplankton tows against 

temperature, salinity, time of tow, main habitat type (eelgrass, sandy bay, rocky shore, 

open water), and site distance from shore. We did not include turbidity because it had a 

Pearson correlation coefficient of 0.7 with salinity, which is known to be a strong 

determinant of zooplankton distributions.  We explored hypotheses about the 

relationships between each of these variables, with explanations for why they could be 

negative or positive (Table A6). We included site as a random effect in all models to 

account for the expected covariation (non-independence) within sites that may be 

present across sampling time periods.  

2.3.5. Generalized linear model specifications 

Generalized linear mixed effects models were used to provide information for our 

third and fourth questions (predicting prey in diets and the seascape). For both the diet 

variability and prey variability analysis, we fit single fixed-effect GLMMs with their 

respective random effect due to the limited amount of data and risk of overfitting (Babyak 

2004, Hitchcock & Sober 2004). We compared model fits of Poisson, negative binomial 

1, and negative binomial 2, with log links using Akaike Information Criterion corrected for 

small sample size (Burnham & Anderson 2002) to determine which distribution family 

was appropriate for each response-predictor variable combination. We fit models in R (R 

Core Team 2017) using the package glmmTMB (Magnusson et al. 2017), which 

estimates parameters by maximizing likelihood. We tested the likelihood that covariates 

had a significant effect on improving model fit against an intercept only model with a 

likelihood ratio test at the α= 0.05 level. However, because we did multiple comparisons 

using single covariate models for each response variable, we increased the probability of 

committing a type I error (i.e. rejecting H0 when H0 is true) (Cabin & Mitchell 2000). Thus 

we applied a Bonferroni correction (Bonferroni 1936, Dunn 1961) to α of α/m, where m is 

the number of likelihood ratio tests per response variable. However, we discuss all 
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results even if they were subsequently rejected by the Bonferroni correction because 

statistical power to detect effects in behavioural research can often be low (Jennions 

2003, Nakagawa 2004). All covariates were centered and scaled (subtracted the mean 

from each observation and divided by one standard deviation) so that their effects could 

be comparable and to improve model convergence. If a covariate had a significant 

effect, we visually inspected their fit by examining the Pearson’s and standardized 

residuals plotted against fitted values and checked for patterns. Subsequently, we 

graphically inspected the trends against real data for biological significance and 

confidence around the average prediction. 

2.4. Results 

2.4.1. Prey abundance across the seascape 

We found differences in abundance between prey groups, across sampling 

locations, and between time periods within several prey species. Calanoid copepods had 

the highest average abundance and were present in every sample (Table 2.1), making 

them the numerically dominant and most ubiquitous prey. Pteropods were the only other 

prey present in every sample but occurred at considerably lower average abundance 

than Calanoid copepods. Cirripedia cyprids and oikopleurans had the next highest 

average abundances and frequencies of occurrence, followed by the more sporadically 

distributed Harpacticoid copepods and decapod zoea. Three of the six species we tested 

for variability in abundance (Calanoid copepods, pteropods, and decapod zoea) had 

statistically different medians at the alpha = 0.05 level between sites (Fig 2.2). 

Differences between sites could suggest that they are not entirely independent and that 

some sites are possibly hotspots within the seascape for these species (Fig 2.2,2.3). No 

single site appeared to have consistently higher abundance of all species, but some 

sites had consistently below average abundance, which could represent an area with 

low prey availability.  Two prey species, Cirripedia cyprids and oikopleurnas, had 

statistically different medians between periods (Fig 2.2). Only period two had a higher 

median than the other periods for Cirripedia cyprids, whereas periods two and four had 

higher medians than one and three for oikopleurns (Fig 2.2). Because only two of six 

prey showed differences between sampling periods and not in a consistent manner, we 

suggest that period may not have as an important effect as site and thus we did not 
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include it as a random effect in subsequent models. Harpacticoid copepods did not have 

either temporal nor site-specific differences in their abundance. 

 

Figure 2.2  Spatial and temporal patterns of abundance of a) Calanoida, b) 
Pteropoda, c) Decapoda zoea, d) Oikopleura, e) Cirripedia cypris, 
and f) Harpacticoida. Points connected by lines are samples from 
the same site within the Skeena estuary. 

Note the that not all y axes are equivalent and contain broken axes. Letters denoted by ** and * 
had significant site or sampling period differences, respectively, as detected by a Kruskal Wallis 
tests at α level = 0.05. 
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Figure 2.3  The spatial distribution and relative mean abundance across all time 
periods of a) Calanoida, b) Pteropoda, c) Decapoda zoea, d) 
Oikopleura, e) Cirripedia cypris, and f) Harpacticoida across 
sampling sites in the Skeena River estuary. 

Bubble size is scaled by the relative abundance within a species, i.e. the size of bubbles is not 
comparable between species, only within. Large bubbles of species that had site level differences 
(top row) could represent hotspots for those prey. Black is water, white and grey are land. 

 

Table 2.1  Average abundance per sample (3.9 L) of select prey species and 
their frequency of occurrence across samples (n = 71). 

Prey species Mean abundance SD Occurrence 

Calanoid copepods 1630 1563 1.00 
Pteropoda 92 109 1.00 
Decapoda zoea 14 17 0.72 
Oikopleura 333 582 0.92 
Cirripedia cyprids 282 715 0.99 
Harpacticoid copepods 45 109 0.76 

 

2.4.2. Importance, selectivity, and variability of prey in diets 

We observed large variation in importance (IRI) and electivity (α) scores across 

individual fish within a species. There was considerable variability within the highest 

mean IRI scoring prey items for each fish species, with the values often ranging from ~0 

to one order of magnitude larger than the mean. In the discussion, we refer to prey that 
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have more than twice the average IRI score as primary prey and those around the 

average as secondary prey. 
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(Previous page) 
Figure 2.4  Index of Relative Importance and Chesson’s electivity scores of 

each prey species with standard error for coho salmon (A,E), 
sockeye salmon (B,F), Pacific herring (C,G), and surf smelt (D,H). 

The dashed line represents the overall average IRI score and the neutral alpha selectivity 
threshold for each fish species. Alpha scores above the neutral selectivity threshold suggest that 
a species is represented in the diet more than it is represented in the environment (i.e. 
proportionally higher in the diet), whereas below the line suggests that the prey is proportionally 
higher in the environment. Note the reduced diversity of prey presented with Chesson’s alpha 
because poorly sampled prey were removed.  Only the prey that occurred in more than 5% of 
diets is presented for both indices for coho salmon, sockeye salmon, and Pacific herring, with a 
10% occurrence cut-off for surf smelt because of the higher diversity of prey consumed in small 
amounts. 

For juvenile coho salmon, terrestrial-based insects and larval/juvenile fishes had 

the highest mean IRI scores, 2.4 and 2.1 times higher than the third highest prey, 

respectively (Fig 2.4a). Insects were primarily Diptera (64% by abundance), followed by 

Hemiptera (26%), Coleoptera (6%), and others (Collembola, Hymenoptera, Trichoptera, 

and Ephemeroptera). Only 23% of juvenile and larval fish were identified to family or 

lower, which were either Pleuronectidae (86%) or Pacific herring (14%). Decapod zoea 

(primarily from infraorder Brachyura), Harpacticoid copepods, gastropods (Limancina 

pteropods when identifiable to genera), and amphipods also had higher than average 

mean IRI scores. Amphipods were primarily Gammaridea (83%) with a notable 47% of 

Gammaridea being a high-intertidal family, Talitridae. The remaining amphipods (17% by 

abundance) were Hyperiidae. Coho had the highest electivity for decapod zoea followed 

by amphipods (Fig 2.4e). The mean Harpacticoid copepod electivity score was slightly 

below the neutral selectivity threshold. All other prey groups were consumed in lower 

abundances than their relative abundance in the environment. 

In juvenile sockeye salmon, Harpacticoid copepods had the highest mean IRI 

score, 2 times higher than their next highest ranked prey (Fig 2.4b). Calanoid copepods, 

Cirripedia cyprids, gastropods (Limancina pteropods when identifiable to genera), and 

terrestrial-based insects (majority Diptera and Hemiptera), also had higher than average 

mean IRI scores. It is interesting to note that five individuals also consumed adult stages 

of the salmonid parasite from the family Caligidae, which has also been observed in 

southern British Columbia (Price et al. 2013). Juvenile sockeye salmon had the highest 

electivity for Harpacticoid copepods followed by decapod zoea, Cirripedia cyprids, and 

amphipods (Fig 2.4f). 
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 Calanoid copepods had the highest mean IRI scores for both adult Pacific 

herring and adult surf smelt, 4 and 5.5 times higher than their next highest ranked prey, 

respectively, for each fish species (Fig 2.4c, d). Ascidian tunicates and Cirripedia 

cypriids were the only other Pacific herring prey whose mean IRI scores were higher 

than the overall mean IRI. Herring had the highest electivity for decapod zoea followed 

by Cirripedia cyprids, Calanoid copepods, and gastropods with nearly neutrally electivity 

for euphausiid calyptopsis (Fig 2.4g). Gastropods, all of which were unidentifiable 

beyond Gastropoda, were the only other surf smelt prey whose mean IRI score was 

above average. Smelt had the highest electivity for Hyperiidea amphipods followed by 

decapod zoea and had neutrally electivity for oikopleurans, ephausiid calyptopsis and 

furcilia, gastropods, and Calanoid copepods (Fig 2.4h). Although both herring and smelt 

had a high electivity value for decapod zoea, it was only found in 47% and 51% of 

individuals, respectively, and zoea were not consumed in large quantities. High electivity 

and generally low presence in the diet could mean that when zoea were encountered, 

despite their rarity, they were opportunistically targeted by both predators. 

We found that diets and gut fullness within each species were highly variable 

with low diet overlap between individuals. The mean PSI values across all individuals 

within a species were all below 50 on average (Table 2.2), meaning that diets were 

frequently more than 50% different across individuals of the same species. When we 

examined PSI pair-wise comparisons that were done between individuals from the same 

set (still of the same species), we found that the average PSI values increased but were 

still below 50% for all species except for surf smelt. Average percent gut fullness was 

comparable to other studies on coho and sockeye salmon in estuary and nearshore 

environments if not slightly higher (Bottom & Jones 1990, Healey 1991b, Brodeur, Daly, 

Schabetsberger, et al. 2007, Price et al. 2013). In contrast, surf smelt and Pacific herring 

had less than half the gut fullness of both salmonids (Table 2.2). 

Table 2.2  Average Percent Similarity Index (PSI) values with standard error for 
each fish species between all individuals and between only 
individuals from the same sets, mean gut fullness (%BW) with 
standard deviation, and fork length (FL) range with mean. 

Fish species Mean PSI SE Mean set PSI SE Mean gut fullness SD FL Range Mean 

Coho 19.3 0.85 26.0 4.01 0.91 0.86 84-136 102 
Sockeye 20.2 0.35 45.6 5.16 0.83 1.11 59-109 82 
Herring 30.7 0.80 39.1 7.58 0.38 0.73 68-168 125 
Smelt 48.0 1.40 52.9 6.60 0.34 0.34 106-168 134 
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2.4.3. Predicting prey in diets and across the seascape 

We found three relationships between prey diet abundance and several 

biophysical factors that had parameter estimates that were statistically different than a 

null model by using likelihood ratio tests at the Bonferroni corrected α = 0.05 level, and 

eight additional relationships when α was uncorrected (Fig A1, Table A7). The 

abundance of Teleostei juveniles in coho salmon diets decreased with increasing 

distances from shore. Insect abundance in coho salmon diets decreased with 

temperature, possibly due to increased turnover of water from the river and increased 

delivery of upriver insects. Day of year was positively correlated with harpacticoid 

copepod abundance in sockeye diets. The following eight relationships were only 

significant at the uncorrected α = 0.05 level. Increased total set CPUE (total abundance) 

decreased the number of insects in coho salmon diets and the number of calanoid 

copepods in Pacific herring diets, possibly because of exploitative competition. Insect 

and decapod zoea abundance in coho salmon diets increased with secchi depth, 

possibly due to increased ability of fish to see insects stranded in surface waters and 

decapods within the water column in clearer water. Decapod zoea abundance in coho 

salmon diets also increased with coho length, but this relationship appears to be driven 

by outlying data points. Calanoid copepod abundance in surf smelt diets decreased with 

fish length, a possible indicator that larger individuals were targeting a different prey for 

consumption. Calanoid copepod abundance in Pacific herring diets increased with 

distance away from shore, but the confidence intervals on this relationship are 

particularly large. Water temperature was positively correlated with harpacticoid 

abundance in sockeye diets. However, day of year and temperature were highly 

correlated for sets with sockeye samples (Pearson’s correlation coefficient = 0.65) and 

day of year fit better upon visual inspection. 

We found three relationships between prey abundance in the environment with 

biophysical factors that had parameter estimates statistically different than zero at the 

Bonferroni corrected α = 0.05 level and three additional relationships when α was 

uncorrected (Fig 2.5, Fig A2, Table A8). Calanoid copepod and oikopleuran abundance 

were positively correlated with salinity, possibly driven by these species’ natural salinity 

tolerances. Pteropoda abundance was negatively correlated with temperature. The 
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following three relationships were only significant when α was uncorrected. Pteropoda 

abundance was positively correlated with salinity. Harpacticoid copepods were more 

abundant on average at sites with eelgrass substrate compared to sites over open water 

or close to rocky shores and had a slight tendency to be more abundant than sites that 

were sandy bays. Cirripedia cyprid abundance was negatively correlated with 

temperature. No biophysical factors predicting decapoda zoea abundance had statistical 

support.  

 

Figure 2.5  Predicted relationships between the abundance of several important 
prey in the environment and biophysical aspects of the seascape 
within the Skeena estuary, including 95% confidence intervals 
calculated from their respective GLMMs. 

2.5. Discussion 

The high productivity of estuaries produces a dynamic and diverse prey layer of 

the seascape (Jones et al. 1990, Cloern et al. 2014), which adds value to habitats for 

both adult and juvenile planktivorous fishes. Indeed, estuaries are particularly valued as 

key nursery  habitats for a variety of fish species (Beck et al. 2001), where the dynamics 

of prey resources are an integral component of the nursery function (Sheaves et al. 

2015). Here we found that four co-occurring estuary fish species relied on different prey 

that were dynamic across space and time. Our results also highlight high variability in 

diet contents within a small region, and even between fish of the same species from the 

same seine set, whereas prior research often contrasts diets over seasons, years, or 

regions (Simenstad et al. 1982, Brodeur, Daly, Sturdevant, et al. 2007, Hill et al. 2015). 

Biophysical factors predicted some of the variability in fish diets and prey in the 

environment. Thus, we provide rare empirical evidence for the spatio-temporal dynamics 
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of prey and how predators integrate across them within a major estuary. The 

spatiotemporal prey mosaic has been previously suggested as a critical but under-

studied dimension of the role of estuaries as important refuges and nursery habitats 

(Sheaves et al. 2015, Nagelkerken et al. 2015).  

Our study fills recognized knowledge gaps for the Skeena River estuary (Pickard 

et al. 2015) by furthering our understanding about how prey are distributed during the 

period of highest juvenile salmon abundance (Carr-Harris et al. 2015, Sharpe 2017). 

Prey abundance and distribution can determine their availability to predators (Griffiths 

1973, 1975), so it is important to understand these features of the prey mosaic when 

considering how predators integrate with prey. Calanoid copepods showed consistent 

differences in abundance between sites but because they were the most abundant and 

ubiquitous zooplankton prey, the sites with low abundance still had higher abundance 

than most other prey groups. Calanoid copepods’ relatively high abundance has the 

potential make them one of the most available prey (Griffiths 1975). Cirripedia cyprids 

and oikopleurans were present in moderate abundance and showed different temporal 

patterns across sites, with Cirripedia cyprids having a single temporal peak in 

abundance while oikopleurans had two. Peaks in abundance could be interpreted as 

differing bloom phenologies between these two groups and could affect their availability 

by matching or mismatching predators’ estuary timing (Cushing 1990, Satterthwaite et 

al. 2014). Decapod zoea and Harpacticoid copepods had the overall lowest average 

abundance and sporadic distributions, which could increase the search intervals (or 

decrease encounter rates) for this patchier prey (Viswanathan et al. 1996, Sims et al. 

2008). We did not effectively sample for larval fish or terrestrial insects (Brodeur et al. 

2011), which are also known common prey (Table A1). But overall, the prey field in the 

Skeena River estuary appears to be saturated by Calanoid copepods with temporally 

variable abundances of Cirripedia cyprids and oikopleurans, and low and patchy 

abundance of decapod zoea and Harpacticoid copepods. 

Our study also addresses a gap in knowledge for juvenile coho and sockeye 

salmon diets in the Skeena River estuary (Pickard et al. 2015), as well as for the co-

occurring and highly abundant small pelagic fishes in the area (Sharpe 2017), Pacific 

herring and surf smelt. Despite the observed diet heterogeneity within sets, each species 

often consumed one or two prey most often and in high abundance or weight, here 

referred to as primary prey, followed by a few secondary prey that were consumed at a 
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magnitude more than all remaining prey. Primary prey for coho were insects and larval 

fish, which is consistent with prior research in British Columbia (Manzer 1969, Osgood 

2016). Although we did not include insects and larval fish in the electivity analysis, their 

ubiquity in diets across other regions along the West coast of North America (Table A1) 

leads us to presume they were likely selected for. Coho also selected for decapod zoea 

and Gammarid amphipods (included in our analysis) in the estuary environment. 

Harpacticoid copepods were the most important and selected for prey by sockeye 

salmon, followed by decapod zoea, amphipods, and Cirripedia cyprids. We believe that 

this research is the first record of juvenile sockeye salmon primarily foraging on 

Harpacticoid copepods in estuaries. Harpacticoid copepods were also an important 

secondary prey for coho salmon in our estuary and are a known primary prey in other 

estuaries for coho as well as for chum (O. keta), pink (O. gorbusha), and ocean-type 

Chinook (O. tshawytscha) salmon (Healey 1979, 1980a, Godin 1981, Simenstad et al. 

1982, Macdonald et al. 1987, Northcote et al. 2007). By contrast, the primary prey for 

both Pacific herring and surf smelt were Calanoid copepods. Whereas herring selected 

for Calanoid copepods, Cirripedia cypriids, and decapod zoea, surf smelt only selected 

for amphipods and decapod zoea, with neutral affinity for Calanoid copepods. All four 

species consumed pteropods as a secondary prey, selected for decapod zoea, and 

three out of four selected amphipods, suggesting that these prey could be an 

energetically desirable or easily caught prey across predator taxa (Emlen 1966).  

The drivers of the difference in the primary copepod prey between salmonid and 

small pelagic fish in this study can be examined in the context of ontogenetic niche 

theory (Werner & Gilliam 1984) and by how prey activity can affect its availability to 

predators (Griffiths 1973, Ware 1973). Small pelagic fish fed heavily on Calanoid 

copepods whereas juvenile salmonids relied more on Harpacticoid copepods. 

Harpacticoid copepods are generally more sedentary than Calanoid species because 

they are epibenthic and phytal, primarily feeding on epiphytic and macroalgae as well as 

detritus, bacteria, and fungi (Chandler & Fleeger 1987, Steinarsdóttir et al. 2010), 

whereas Calanoid copepods primarily feed actively in the water column (Mauchline 

1998). In addition, Harpacticoid copepods have slower burst speeds, relative to species 

of Calanoid copepods who are known for their evasive behaviour (Leising & Yen 1997, 

Buskey et al. 2002). Juvenile sockeye salmon are facultative planktivores, primarily 

targeting and consuming one prey item at a time (Lazzaro 1987) and are known to select 
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for slower, larger prey in lakes when it is available (Eggers 1982). This is consistent with 

our observation that juvenile sockeye salmon selected for the slower Harpacticoid 

copepods while consuming Calanoid copepods less than their relative availability (with 

regards to abundance) in the environment. Even in coastal environments where 

Harpacticoid copepods are often not found in the water column as an alternative prey, 

juvenile sockeye salmon eat Calanoid copepods at proportions near or less than their 

availability in the environment (Price et al. 2013); possibly because of the difficulty to 

capture them. In contrast, Pacific herring consumed Calanoid copepods more than they 

were available in the environment and surf smelt consumed them equivalently. Pacific 

herring and surf smelt may be better adapted to handle the quick, abundant, and pelagic 

Calanoid copepods because they can create strong suction using their round mouths 

and buccal cavities, and even filter-feed at high prey densities (Gibson & Ezzi 1985, 

Lazzaro 1987, Brachvogel et al. 2013). The physiological adaptations of small pelagic 

fish are likely highly selected for because they spend much of their ontogeny at sizes 

relatively close to their full size whereas juvenile salmon quickly grow to larger sizes and 

can use different foraging tactics on different types of prey (Werner & Gilliam 1984, Daly 

et al. 2009, Duffy et al. 2010). This contrast in foraging patterns between juvenile salmon 

and small pelagic species illuminates key differences in how these fish species may 

integrate with the prey layer of estuarine seascapes. 

Differences within the diets of small pelagic fish may suggest subtle behavioural 

differences that drive how they integrate with their prey in estuaries too. We found 

Pacific herring selected Cirripedia cyprids and barely consumed Hyperiid amphipods, 

whereas surf smelt highly selected for Hyperiid amphipods and consumed Cirripedia 

cyprids at relatively low quantities. Hyperiid amphipods and Cirripedia cyprids could be 

distinguishable to herring and smelt as they have considerably different morphologies, 

colour and refraction, and swimming patterns (Giske et al. 1994). The subtle differences 

in foraging patterns between these two pelagic fish could be the result of differences in 

visual capabilities or light attenuation of prey that makes one more discernable than the 

other (Giske et al. 1994), or the distribution of predators and prey in the water column is 

such that they overlap/encounter the prey more frequently (Eggers 1977), or small 

differences in feeding morphology (Labropoulou & Eleftheriou 1997), or some type of 

other learned preference (Culum & Laland 2003). 
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Variability of prey abundance in diet samples for each predator was linked to 

some biophysical factors. We suggest that abiotic environmental factors could affect how 

predators integrate with their prey across the seascape in addition to inherent 

physiological constraints of the predators. We found that increasing secchi depth, our 

index for water clarity, increased the abundance of two important prey in coho diet 

samples, decapod zoea and terrestrial insects. Less turbid conditions may increase 

capture success of live decapod zoea (Berg & Northcote 1985, Gregory & Northcote 

1993) or increased line of sight to surface waters where expired or non-evasive 

terrestrial insects concentrate (Tschaplinski 1987). Insect prey in coho diets also 

increased with colder water temperatures. As river temperatures were cooler than ocean 

temperatures during our sampling period, cool surface temperatures may correlate with 

increased riverine prey subsidies that are flushed down from upstream into certain areas 

(Tschaplinski 1987). Finally, Calanoid copepod abundance decreased in Pacific herring 

diets as the set total CPUE of all fish increased. Since Calanoid copepods were eaten by 

herring, smelt, and sockeye in this study, this inverse relationship may suggest per 

capita Calanoid copepod consumption rates decreases when the combined abundance 

of these multiple predators is high (Arditi & Ginzburg 1989, Sih et al. 1998). We found 

that biophysical characteristics did not explain variation in Calanoid copepod abundance 

in surf smelt diets nor Cirripedia cyprids in sockeye and Pacific herring diets. The lack of 

statistical or biologically relevant relationships between these predator-prey pairs 

suggests that they are not affected by biophysical processes or that we did not identify 

the correct process. We also must acknowledge the possibilities that processes such as 

stochastic variation and insufficient sample size could affect our observed results. 

Furthermore, prey may have been consumed elsewhere and thus not directly related to 

the biophysical factors from the site. However, the effects from biophysical factors we 

detected, as well as others, influence how different predators integrate with their prey 

across the estuary seascape in time and space. 

We found an additional seasonal pattern of Harpacticoid copepod abundance in 

juvenile salmon diets that was not linked directly to any biophysical variables. The 

abundance of Harpacticoid copepods in sockeye diet samples increased with day of 

year. In theory, zooplankton production and abundance may increase over time in the 

spring and summer towards a seasonal maxima (Mackas et al. 2012), however, we did 

not find a relationship with Harpacticoid abundance across time in our study. The lack of 
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an increasing trend of Harpacticoid abundance in the environment could be explained by 

top-down control of predators in areas with high production of prey (Rudstam et al. 1994, 

Menge 2000, Yang et al. 2008). Therefore, Harpacticoid copepod production may have 

been increasing but their abundance did not because of high predation rates by juvenile 

sockeye salmon (Sibert 1979). Interestingly, prevalence of Harpacticoid copepods 

increased across time within coho diet samples also, (relationship not statistically 

significant) and were consumed above average compared to other prey types. Thus, it 

may be possible for juvenile salmon to have collectively consumed Harpacticoid 

copepods in the environment at a rate equivalent (or even greater) to their production as 

a form of top down control (Healey 1979, Sibert 1979, Godin 1981, Fujiwara & Highsmith 

1997). 

Although we found no biophysical predictors of Harpacticoid copepods 

abundance in diets, we did find that they were more abundant over eelgrass habitats 

than other habitats in the seascape. Site specific hotspots of Harpacticoid abundance 

were not discernable across time. Yet at sites where eelgrass was present, mean 

abundance in the water column was higher than sites beside rocky shoreline or over 

open water. Eelgrass is known to support higher densities of Harpacticoid copepods and 

it is likely a population source (Hosack et al. 2006, Kennedy et al. 2018). Multiple studies 

have shown that juvenile salmon are capable of consuming large proportions of total 

Harpacticoid production (Healey 1979, Godin 1981, Fujiwara & Highsmith 1997). 

Therefore, degradation of eelgrass may affect prey productivity and could affect salmon 

foraging behaviour and potentially survival. In our system, sockeye and coho salmon 

abundances were consistently highest in the region of a particularly large eelgrass bed, 

Flora Bank (Carr-Harris et al. 2015, Sharpe 2017). We speculate that the Flora Bank 

eelgrass habitat may be an important source of Harpacticoid copepods for these young 

salmon. Eelgrass habitat has previously been identified as a conservation priority 

because of its role as a productive food source for multiple juvenile fish species in other 

estuaries (McDevitt-Irwin et al. 2016). The Flora Bank region in our study estuary was 

the proposed location of major industrial developments (Moore et al. 2015, CEAA 2016) 

and previous assessment reports identified information on food web-habitat connections 

as “high prioritization” data gaps (Pickard et al. 2015). Founding these food-web habitat 

connections in areas posed for development is an important step in identifying the 

potential habitat value of estuarine seascapes to species of interest. The next steps are 
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to identify species specific predator-prey responses to possible impacts on habitats 

involved in supporting the estuary prey mosaic, such as eelgrass bed fragmentation or 

reductions in shoot density (Lannin & Hovel 2011, Ljungberg et al. 2013, Chacin & 

Stallings 2016).  

The abundances of other zooplankton prey within the estuarine seascape were 

related to biophysical processes through space and time in multiple ways. Calanoid 

copepods, Pteropods and decapod larvae showed site level consistencies in their 

abundance over time which could indicate that certain locations are acting prey hotspots. 

The best fit predictor of variability in Calanoid copepod’s abundance was salinity, a 

common gradient in estuaries and driver of zooplankton distributions (Telesh & 

Khlebovich 2010).  Increasing salinity was correlated with increases in pteropods, a 

secondary prey for all of our predators, and oikopleurans, a prey that was marginally 

consumed by sockeye salmon in this study but is often found in the diets of other 

juvenile salmon (Manzer 1969, Landigham et al. 1998, Brodeur, Daly, Sturdevant, et al. 

2007). Although the salinity gradient and abundance patterns of Calanoid copepods and 

pteropods were associated with sites, there was still variability within the salinity gradient 

at sites across time. Oikopleurans did not show any site-level persistence in abundance 

patterns despite being correlated with salinity. We suggest that this prey group is 

responding to dynamic environment forcing rather than being statically abundant in a 

specific location. Learning how prey are influenced by biophysical processes, like salinity 

(Telesh & Khlebovich 2010, Mendes et al. 2014), or habitat features like eelgrass 

patches (Lannin & Hovel 2011, Ljungberg et al. 2013), are an integral layer of 

understanding the prey mosaic of estuaries. 

Here we integrated understanding of the spatial and temporal dynamics of 

zooplankton and their consumption by four species of fishes, but it is important to 

consider potential limitations of our study. We discovered that juvenile coho salmon 

primarily consumed terrestrial insects and fish, however, because these prey items are 

not adequately sampled by vertical plankton tows with the mesh size we used (Brodeur 

et al. 2011), we could not assess the abundance of these important prey sources across 

space or time. Our inference on Harpacticoid copepods abundance is also based on 

what we sampled in the water column, yet they are associated with meiobenthic and 

epiphytic habitat (Alheit & Scheibel 1982, Steinarsdóttir et al. 2010). Juvenile salmon are 

more likely feeding in the water column (Clark & Levy 1988) and less so directly from 
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substrate or blades of eelgrass. Thus, we believe that our zooplankton sampling likely 

represented relative densities that these fish might be encountering but lacks the ability 

to properly identify epibenthic zooplankton population sources, like that of Harpacticoid 

copepods. With the example of Harpacticoid copepod abundance in the environment, it 

is also difficult to tease apart the effects of bottom-up biophysical processes or 

phenology of zooplankton and top-down effects from predation. Furthermore, diet 

samples only represent a snapshot of what an individual fish was eating and only from 

locations where fish were present at the time of sampling. Isotope and fatty acid 

analyses could provide additional longer-term perspectives on diet trends (Daly et al. 

2010, Selleslagh et al. 2015) but we believe that our study captures variability in diets 

and provides a picture of primary and secondary prey types consumed in the Skeena 

River estuary. Last, when calculating Chesson’s alpha, we assumed that diet snapshots 

were representative of the site where samples were taken from, but the duration 

required to travel between sites by fish is less than that of egestion rates (Brett & Glass 

1973, Brodeur & Pearcy 1987). However, we compared Chesson’s alpha results from 

spatially averaged zooplankton abundances and found only minor differences. Thus, our 

study has important limitations, but also contributes to the relatively understudied fields 

of the prey basis of nursery function in estuaries (Sheaves et al. 2015). 

Collectively, our study highlights how four culturally, economically, and 

ecologically important fish species integrate with prey differently across the dynamic 

seascape of a major estuary. For example, ontogenetically driven physiological 

constraints on foraging ability of juvenile sockeye salmon are not the same as those on 

adult small pelagic fish (Werner & Gilliam 1984), thus the realized availability of prey like 

Calanoid copepods to sockeye salmon may be low across the seascape despite their 

ubiquity and abundance (Griffiths 1973, 1975). Small pelagic fishes’ strong schooling 

behaviour (Eggers 1976, Pitcher & Parrish 1993) may bias them towards dense prey 

fields that are visually more apparent and can be seen by multiple individuals that then 

influence the direction of the school (Romey 1996, Viscido et al. 2004), which may be an 

additional reason that the small pelagic fish in our study primarily consumed Calanoid 

copepods. We also found that few biophysical factors covaried with herring and smelt 

diets other than total CPUE, suggesting that their diets may be influenced most by the 

number of fish present and less so by abiotic conditions. In contrast, multiple abiotic 

variables covaried with the abundance of certain prey in juvenile coho salmon diets, 
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suggesting that there might be stronger impacts on their foraging success with abiotic 

changes. The productivity of the primary prey of sockeye salmon, Harpacticoid 

copepods, may be connected to eelgrass habitat, whose uneven distribution in the 

estuary may affect the distribution of sockeye salmon. In addition to integrating with prey 

across the biophysical dynamics of the seascape, populations of juvenile salmon enter 

the Skeena River estuary at a diversity of times and may interact with different peaks of 

zooplankton abundance in different seascape conditions (Carr‐Harris et al. 2018). Thus, 

different populations’ diets may be affected differently depending on when they enter the 

estuary. 

The spatial and temporal asynchronies in different prey abundances and the 

ubiquity and abundance of others within the Skeena River estuary may provide extended 

and buffered foraging opportunities for co-occuring mobile consumers. Juvenile salmon 

diets may benefit from a diverse prey portfolio that buffers them from fluctuations in a 

single prey item or allows them to capitalize on easily captured prey (Armstrong et al. 

2016). Harpacticoid copepods are one example of a non-evasive prey and could occur in 

adequate abundances in patches, such as over eelgrass habitats (Kennedy et al. 2018), 

to support salmon. Pacific herring and surf smelt appear more adapted to forage on the 

most abundant prey group (Hill et al. 2015), the highly evasive but ubiquitous Calanoid 

copepods in this system. However, Calanoid copepod abundance is correlated with 

salinity and its distribution may change if river flow changes the salinity gradient with 

climate change or anthropogenic development (Sherwood et al. 1990, Nohara et al. 

2006). Our work adds to the growing appreciation that estuary seascapes have dynamic 

and complex prey mosaics that underpin their function as nursery and foraging habitats 

(Sheaves et al. 2015, Nagelkerken et al. 2015) and may be affected through multiple 

biophysical processes. 
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Chapter 3.  
 
The estuarine growth and residency of juvenile 
Pacific salmon in North America: a compilation of 
empirical data 

3.1. Abstract 

The value of estuaries as stopover or nursery habitat to juvenile anadromous 

salmon is likely variable across estuaries and across the diversity of life-history 

strategies employed within and across species. Here, we compiled published empirical 

data on two key metrics of juvenile salmon estuary use – growth rate and residency 

duration. This study aimed to quantify the range and variability of these aspects for 

Chinook, coho, sockeye, pink, and chum salmon across and within their populations; 

asking, i) What is the spatial and biological coverage of this information, ii) Do different 

methodologies used to quantify estuary growth and residency generate different results, 

and iii) How do estuary growth and residency vary across life histories? We found that 

species that are often described as having little estuary dependency – pink, chum, and 

yearling sockeye – had the least amount of coverage and research was distributed 

towards the north. Most articles were distributed in the southern range over Chinook and 

coho life histories. Studies used a variety of methodologies, ranging from cohort-based 

approaches to individual marking. Acoustic tagging studies consistently produced the 

shortest and least variable residency estimates but, in general, variation within studies 

was higher than variation between methods. Growth estimates were done using many 

differing methods and metrics, such that trends were difficult to identify. A unification of 

methodology could strengthen future research in growth rates. Importantly, there was 

variation in residency durations across salmon life histories and species; for example, 

natural-origin 0+ Chinook and 0+ coho often reared in estuaries for one to several 

months whereas their older counterparts averaged around one month. In comparison, 

there was a trend for hatchery-origin Chinook and coho to spend less than a week in 

estuaries, except for hatchery 0+ Chinook. Pink and chum resided in estuaries for 1-2 

weeks on average. In addition, there was much variation in estimates of residency 

across studies, which suggests that different estuaries likely play different roles for 

outmigrating juvenile salmon. Collectively, compilation of this information highlights key 
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patterns emerging in salmon estuary ecology, knowledge gaps, and lays the foundation 

for future analysis to quantify the importance of estuaries for specific salmon stocks in 

the context of conservation goals and life-history theory. 

Keywords: estuary, Oncorhynchus sp., growth, residency 

3.2. Introduction 

Estuaries are thought to be important nursery and stopover habitat for juvenile 

salmon (Healey 1982a, Simenstad et al. 1982, Groot & Margolis 1991, Thorpe 1994, 

Quinn 2005, Levings 2016, Beamish 2018). However, how important estuaries are may 

vary greatly across species and life histories of salmon, and across estuaries. Some 

species of salmon emigrate immediately out of freshwater systems after emerging from 

the gravel, whereas others have flexible life histories and may emigrate after zero, one, 

or two years of rearing in fresh water (Thorpe 1989, Groot & Margolis 1991). Salmon life-

history diversity such as this can be fostered by abiotic characteristics and variation of 

the upriver watershed, such as lakes, glacier or rain runoff, gradient, and temperature 

(Thorpe 1989, Taylor 1990, Quinn 2005, Crozier et al. 2008, Walsworth et al. 2015). 

Estuaries also exhibit great diversity in their form and dynamics; estuaries are created 

through various processes (e.g. drowned river or glacial fjord) and create diverse 

features as different types of rivers reach into the variable coastline (Perillo 1995, Elliott 

& McLusky 2002). Accordingly, the value of estuaries to juvenile salmon may depend on 

estuary size, the amounts of different habitats and their connectivity, productivity 

(Sheaves et al. 2015), as well as the system-specific biology of the salmon. 

Understanding the potential different roles of different estuaries to salmon could facilitate 

conservation planning or guide restoration activities, which is increasingly important 

because estuaries are being altered by anthropogenic factors at a rapid pace 

(McClelland & Valiela 1998, Lotze et al. 2006, Thorne et al. 2018).  

Estuaries may support juvenile salmon through three main processes: productive 

foraging opportunities, refuge from predation, and physiological transition (Thorpe 1994). 

Estuaries are highly productive habitats and produce seasonal blooms of phytoplankton 

followed by increased abundances of zooplankton and larval fish (Lucas, Koseff, Cloern, 

et al. 1999, Griffin & Rippingale 2001, Tommasi et al. 2014), which form the basis of 

juvenile salmon estuarine diets (Healey 1979, Simenstad et al. 1982, Bollens et al. 2010, 
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Chapter 2 this thesis). Prey may be more abundant in in estuaries than river habitats 

(Tschaplinski 1987). Thus, estuaries can provide productive foraging opportunities for 

juvenile salmon and thus high growth potential (Healey 1982a, Thorpe 1994), which can 

result in increased future survival (Werner & Gilliam 1984). Additionally, estuaries may 

provide refuge from predators. It is proposed that predation rates are generally low in 

estuaries because of high turbidity or low predator abundance (Quinn 2005). Although 

few examples of direct observation of estuary predation rates exists, they show 

somewhat contrasting results, both relatively low predation (Armstrong & Morrow 1980, 

McCabe et al. 1983, Bottom & Jones 1990) and high predation (Johnston 1982, Evans 

et al. 2016). Finally, to physiologically transition between salt and fresh water, juvenile 

salmon need to adjust their osmoregulatory function and swim bladders to maintain 

proper buoyancy (Taylor 1921). For example, Healey (1991) found that some 

populations of subyearling (0+) Chinook could survive an immediate transport into 30 

ppm salinity (ocean level), whereas others had high mortality rates, suggesting that there 

is variability in osmoregulatory stress responses even within a species. Estuaries 

provide a salinity gradient and may ease juvenile salmon’s physiological transition. 

Thorpe (1994) found strong to indeterminate support for each of these aspects 

depending on the life history of any given salmon species across multiple systems and 

used growth and residency in estuaries as key metrics to compare the degree to which 

estuaries support these three processes. 

Quantifying growth rates of juvenile salmon in estuaries is a direct way to 

elucidate how much estuaries support growth. Growth rates directly relate to both the 

quality and quantity of food available (Griffiths 1975) in estuaries and their growing 

conditions (Nicieza & Metcalfe 1997), which may be affected by estuary temperature and 

the density of competitors (Brett et al. 1969, David, Simenstad, et al. 2016). Further, 

growth rates in fish can be non-linearly related to size and age, thus juvenile salmon in 

different life-history stages or of different sizes may have intrinsically different absolute 

growth rates (Von Bertalanffy 1938, Lugert et al. 2016). If the high seasonal estuary 

productivity (Cloern et al. 2014) matches the timing of juvenile residency, it may provide 

juvenile fish opportunities for increased growth rates relative to previous habitats and 

increase their survival in subsequent habitats (Werner & Gilliam 1984, Cushing 1990) 

because generally larger fish have lower mortality (Sogard 1997). Most studies have 

found growth rate or size-selected mortality of juvenile salmon in the early ocean period 



35 

(Healey 1982b, Holtby et al. 1990, Beamish et al. 2004, Moss et al. 2005, Duffy & 

Beauchamp 2011, Gamble et al. 2018). Multiple studies have also found larger juvenile 

salmon of the same age in estuaries compared to rivers (Murphy et al. 1997, Hoem 

Neher et al. 2013, Wallace et al. 2015). However, whether these are large fish that 

migrated early, or fish that grew faster in the estuary is not always clear. Therefore, 

studies that directly measure growth rates of juvenile salmon in estuaries are valuable 

for enhancing understanding of how growth can vary in different estuaries for different 

salmon populations. 

Estuary residency, the amount of time that juvenile salmon spend in the estuary 

prior to migrating to the ocean, is another key trait that can provide insight into the 

estuary ecology of salmon (Levings 2016). Residency may be selected to optimize a 

balance between growth potential and refuge from predation relative to other habitats 

across a salmon’s life-cycle (Walters & Juanes 1993, Willette 2001). Therefore, 

residency in transitory habitat such as estuaries should be determined not only by 

current conditions, but also growth and survival in previous (freshwater) and subsequent 

(marine) habitats (Willette 2001). For instance, the duration a juvenile fish grows in an 

estuary influences its size before it enters the next phase of its life, and thus affects its 

subsequent size-selective survival (Sogard 1997). Additionally, if predation is lower in 

the estuary than adjacent habitats, selection during the ocean phase may favor juveniles 

that reside and grow for longer in estuaries even if growth potential is greater in ocean 

waters (Walters & Juanes 1993). Predation pressure may also interact with a juvenile 

salmon’s osmoregulatory ability and swim bladder control during its physiological 

transition (Taylor 1921, Weitkamp 2008). Weitkamp (2008) found hatchery coho 

juveniles had more lipids than wild fish and may have more difficulty transitioning to 

increased salinities along with increased vulnerability to surface predators. The 

requirement of fish to modify their physiology when migrating between salinities (Taylor 

1921) may influence the minimum amount of time juvenile salmon reside in estuaries, 

while trade-offs between growth and predation may influence the upper bound of 

residency. 

Previous narrative reviews on the extent estuaries are used by salmon species 

have suggested that different species have varying patterns of growth and residency. 

Thus, different species and life histories of salmon have apparently evolved different 

strategies in response to the tradeoffs in freshwater, estuary, and marine selective 
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pressures. Previously, Thorpe (1994) hypothesized that species with shorter freshwater 

residency, such as pink and chum salmon, had fewer freshwater adaptations and were 

more “prepared” for salt water, therefore less reliant on estuaries for this transition. 

Thorpe (1994) also surmised that life histories of species that spend more than a year in 

freshwater, such as yearling coho, Chinook, and sockeye, begin smoltification prior 

migration (McCormick & Saunders 1987, Bassett et al. 2018) and may also be prepared 

for salt water and less reliant on estuaries. However, the evolutionary mechanisms 

connecting freshwater and estuary residency durations is still a topic of debate 

(McDowall 2002). Despite an incomplete understanding of how these trends evolved, 

literature syntheses generally state that ocean-type or subyearling Chinook and coho 

have longer residencies while pink, chum, sockeye, and stream-type or yearling Chinook 

and coho have shorter residencies (Healey 1980b, 1982a, Simenstad et al. 1982, Quinn 

2005, Weitkamp et al. 2014, Levings 2016). Few syntheses have generalized on growth 

other than that larger (and older) life histories have higher incremental growth rates 

(Levings 2016). There is an opportunity to build on these previous reviews with a more 

quantitative compilation of residency and growth data across species, life histories, and 

estuaries.  

Here, we summarize empirical data compiled on two aspects of anadromous 

Pacific salmon estuary use across their North American range that can be used as 

indexes of importance of estuaries for juvenile salmon: growth rate and residency 

duration. The aim of this study is to quantify the range and variability of these two 

aspects for Chinook, coho, sockeye, pink, and chum salmon across and within their 

populations. We ask i) what is the spatial and biological (i.e. species and life histories) 

coverage of this information across species? Additionally, given the diversity of empirical 

methods, we also ask ii) what methods are used to quantify estuary residence and 

growth and do different methods yield different estimates? Last, iii) how does the mean 

and variability between species and life histories differ? We predict that life histories that 

are described in the literature as more estuary dependent will have more articles (a 

rough unit of research effort), that different methodologies may lead to different 

estimates of estuary residency and growth, that older life histories will have higher 

growth rates, and that life histories that are more “prepared” for salt water (Thorpe 1994) 

will have shorter residency estimates, whereas species that have generally more 

variable freshwater life histories will have more variation in their estuary residencies. 
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3.3. Methods 

We conducted a rigorous literature review to create an updatable database of 

juvenile salmon estuary growth and residency literature and results, subsequently 

referred to as the database. We started by conducting a literature search in Web of 

Science Core Collection through Simon Fraser Universities library proxy on April 24th, 

2018, using the search parameters (salmon, Oncorhynchus) AND (estuary*) AND 

(residen* OR growth OR survival OR mortality), which returned 681 results. We 

subsequently sorted the results, first by if they discussed Pacific salmonids, and then by 

a more thorough read to extract any information on growth and residency into the 

database (Table B1). We only included articles whose study estuary was in North 

America because there were few articles that were found by our search from elsewhere 

(n<5). We included papers that estimated growth from marked cohorts or individuals and 

from changes in unmarked population size over time, provided there was some evidence 

that most growth was done in the estuary and not from later migration of larger 

individuals. We did not include estimates of residency based purely on abundance or 

presence of fish in the estuary as they do not represent individual residency but rather 

population residency (Levings 2016), which is the accumulation of individual residencies 

over time. We also confined our definition of estuary (Perillo 1995) to the tidally-

influenced portion of the river and bay that still had saltwater influence. We did not 

include tidally-influenced freshwater sections because they do not provide the same 

environmental transition and change in prey fields associated with brackish water 

(Simenstad & Cordell 2000). We also did not include studies that focused on what is 

defined as a river plume or estuary plume (e.g. John et al. 1992, Brodeur et al. 2015) 

because most of these sections of “estuary” lack the habitat features of other estuaries. 

Finally, we made note of prior literature summaries and citations and crossed checked 

them with entries in the database, which produced additional peer reviewed and non-

peer reviewed references (n = 10) that were missed by the initial search. 

We grouped species’ life histories by how old they were when they first entered 

the estuary. Therefore, if an article referred to the life-history stage it was analyzing that 

entered the estuary as fry, subyearling, or occasionally parr that was specified as less 

than a year old, we categorized these fish as “0+”. If an article’s cohort was referred to 

as a yearling, or smolt or parr that was migrating after spending one year in fresh water, 
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we categorized these fish as “1+”. Only one article analyzed fish that resided in fresh 

water for the first two years of their life; we refer to these fish as “2+”. Subsequently, 

when we compare across life histories, it is implied that we are comparing across all 

combinations of species’ life-histories unless specified that it is within a species or stage; 

i.e. not just between 0+ and 1+ salmon but 0+ coho, 0+ Chinook, 1+ coho, and 1+ 

Chinook, etc. 

We used mean and median growth rate and individual residency estimates 

because they were the most comparable metric reported across articles. In the 

database, we recorded information on the type of metric reported, mean, median, 

percentile, range, as well as the type of error reported if there was any. Some articles 

reported multiple means or medians because of biological, temporal, or spatial 

segregations they made in their data; we refer to individual means or medians as 

average estimates. Therefore, there are more estimates than there are articles. Articles 

mostly reported results as a mean or median--86% of growth rate estimates and 81% of 

residency duration estimates. If an article only reported a range (maximum range, mean 

range, interquartile range, other qualitative ranges), the mean between the two values 

was taken to make estimates more comparable with other article’s average estimates. 

All growth rate ranges were transformed in this way. Only three percent (6 estimates) of 

residency estimates were unable to be transformed because they were reported as a 

single percentile or maximum only and thus were left as such in the analysis because 

they also did not represent outliers. We did not generally include study specific variability 

or error terms in the analysis, except in specific within-article comparisons, because the 

sample size and error were not always reported across studies, and error was reported 

in many ways that were not convertible such as confidence intervals or standard error 

compared to r2 values. Thus, we only report descriptive statistics, such as the mean, 

median, and maximum range of average estimates from articles.  

We described the distribution of average estimates of growth rate and residency 

duration across life histories and study types but did not perform formal statistical 

analyses. We did not perform formal statistical analyses for several reasons. First, a 

formal meta-analysis that considered study variation was not possible because within-

study variation and sample size was haphazardly and inconsistently reported. Second, 

statistics were difficult to justify because the data was reported in various units, on 

differing spatial scales, and between natural and hatchery origin populations. Growth 
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rates were reported across seven different units, including mm/day, g/day, log10(g)/day, 

ln(g)/day, %mm/day, %g/day, and g/g/day. We did not transform between these units 

because they either require a life-history relationship between length and weight that is 

species and system specific or because the calculation approach assumed a linear (e.g. 

mm/day, g/day) versus exponential (e.g. log10(g)/day, %mm/day) relationship between 

size and time. All residency duration estimates were transformed into days. In addition, 

both growth rates and residency estimates were reported on various spatial scales. 

Estimates were either inferred to be for the whole estuary scale or for one of its 

constituent parts such as a single salt marsh or channel within the estuary that was more 

easily sampled. Although there is additional spatial variation within partial estuary 

estimates, we have generalized estimates as either being from the “whole estuary” or an 

“estuary part” to reduce the further splitting of data. Furthermore, we also note that there 

may be a difference in the behavior of hatchery- and natural-origin fish because 

literature that has directly compared them has found differences in estuary use (Myers & 

Horton 1982, Levings et al. 1986, Weitkamp 2008, Reese et al. 2009). Therefore, we 

reserve our analysis to descriptive statistics because the sample sizes per life history 

were too small to account for possible effects of spatial coverage and fish origin as well 

as other variables that may explain variation in growth rates and residency durations. 

3.4. Results 

3.4.1. Biological and spatial coverage of empirical estimates of 
growth and residency   

We compiled 173 and 177 empirical estimates of growth rate or residency 

duration, respectively, from 40 articles, which are now stored in the database (Table B1). 

Twenty articles reported estimates of growth rates and 31 articles reported residency 

durations, with 14 of the 40 reporting an estimate for both aspects. Articles were 

distributed across 9 different life histories: 0+ and 1+ Chinook; 0+, 1+, and 2+ coho; 0+ 

chum; 0+ pink; and 0+ and 1+ sockeye (Fig 3.1). Research was also distributed across 

estuaries that ranged in latitude from Alaska (59ᵒ47’) to California (37ᵒ51’; Fig 3.1 A). 

Some articles contained estimates on multiple life histories or estuaries, but few 

estuaries had more than one article (max 3 articles in one estuary; Fig 3.1 C, E). Overall, 

no life history had coverage of either growth rates or residency durations across their 

entire natural home range along western North America.  
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Figure 3.1  Biological and spatial coverage of articles that provide empirical estimates of anadromous North American 
Pacific juvenile salmon growth rates or residency across estuaries in their North American range. 

A) The geographical location of study’s estuaries. B) The total number of articles that reported growth rates for each species’ life-history, 
separated by origin. C) The number of articles on growth for each species’ life-history in each estuary that had an associated study. D) 
The total number of articles that reported residency duration for each species’ life-history, separated by origin. E) The number of articles 
on residency for each species’ life-history in each estuary that had an associated study. Estuary names associated with each number can 
be found in Table B2. 
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Articles had uneven coverage of both growth rates and residency across life 

histories (Fig 3.1 B, D). There were by far the most studies on growth rates of 0+ 

Chinook, with 16 articles, whereas 0+ coho had the next best coverage with 5. Other life 

histories had even fewer articles: 1+ coho had 3; 0+ pink and chum had 2 each; and 0+ 

sockeye, 1+ sockeye, and 1+ Chinook each had one. 0+ Chinook also had the most 

articles on residency, 16, followed by 1+ coho with 10. There was generally more even 

coverage of residency as 1+ Chinook, 0+ coho, and 0+ chum each had 5 articles. 0+ 

pink, 2+ coho, and 1+ sockeye had fewer than 5 articles, with 3, 1, and 1, article(s), 

respectively. Only two life histories had an estimate in one aspect and not the other; 0+ 

sockeye with only a growth estimate and 2+ coho with only a residency estimate. 

Generally, 0+ Chinook had the highest coverage in both aspects, followed by coho life 

histories. 

Within life histories, articles were also distributed between natural and hatchery 

origin fish (Fig 3.1 B, D). Natural-origin cohorts comprised 60% and 51.5% of growth rate 

and residency duration articles, respectively, with 20% and 36.4% of articles from 

hatchery cohorts and the rest (20%, 12.1%) from mixed or unknown origins. 0+ Chinook 

were the focus of most articles that researched hatchery- or mixed-origin fish in both 

aspects. Chum were the only other species to have growth rate research on hatchery-

origin fish, whereas all other life-histories’ growth rate research was on natural-origin 

fish. There were more life histories that had both natural-origin and hatchery- or mixed-

origin fish in residency research than growth research, which included 0+ and 1+ 

Chinook and coho, as well as 0+ chum.  

Spatial coverage within life histories were also typically skewed towards the 

south or north, depending on the life history (Fig 3.1). Half of the life histories did not 

have estimates for neither growth nor residency north of the Skeena River estuary 

(54ᵒ11’) and 70% of all articles’ research occurred in the southern half (<48ᵒ) of the total 

range. Most life histories that had the fewest associated articles were primarily 

distributed in the northern estuaries and life histories that had more articles were 

primarily distributed in the southern estuaries. 

The spatial coverage within each life history was also split between studies that 

estimated growth and residency at varying estuary scales. Studies differed by whether 

they studied the whole estuary or a constituent part, e.g. a single marsh or channel 
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habitat within a larger estuary. 86% and 65% of articles estimated growth rates and 

residency over the whole estuary, respectively, whereas the remainder sampled an 

estuary part. Therefore, in the subsequent section when we compare across 

methodologies within a life history, we distinguish between estuary spatial extent (whole 

estuary or estuary part) when comparing methodological categories. 

3.4.2. Methodology used for estimating estuary growth and residency 

A variety of field methodologies were used to estimate growth rates and 

residency durations across studies (Table 3.1). The major difference in methods used to 

estimate growth rates and residency was the separation between those that averaged 

across individuals or those that examined cohorts. Individuals were identified through 

coded wires and passive integrated transponder (PIT) or acoustic tags through the 

estuary. Otolith growth increments and microchemistry or tissue isotopes from an 

individual were also used to infer growth or residency on a per individual basis. Cohort 

estimates of growth rate were done with both unmarked and batch-marked groups and 

comprised 70% of approaches that articles employed. Fin clips, coloured or ultraviolet 

paint, and otolith stress marks, were all used as different batch marking techniques. In 

addition, one study that employed a method for estimating residency with individual’s 

tissue isotopes (Moore et al. 2016) used a regression of individual fish lengths over their 

estimated residence time, which we grouped under the cohort section (“Tissue 

Isotopes”, Table 3.1) because it is more analogous to cohort methods of estimating 

growth. Typically, when residency was estimated using cohorts, which was in 45% of 

articles, it was done with batch-marked groups. However, the analytical methodology 

used to estimate residency varied among papers (Table 3.1): the mean number of days 

since release per marked individual (Levy 1990, Shreffler et al. 1990, Miller & Sadro 

2003); a weighted mean of recaptured individuals since release, weighted by the number 

of fish initially marked per cohort (Fisher & Pearcy 1990, Mortensen et al. 2000); or a 

half-life of a rate of decay of abundances of marked fish (Congleton et al. 1981, Myers & 

Horton 1982, Pearcy et al. 1989). Two articles (Healey 1980a, Levings et al. 1986) also 

inferred residency using an estimated growth rate to determine the duration it would 

require to produce individuals of the observed size difference from earlier to later in the 

season. These different methodologies may be capturing different perspective on these 

metrics of estuary usage and may rely on different assumptions.
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Table 3.1  A count of different approaches used to estimate growth and residency across and within papers. 
Estimates are separated generally by if they are derived from either averaging across individuals or a cohort. Subsequently, the type of calculation 
was sometimes employed over different tagging techniques. “Batch Marked” includes multiple techniques of marking groups of fish in either time 
or space of initial capture but with no way to distinguish individuals. 

Aspect 
Individual 
or Cohort Calculation specifics Tagging specifics 

Number of 
Estimates 

Growth Individual Change in fork length since time of release and last capture PIT Tagged 2 

    Coded Wire 1 

    Average change in fork length between all capture intervals PIT Tagged 1 

   

Change in fork length from 14 days prior using proportional back calculation 
method of year specific fork length to otolith regressions Otolith 2 

    
Change in fork length from 50 days prior using proportional back calculation 
method of year specific fork length to otolith regressions Otolith 1 

   

Change in fork length from otolith determined estuary entry using proportional 
back calculation method of year specific fork length to otolith regressions Otolith 1 

    
Semi-experimental. Released into an enclosed section and recaptured. Slope 
of otolith growth increments. Otolith 1 

       

  Cohort Regression of average length or weight of catch over time Unmarked 7 

    Batch Marked 1 

    Regression between length and residency estimate Tissue Isotopes 1 

   Change in average fork length from time of release Batch Marked 4 

    Difference between two averages divided by the time interval Unmarked 2 

       

Residency Individual Time elapsed from first detection to last Acoustic tagged 6 

    Acoustic tagged (transit time) 3 

      PIT Tagged 3 

    Coded Wire 1 
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Aspect 
Individual 
or Cohort Calculation specifics Tagging specifics 

Number of 
Estimates 

    Number of daily increments after Sr:Ca increase Otolith 6 

   Difference in isotopic signatures in tissues with different turnover rates Tissue Isotopes 1 

       

  Cohort Time elapsed from first detection to last Batch Marked 5 

   

Semi-experimental. Released directly into estuary. Time elapsed from first 
detection to last Batch Marked 1 

    Weighted average time elapsed from release to recapture Batch Marked 3 

   Half-life disappearance/emigration rate decay curve Batch Marked 6 

    Based on growth rates and estimated time interval to produce observed size Batch Marked, Unmarked 3 
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The natural variation in average growth rate estimates within studies was greater 

than variation across different field methodologies. This indicates that different methods 

do not introduce large and systematic error or biases. There were only enough articles 

and estimates to compare average growth rates in mm/day between methodological 

approaches within the database for 0+ Chinook (Table B3). The average 0+ Chinook 

growth rates from individual otoliths for both mixed- and natural-origin fish were 

marginally lower than their unmarked and batch-marked cohort counterparts (i.e. 

comparing between fish from the same origin) for whole estuary estimates. There was a 

single natural-origin batch-marked estimate that appeared to be an outlier (Fig B1). The 

second highest estimate, another possible outlier, was in 0+ Chinook growth rates from 

a natural-origin, whole estuary, unmarked cohort method study. If we removed this 

outlier, it made the median of natural-origin, whole estuary estimates close to the otolith 

method of equivalent category (0.49 and 0.40 mm/day, respectively). The removal of a 

single study’s estimate shows that there may be more natural variation between 

estuaries than biases introduced by methodology in estimating growth rates. 

Additionally, the variability in estimates within studies with the highest numbers of 

estimates from a single estuary nearly encompassed the entire range of all varying 

methodologically derived estimates from other studies, except the outliers, which again 

may be because natural variation is greater than methodological bias. 

There was also evidence that the variation in average residency durations within 

studies was greater than possible methodological bias in general, but one method did 

produce consistently different estimates of residency than others. Articles that used 

acoustic tagging to estimate residency duration consistently produced the lowest 

estimates and often the least amount of variability across methodologies, spatial scales, 

and life histories, even when there was a high number of estimates (Fig B3-B5). The 

comparison of methodologies for residency was possible within 0+ and 1+ life histories 

for both coho and Chinook (Table B4). Like the growth rate results, the variation in 

residency estimates from article’s that reported the highest numbers of estimates in any 

given approach was greater than the variation between methods across papers (Fig B2-

B4). Typically, the less costly individual-based mark-recapture methods like PIT and 

coded wire tagging allowed for such numerous averages within a single study. Overall, 

otolith, PIT tagging, and batch marking methodologies did not show any bias in 

estimates.  There also did not appear to be generally lower estimates produced by 
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studies focused on a single estuary part compared to the whole estuary within an origin 

category. Thus, we conclude that there is likely more natural variation among estuaries 

and article’s estimates for both growth and residency than introduced methodological 

bias except for studies that use acoustic tags. 

3.4.3. Variability in average growth rates and residency durations 

There were differences in estimated average incremental growth rates across 

several salmon life histories. We only compared mean growth rates between species 

and life histories using mm/day because it had the highest coverage (Fig 3.2; Table B3). 

Of the life histories with multiple estimates, growth rates of 0+ Chinook and 1+ coho 

were the highest and most variable, whereas 0+ coho had generally much lower 

estimates. It is important to note that since these growth rates are not relative growth 

rates it is important to consider size when comparing them. Not all studies included size 

information, but we did not observe a trend in growth rate with size for those that did. 

There was a slightly increasing trend in median growth rate estimates from hatchery-

origin to mixed-origin to natural-origin groups within 0+ Chinook. Only one estimate was 

available for 1+ Chinook, 0+ pink, and 0+ sockeye, and 1+ sockeye, which made it 

difficult to draw conclusions between these life histories and others. 
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Figure 3.2 .  Distribution of average (means & medians) growth rate estimates reported in mm/day for multiple juvenile 
salmon in different life history categories separated by origin (hatchery, mixed, or natural). 

The number outside of the brackets is the number of estimates in each species life-history category and the number inside the brackets is the 
number of articles they are from. 
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Average estuary residency duration estimates also varied across origin, life 

histories, and species (Fig 3.3). Overall, for wild origin salmon species, we found that 

their estuary residency approximated the following rank, from longest to shortest 

residency: 0+ coho, 0+ Chinook, 1+ Chinook, 1+ coho, 0+ pink, 2+ coho, 0+ chum, and 

1+ sockeye salmon.  

Hatchery-origin fish resided for shorter durations in some life histories. Hatchery-

origin 0+ and 1+ coho had short residency durations that were more than 10 and 3.5 

times less than natural-origin estimates, respectively. Hatchery-origin 1+ Chinook 

resided for 26 times less on average than their natural-origin counterparts, however, 

natural-origin 1+ Chinook had only one residency estimate and from a much more 

northern estuary. The means and variability in natural-origin 0+ Chinook and 0+ chum 

residency estimates highly overlapped their hatchery-origin estimates. Thus, there is 

mixed evidence for a trend in reduced hatchery-origin fish residency. 

Younger life histories tended to reside for shorter durations than older ones in 

some species. This trend is most apparent in natural-origin coho, who had 

representation from 0+, 1+, and 2+ life histories. We observed the same trend in 

hatchery- and mixed-origin 0+ and 1+ Chinook. The single natural-origin 1+ Chinook 

estimate did not follow the trend, but again, it is from a much more northern estuary than 

the 0+ Chinook estimates. Residency in hatchery-origin coho also did not follow the 

trend. Thus, there is mixed evidence across species and origin for the trend that younger 

life histories tended to reside for shorter durations. 

Like growth rate estimates, there was a lot of variation in the average residency 

estimates, particularly in natural-origin fish. The largest ranges (difference) between the 

lowest and highest average residency estimates were 277, 144, 65, 65, 43, and 29, days 

for natural-origin 0+ coho, natural-origin 1+ coho, natural-origin 0+ Chinook, hatchery-

origin 0+ Chinook, mixed-origin 0+ Chinook, and natural-origin 0+ pink, respectively. 

These are differences of up to 1, 2, 5, and 9 months, which can have major implications 

for how these life histories are behaving across or within estuaries. It also should be 

noted that these ranges are the ranges of median or mean estimates across articles, 

there was often even higher variation within studies around these average estimates. 

Estimates also came from multiple methodologies, estuaries, and years. 
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Figure 3.3  Distribution of average (means & medians) residency duration estimates reported in days for multiple juvenile 
salmon in different life history categories separated by origin (hatchery, mixed, or natural). 

The number outside of the brackets is the number of estimates in each species life-history category and the number inside the brackets is the 
number of articles they are from. 
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3.5. Discussion 

Here, we compiled and explored a wealth of published estimates of juvenile 

salmon estuary growth and residency to summarize current estimates across life 

histories, identify spatial and biological gaps in knowledge, and determine possible 

methodological biases. We found that life histories with the most published literature 

were primarily researched in their southern range while poorly covered life histories were 

researched in more northerly latitudes. Our general overview of methodologies 

suggested that variation within studies may be greater than bias introduced by 

methodology. Variability in growth-rate analytical methodology made it difficult to 

compare across species and represents an aspect that could benefit from unifying 

methods. The inter-quartile range of all growth rates was 0.23-0.51 mm/day. In 

comparison, residency estimates were more comparable across species. Natural-origin 

0+ Chinook and 0+ coho reared in estuaries for the longest durations, one to several 

months. Their older counterparts averaged a residency around one month and their 

hatchery-origin counterparts often only resided in estuaries for a week or less. Pink and 

chum tended to reside in estuaries 1-2 weeks and sockeye resided for less than a week. 

In addition, there was much variation in residency durations across estuaries, which 

suggests that different estuaries may vary in the roles and importance for migrating 

juvenile salmon populations. The compilation of this data allows us to test prior 

predictions of estuary use, hypothesize on factors that may influence the relative 

importance of estuaries to juvenile salmon, and provides a basis for future research 

directions. 

There was an uneven distribution of science on estuary growth and residency of 

juvenile salmon across space and species in North America (Fig 3.1). There was better 

biological and spatial coverage of residency than growth, perhaps because most 

methodologies used to estimate growth require recapture of marked fish (Levings 2016). 

Scientific effort (as measured by number of articles) across species and life-stages was 

extremely disparate—there were numerous studies of 0+ Chinook and coho, but other 

life histories had two or less articles on either growth or residency. Furthermore, the vast 

majority of research on estuary growth and ecology of juvenile salmon occurred south of 

Vancouver Island, BC (Fig 3.1), where human density and accessible is greater, and 

where more salmon biodiversity has been lost (Gustafson et al. 2007, Griffiths et al. 
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2014). While there is an enormous amount of research on salmon, our compilation 

reveals important gaps in knowledge. Future research could target data poor areas to 

contribute to understanding the estuary ecology of salmon.   

Multiple possibilities likely contribute to an uneven distribution of scientific effort 

across species and life histories. The distribution of research across life histories 

generally followed our expectation that those described as more estuary dependent 

would have more research, but there were exceptions. 0+ Chinook and coho had the 1st 

and 3rd most articles on them, which we expected because they are typically described 

as being the most estuary dependent (Thorpe 1994, Koski 2009). Unexpectedly, 1+ 

coho had the 2nd most research over the largest range of latitudes, primarily from 

estimates of residency, despite expectation that they migrate quickly through the estuary 

(Thorpe 1994, Levings 2016). The quantity of research on yearling coho is possibly due 

to their listing as endangered in several systems (NOAA 2018) and the ability to fit them 

with PIT and acoustic tags. Three species that are described as having some of the least 

estuarine dependency, 0+ pink and chum and 1+ Chinook, were the 5th and tied for 4th 

most researched life histories, respectively. 1+ sockeye, also a species not expected to 

have much estuary dependency, were researched the 6th most. Contrary to our 

prediction, 0+ sockeye, which Thorpe (1994) described as one of the hypothetically most 

estuarine dependent life histories, had only one study on growth rate. However, 0+ 

sockeye life histories are also relatively rare (Groot & Margolis 1991), which may explain 

this discrepancy. Overall, research efforts appeared to be distributed in correlation with 

previous expectations of the reliance of different species and life histories on estuaries. 

Our ability to understand the full range of functions that estuaries play for juvenile 

salmon could be strengthened by increasing research on less estuary-dependent life 

histories that could provide us with a comparative baseline within salmon. 

Studies used a diversity of methodologies to quantify estuary growth and 

residency that could introduce bias, but our results suggest that this bias was generally 

not greater than natural variation. It is important to recognized the different assumptions 

and inferences that accompany varying methods (Levings 2016). One of the key 

divisions in methods from studies we compiled was cohort-based approaches versus 

individual-based approaches. However, the only apparent difference we observed was 

between acoustic-tagging studies and other studies, regardless of whether they also 

used individual-based approaches or cohort-based. Studies that used acoustic-tagged 
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fish to estimate residency consistently produced the lowest estimates and had the least 

amount of variation, even when there were many estimates within a study. These 

estimates may be lower because acoustic tags can only be inserted into larger fish that 

may naturally have shorter residency times; it is also possible that there may be a 

tagging effect that increases transit rates. Importantly, a case-study that used both PIT 

and acoustic tags also found that acoustic tagged fish transited more rapidly than PIT 

tagged fish in the estuary (Miller & Sadro 2003). Several other case-studies that used 

multiple methods showed additional sources of potential methodological bias [(Healey 

1980a, Levings et al. 1986, Shreffler et al. 1990, Miller & Sadro 2003, Jones et al. 2014); 

see Text B1 for summary], but when we compared estimates across studies we did not 

find a trend in any methods estimates other than with acoustic tags. Instead of trends 

resulting from methods, we found the variation in studies with many estimates within a 

single estuary were greater than any differences in the averages across studies that 

used different methodologies. Thus, natural variation may be generally greater than any 

introduced systematic error, but caution is still warranted when comparing estimates of 

residency from certain methods such as acoustic tagging. 

The largest trend in growth rates was that older life histories of coho tended to 

have greater incremental growth rates. The average 1+ coho had double the average 0+ 

coho growth rate as measured in mm/day. However, incremental increases in length of 

fish can be an allometric function of age and size (Von Bertalanffy 1938, Lugert et al. 

2016). The inconsistent reporting of length data with growth rates makes it difficult for us 

to determine whether the increased growth rates are due to size, age, or other 

environmental factors because size-at-age relationships are determined by a systems 

growing degree-days and the relative abundance of food (Parker & Larkin 1959, 

Neuheimer & Taggart 2007). The lack of growth data that used the same units across 

multiple life histories made it difficult to identify any other trends or rank which species 

may benefit most from residing in estuaries for longer. Overall, juvenile salmon growth 

rate research represents a large opportunity for future study and it is a key part of the 

equation to understanding the value of estuaries as nursery habitats (Sheaves et al. 

2015). 

The average residencies from studies of natural-origin fish provide us with a 

quantitative test of previous hypothesis that predict patterns of estuary residency across 

species and life histories. Thorpe (1994) suggested that 0+ Chinook and sockeye were 
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most dependent on the estuary, whereas 0+ pink and chum, and all 1+ life histories were 

less so. The empirical data supported some of these suggestions, but not others. 1+ 

Chinook and sockeye, and 0+ pink and chum had shorter residencies on average than 

0+ Chinook. However, natural-origin 0+ pink, which were described as the least estuary 

dependent life history (Thorpe 1994), had a higher mean residency (2 weeks) than 0+ 

Chum (1 week) and 1+ sockeye (~4 days). Another life history that is expected to 

migrate quickly through estuaries, 2+ coho (Thorpe 1994), had an average residency of 

10 days. Further, while some historical studies suggested that 0+ coho did not survive 

once they were flushed downstream (Quinn 2005), more recent studies have found that 

indeed 0+ coho can survive the marine phase (Koski 2009, Bennett et al. 2015). In this 

review, we illustrate that natural-origin 0+ coho had the highest average residency 

estimates with a mean of 3 months and a maximum average over 9 months, suggesting 

that estuaries might be particularly important for this life history. There were no 

estimates for 0+ sockeye residency, which is surprising for a life history that was thought 

to be one of the most estuary dependent (Thorpe 1994). While 0+ Chinook, the other 

hypothetically most estuary dependent (Thorpe 1994), had the most amount of research 

and a high average residency, 27 days, it was only a week longer than the average of 1+ 

coho who were expected to migrate through the estuary relatively quickly (Thorpe 1994). 

Thus, like other authors (McDowall 2002), we suggest that the evolutionary legacy 

hypothesis postulated by Thorpe (1994) does not fully explain patterns of estuary 

residency in salmon. Instead, estuary residency is likely the product of trade-offs 

between estuary conditions (growth and survival) and previous freshwater conditions as 

well as future marine conditions.  

The differences in estuary residencies across life histories may illuminate the 

extent that different estuary functions may play in determining juvenile salmon behavior. 

These different roles are: productive foraging opportunities, refuge from predation, and 

physiological transition (Thorpe 1994), with the latter predicting the minimum amount of 

time species need to hold in estuaries. The durations of residencies that we observed, 

even in pink and chum, are beyond those needed for juvenile salmon to undergo 

physiological shifts without mortality induced stress (Tschaplinski 1987, Healey 1991a, 

Weitkamp 2008). Relatively long residencies suggest that most species and life histories 

of juvenile salmon are also benefiting from the remaining roles that estuaries can play. 

Within a species, life histories that entered estuaries younger (and smaller) tended to 
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reside longer. In this case, increased residency may be from selective pressure on them 

to grow bigger to reduce predation risk in subsequent habitats (Sogard 1997, Beamish & 

Mahnken 2001). However, across species, there were no consistent patterns with 

regards to residency and the size/age of estuary entry. For instance, pink and chum 

salmon enter the ocean at similarly small sizes at 0+ age but only tended to rear for a 

week or two. In contrast, 0+ Chinook and coho resided in estuaries for one to several 

months, entering the estuary at more variable sizes. There was also high variability in 0+ 

coho average residencies which ranged from 17-294 days, which is presumably the 

result of employing multiple life-history strategies after initial estuary entry (Jones et al. 

2014), though the selective pressures driving this variability are unclear. Thus, there are 

within species trends between age-classes that follow what theory would predict, but the 

across species and within life-history variability suggests that different species are 

interacting with and deriving benefits from estuaries in different ways. 

Hatchery-origin juvenile salmon had different patterns of estuary residency than 

natural-origin fish. Both hatchery-origin coho life histories and 1+ Chinook had 

consistently lower estuary residencies, with their average estimates either not 

overlapping at all with natural-origin estimates or only overlapping with the lowest 

quartile. This differential use in estuaries could occur for multiple reasons. First, 

hatcheries may have selected for life histories with short residency; the loss of genetic 

diversity in hatchery stocks is widespread (Verspoor 1988, Waples & Teel 1990, 

Allendorf & Phelps 2011). Genetic-stock differences are known to be connected with 

different behaviours and habitat use (Swain & Riddell 1990, Roegner et al. 2016). 

Another possibility is that hatchery fish may be more likely to be present in systems with 

more degraded habitat (Griffiths et al. 2014), including in estuaries. However, several 

studies have observed divergent behavior in natural- and hatchery-origin fish within 

shared estuaries (Myers & Horton 1982, Levings et al. 1986, Weitkamp 2008, Gamble et 

al. 2018). Alternatively, phenotypes of hatchery-origin fish that enter estuaries may be 

different than wild due to hatchery practices (Huntingford 2004) such as feeding parr at 

high rates and densities (Fenderson et al. 1968), and releasing larger individuals (Miller 

et al. 2010) or at specific times of the year. Regardless of the mechanism driving the 

difference, the fact that some hatchery fish are behaving differently in estuaries means 

that they may respond differently to habitat alterations and may not correlate with the 

responses of wild fish to similar changes in estuarine environments. Previous studies of 
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hatchery-origin fish have found that their survival can be lower in more degraded and 

contaminated estuaries (Magnusson & Hilborn 2003, Meador 2014). If wild populations 

are residing in estuaries longer, as suggested by this synthesis, they may be even more 

sensitive to estuary degradation than previously thought. 

We presented the results from the compilation of articles on juvenile salmon 

growth rates and residency, however there are limitations to how comprehensive our 

database is. We did not perform a systematic search of reports (“grey literature”). 

Reports are not cited as often as peer-reviewed literature but may contain more data 

that could be added to this research. The database is also limited by a lack of 

comparability between the reporting of results. This could be remedied by a coordinated 

collaboration and consisting reporting standards, which could also address additional 

questions on the biases that are introduced using different analytical methods (Healey 

1980a, Levings et al. 1986). We also found several articles that included tidally 

freshwater areas in their definition of “estuary” (Kjelson et al. 1982, Ledgerwood et al. 

2004, Henery et al. 2010, McNatt et al. 2016, Weybright & Giannico 2018) but did not 

include those results in this research. Tidally-influenced freshwater habitats are often 

considered a part of estuaries (Perillo 1995, Hume et al. 2007), particularly for land 

management reasons (Simenstad et al. 2011), which may have impacts of juvenile 

salmon use of these habitats (Scott et al. 2016). However, the lack of saltwater influence 

means that these habitats likely play different roles for juvenile salmon (Thorpe 1994). 

Finally, many studies acknowledged that they were not able to estimate mortality rates, 

which may affect estimates of residency. Mortality can be confused with early estuary 

emigration. Smaller fish often have higher mortality (Sogard 1996) but also may reside in 

estuaries longer (Healey 1979, this chapter). Thus, many of the residency estimates 

here may be conservative average estimates (underestimates). However, by making this 

compilation open access, we hope that this research will continue and progress to allow 

even more complex analysis on the dynamics of juvenile salmon use of estuaries. 

Behaviours in different life history stages, such as residency of migratory juvenile 

salmon in estuaries, can have cascading affects from survival to individual fecundity to 

overall population growth. There is already evidence of growth rate and size-selective 

mortality in juvenile salmon in the early marine period (Healey 1982b, Holtby et al. 1990, 

Beamish et al. 2004, Moss et al. 2005, Duffy & Beauchamp 2011), which is also 

considered a critical mortality period (Pearcy 1992, Beamish & Mahnken 2001). Our 
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ability to directly measure growth rates and residency of specific populations and life 

histories over their entire range and a swath of biophysical conditions will increase our 

understanding of estuaries as nursery habitat (Beck et al. 2001, Sheaves et al. 2015) 

and how estuaries contribute to the population dynamics of these important fishes.  

The large range of variation in average estimates of residency and growth within 

a given species or life history suggests that different estuaries provide different functions 

for juvenile salmon. For example, average residency estimates in 0+ coho ranged from 

17-294 days and from 2-30 days in 0+ pink. In addition, there is even more variation 

around each average residency estimate, which means that variation across individual 

fish would be even greater. Some key characteristics of estuaries that may affect 

residency duration include water temperature, estuary size, estuary habitat, mortality 

rates, and density-dependent pressures. Water temperature is a major contributor to the 

growth potential (Brett 1995) of a given estuary and thus may shift the selective benefits 

of habitats across the temperature regime of a system (Armstrong et al. 2013). The 

trade-off between growth rate and mortality rate is also a major determinant of how long 

an individual may reside in a habitat (Werner & Gilliam 1984, Werner & Hall 1988). 

Estimates of juvenile salmon mortality across estuaries is likely a key predictor of 

variation in residency. Additionally, the density of juvenile salmon relative to the size or 

productivity of optimal foraging habitat may also affect individual growth and residency 

duration through competition (Walters & Juanes 1993, David, Simenstad, et al. 2016). 

Density could be either a function of a systems natural geology or anthropogenic factors. 

For example, if a large basin has a small estuary (e.g. a fjord type with no bar), then 

there is the potential for fish to inhabit that estuary at much higher densities and thus 

have lower growth capacity than a system with a small basin and large estuary (e.g. a 

bar built or drowned river mouth). Evidence of density-dependence effects on foraging 

efficiency in anthropogenically impacted estuaries already exists (David, Simenstad, et 

al. 2016). There is an opportunity and need for future research to explore whether 

differences in residency or growth across estuaries are explained by simple processes 

such as mentioned above. Indeed, understanding the degree to which different estuaries 

represent critical habitat to juvenile salmon is a vital research frontier that could help 

evaluate conservation priorities and guide restoration activities. 
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Chapter 4.  
 
Conclusion 

In this thesis, I used a combination of an intensive field study as well as a 

thorough literature review to examine the estuary ecology of ecologically, economically, 

and culturally important fishes. In my second chapter, I quantified the dynamic prey 

mosaic of juvenile salmon and small pelagic fishes in the estuary of a major salmon 

watershed, the Skeena River. In my third chapter, I illuminated the knowledge gaps and 

trends in growth and residency across life histories of anadromous Pacific salmon in 

North America. In this chapter, I overview key findings of these studies and discuss 

implications and future directions. 

 I found that each fish species in my second chapter consumed different estuarine 

prey whose abundance had different dynamics. Juvenile coho salmon were highly 

piscivorous and insectivorous, and water clarity and temperature affected the abundance 

of several important prey items in their diets. Juvenile sockeye salmon primarily 

consumed Harpacticoid copepods, whose abundance in their diets increased over the 

duration of the summer in correlation with no biophysical factors I identified but whose 

natural abundances were higher over eelgrass habitats. Pacific herring and surf smelt 

primarily consumed Calanoid copepods, whose abundance in Pacific herring diets 

decreased with the density of planktivorous fish caught in the same area (CPUE). All 

four species consumed pteropods as a secondary prey, selected for decapod zoea, and 

all but herring selected amphipods. In addition, diets across individuals within each 

species were incredibly diverse, particularly in the juvenile salmon, with no prey species 

occurring in every diet sample. The ability to forage on a diversity of prey can buffer 

individuals and populations from starvation across spatially and temporally 

heterogeneous landscapes (Armstrong et al. 2016) or seascapes such as estuaries 

(Nagelkerken et al. 2015). 

It was also evident that there was a distinct difference in how juvenile salmon and 

the small pelagic fishes integrated with the prey field. The small pelagic fishes heavily 

exploited the most abundant prey in the water column, Calanoid copepods, while the 

juvenile salmon disproportionately consumed the lower abundance prey, Harpacticoid 
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copepods. I suggest that there is an intrinsic difference in the foraging abilities of these 

groups of fish that has been selected for or impeded by evolutionary processes. In the 

case of small pelagic fish, the ability to forage on the most abundant prey despite its 

evasiveness may have been selected for because they do not reach relatively larger 

sizes like salmon do, thus those who could exploit a ubiquitous prey possibly had higher 

fitness (survived to reproduce). Whereas unlike small pelagic fish, the more diverse 

ontogenetic stages (with regards to size) of salmon may undergo variable selective 

pressures that impede the selection on juveniles to become specialist planktivours of 

highly evasive prey. As salmon become larger they move offshore, apply different 

foraging tactics to different prey fields, and are exposed to different selective pressures. 

I believe that the findings in Chapter 2 are important for several reasons. First, 

these findings are relevant to general conceptual understanding of how biophysical 

estuary dynamics link to prey and to their fish consumers. While it is generally accepted 

that the prey basis of estuaries is one of the key dimensions of their role as nursery 

habitat (Beck et al. 2001, Sheaves et al. 2015), relatively few studies have actually 

quantified fish diets and then examined the dynamics of their key prey across space and 

time (Nagelkerken et al. 2015). This chapter adds an important empirical example of 

how small mobile fishes integrate across a dynamic prey field in an estuarine seascape. 

Second, this chapter addresses a previously-identified knowledge gap in juvenile salmon 

food web ecology in an estuary under increasing anthropogenic development threat, the 

Skeena River estuary (Pickard et al. 2015). I am hopeful that this work may provide 

some insight into potential mechanisms by which stressors could impact fish through 

modification of their food webs. 

In my third chapter, I compiled empirical estimates through a rigorous literature 

review of two key dimensions of juvenile salmon estuary ecology—growth and 

residency. There were not systematic differences in growth across species or life-

histories, likely because methods for measuring and reporting growth rates were so 

variable. A harmonization of growth research methods represents a large opportunity for 

future research. One of the main results of this synthesis was that different life histories 

and species of juvenile salmon resided in estuaries for different lengths of time—some 

life-histories tended to rear for a few days, while others reared for many weeks if not 

months. This synthesis provides an empirical test of previous narrative statements about 

patterns of residency across species. As typically cited (Healey 1982a, Simenstad et al. 
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1982, Thorpe 1994, Quinn 2005), 1+ Chinook and sockeye, and 0+ pink and chum had 

shorter residencies on average than 0+ Chinook, the “most estuary dependent” life 

history. However, counter to some narratives that say 0+ pink have the least estuary 

dependency (Healey 1982a, Thorpe 1994, Quinn 2005), this species had a higher mean 

residency (2 weeks) than 0+ Chum (1 week) and 1+ sockeye (~4 days). While 0+ 

Chinook had a high average residency, 27 days, it was only a week higher than the 

average of 1+ coho who were expected to migrate through the estuary relatively quickly 

(Thorpe 1994, Quinn 2005). 0+ coho had the highest mean residency (3 months), which 

is surprising because at the time of Quinn’s (2005) summary they were still believed to 

simply perish at sea. 0+ coho are now known to contribute to the spawning population 

(Koski 2009, Bennett et al. 2015) and their estuary use appears to be the most extensive 

of any species’ life history. 

The review chapter also revealed a high degree of variation in residency within 

species and life-histories. The average residency estimates of several well researched 

species’ life histories, including 0+ Chinook, 0+ coho, and 1+ coho, ranged from hours to 

months across estuaries. This high diversity in juvenile salmon estuary use has 

presumably arisen from different eco-evolutionary processes including local adaptation 

in life histories (Taylor 1991). Juvenile Pacific salmon experience variable biophysical 

conditions across their North American range in both fresh, estuarine, and marine 

waters. Each habitat provides different trade-offs, such as between growth and predation 

(Willette 2001), and may affect the decisions of fish to reside in one relative to the other 

(Werner et al. 1983, Werner & Hall 1988). I was unable to compile enough data on each 

system over my master’s to test the relationships between residency and relative 

freshwater-estuarine-marine complexes, but I recommend further study of this avenue to 

link life-history theory with estuary and watershed characteristics towards understanding 

the relative dependency of juvenile salmon populations on estuaries. 

Another important trend that emerged from my synthesis of residency estimates 

in chapter 3 was that hatchery fish tended to have lower residency than their wild 

counterparts. Lower hatchery-origin residencies may be the result of two processes. 

First, genetically-linked behaviours and phenotypes in juvenile salmon may influence 

their estuary use. Hatchery and wild populations are known to often have differing 

genetics and phenotypes (Verspoor 1988, Waples & Teel 1990, Allendorf & Phelps 

2011). Evidence from wild and hatchery populations within single systems shows that 
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they differ in agonistic behaviour (Swain & Riddell 1990), habitat use (Roegner et al. 

2016), diet (Sosiak et al. 1979, Chittenden et al. 2018), and even estuary residency 

duration (Myers & Horton 1982, Levings et al. 1986). A second possibility is that 

hatchery fish are more often present in systems with more degraded habitat (Griffiths et 

al. 2014), including in estuaries. Thus, habitat in degraded estuaries with hatchery fish 

may offer fewer benefits than the adjacent marine habitat and selection favors those that 

migrate through quickly. Thus, while previous studies of hatchery fish have found that 

estuary degradation can decrease their survival (Magnusson & Hilborn 2003, Meador 

2014), wild salmon populations may be even more sensitive. In addition, genetic mixing 

of hatchery and wild fish could shift estuary life-histories. 

The ecological complexity of estuaries, such as that evidenced in this thesis, can 

pose challenges for environmental decision-making and planning processes. In Canada, 

fish habitat is protected by Section 35 of the Fisheries Act (R.S.C. 1985), however, more 

than single habitats are required to support the diversity of fish and stocks that use 

estuaries. I will use the Skeena River estuary as an example. Over 40 populations 

comprised of five species of salmon use the Skeena River estuary (Moore et al. 2015) 

that have highly overlapping entry dates and residencies (Moore et al. 2016, Carr‐Harris 

et al. 2018), all of which have experienced generations of different freshwater selective 

pressures resulting in local adaptations and genetic differences (Gottesfeld & Rabnett 

2008). Sharpe (2017) highlights that although some species are more associated with 

certain habitat types, more complex biophysical models were better at predicting smolt 

abundance in the estuary. My research also suggests that it is not only habitats like 

eelgrass that may affect prey resources but also salinity, temperature, and the 

abundance of other fishes. Thus, estuaries provide nursery function to important fishes 

through a complex and dynamic estuarine seascape that differs across populations and 

species (Sheaves et al. 2015, Nagelkerken et al. 2015). 

One potentially application for research on estuary ecology of juvenile salmon is 

towards clarifying stock-specific risks of potential developments. The accumulated 

research in the Skeena River estuary allows me to provide a simplified example of a 

stock-specific assessment of estuary use and comment on its relative dependency on 

the estuary and specific habitats. The Sustut Lake sockeye stock is of moderate size, 

averaging 600-1200 spawners, and located in the high interior zone of the Skeena River 

watershed (Gottesfeld & Rabnett 2008). The sockeye salmon smolts from Sustut Lake in 
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the Skeena River system enter the estuary at a later date than most stocks, which is 

correlated with the long distance these smolts have to travel (Carr‐Harris et al. 2018). 

The Sustut Lake stock is also estimated to have a relatively longer estuary residency 

than other Skeena River populations; two weeks compared to less than one week on 

average (Moore et al. 2016). The period that Sustut Lake individuals arrive with highest 

probability is also during the period when sockeye salmon were consuming Harpacticoid 

copepods most (mid-late June) (this manuscript; Carr-Harris et al. 2018). Although 

research done after the major smolt migration showed that Harpacticoid copepods were 

more abundant over sandy bank habitat than eelgrass (Carr-Harris 2017), my study, 

which sampled at the same time salmon were foraging, found higher Harpacticoid 

abundance over eelgrass as did prior research in another estuary (Kennedy et al. 2018). 

Additionally, Sharpe (2017) found that juvenile sockeye were associated with eelgrass 

generally, but particularly with Flora Bank where she found them at 2-8 times higher 

abundances than other areas (depending on the year). Thus, degradation of eelgrass, 

particularly Flora Bank, may pose particularly large risks to Sustut Lake sockeye salmon 

relative to other Skeena River sockeye salmon stocks. This example highlights how 

cumulative research efforts may be required to identify stock-specific risks of potential 

developments in complex systems like estuaries. 

As marine and freshwater ecosystems continue to transform through climate 

change, anthropogenic development, and fishing and aquaculture pressures (Anderson 

& Piatt 1999, Harley et al. 2006, Gilman et al. 2010), scientists are tasked with providing 

evidence for decision making and management strategies (E4D 2018). The quality and 

quantity of estuaries in particular are being impacted at a rapid rate (McClelland & 

Valiela 1998, Lotze et al. 2006, Thorne et al. 2018), which is why creating and compiling 

information on ecologically, economically, and culturally important species in estuaries is 

particularly pressing. I suggest that in-depth empirical studies as well as literature 

syntheses can help clarify advance our understanding of these systems. As evidence 

accumulates regarding the complex dynamics of estuaries as nursery habitat, there is an 

opportunity to take a more holistic perspective on estuary habitat function, planning, and 

prioritization (Nagelkerken et al. 2015). 
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Appendix A.   
 
Supporting Material for Chapter 2 

 

Figure A1.  Predicted relationships between the abundance of several important 
prey items in diet samples of sockeye salmon (A,B), coho salmon 
(A-H), Pacific herring, (I,J), and surf smelt (K) with biophysical 
aspects of the seascape or the individual fish within the Skeena 
estuary, including 95% confidence intervals calculated from their 
respective GLMMs. 
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Figure A2.  Predicted relationships between several important prey items in the 
environment and biophysical aspects of the seascape within the 
Skeena estuary, including 95% confidence intervals calculated from 
their respective GLMMs. 
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Table A1.  A non-exhaustive literature overview of juvenile salmon (primarily for Coho and Sockeye), Pacific herring, and 
surf smelt diets in estuary and coastal environments in North America. 

Estuary or 
Coastal River or Region Publication Predator Typical prey, reported in order of most to least consumed 

Estuary Campbell River (Macdonald et al. 1987) Chinook Harpacticoida, Cumacea, Insecta 

   Chum Harpacticoida, Cumacea, Calanoida  

   Coho Cumacea, Harpacticoida 

  (Bottom and Jones 1990) Chinook corophium (Amphipoda), Insecta, Daphnia, 

  (Brodeur et al. 2015) Chinook Teleostei, Decapoda, Euphausiacea, Amphipoda (Hyperiidea), Pteropoda 

 Fraser River (John et al. 1992) Pacific herring Copepoda, Amphipoda, Cladocera, Mollusca, Euphausiia 

  (Northcote et al. 2007) Chinook Insecta, Amphipoda, Harpacticoida 

   Chum Insecta, Amphipoda, Harpacticoida 

   Pink Harpacticoida 

 Nanaimo River (Healey 1979) Chum Harpacticoida, Mysida, Amphipoda (Gammaridea) 

 Prince William Sound (Foy and Norcross 1999) Pacific herring Oikopleura, Calanoida, Teleostei eggs, Cirripedia cyprid 

 Puget Sound (Bollens et al. 2010) Chinook Euphausiacea, Decapoda, Arachnida 

   Chinook Teleostei, Euphausiacea, Amphipoda (Gammaridea), Insecta, Arachnida 

   Chum Insecta, Larvacea, Arachnida, Copepoda  

   Chum Insecta, Teleostei, Amphipoda (Hyperiidea), Decapoda 

   Chum Larvacea, Amphipoda (Hyperiidea), Euphausiacea 

   Coho Decapoda, Euphausiacea, Amphipoda (Gammaridea) 

   Pink Euphausiacea, Amphipoda (Gammaridea), Copepoda, Arachnida 

   Pink Teleostei, Pteropoda, Copepoda, Insecta, Decapoda 

  (Brennan et al. 2004) Chinook Insecta, Teleostei, Polychaeta, Amphipoda (Hyperiidea), Decapoda 

   Coho Teleostei, Decapoda, Calanoida, Amphipoda (Hyperiidea), Euphausiacea 

  (Simenstad et al. 1982) Chinook Insecta, Decapoda, Teleostei, Amphipoda (Gammaridea), Cumacea 

   Chum Harpacticoida, Calanoida, Decapoda, Larvacea,  
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Estuary or 
Coastal River or Region Publication Predator Typical prey, reported in order of most to least consumed 

   Coho Decapoda, Amphipoda (Gammaridea), Euphausiacea, Teleostei 

   Pink Calanoida, Larvacea 

   Sockeye Euphausiacea, Mysida, Decapoda 

 Rivers Inlet (Ajmani 2011) Sockeye Cirripedia, Teleostei, Calanoida, Cladocera, Bivalvia 

 Washington and Oregon (David et al. 2016) Chinook Insecta, Amphipoda, crustaceans (Cumacea, Mysida, Copepoda) 

Coastal Auke Bay (Coyle and Paul 1992) Pacific herring euphausiid eggs, barnacle nauplii, Oikopleura, calanoid Copepoda 

   Sockeye Oikopleura, Cirripedia cyprids  

 Bristol Bay (Carlson 1976) Sockeye Calanoida, Teleostei, Insecta 

  (Farley et al. 2007) Sockeye Teleostei, Euphausiacea 

   Sockeye Teleostei, Euphausiacea 

 Broughton Archipelago (Gulbransen 2009) Chum Decapoda, Calanoida, Insecta 

   Chum Insecta, Harpacticoida, Calanoida 

   Pink Copepoda nauplii, Calanoida, Decapoda 

   Pink Calanoida, Harpacticoida, Cirripedia cyprid  

 California Current System (Brodeur et al. 2011) Chinook Teleostei, Decapoda, Euphausiacea, Amphipoda 

   Coho Teleostei, Decapoda, Euphausiacea, Amphipoda 

  (Daly et al. 2009a) Chinook Teleostei, Decapoda, Copepoda,  

   Coho Teleostei, Decapoda, Euphausiacea, 

   Coho Teleostei 

  (Miller and Brodeur 2007) Chinook Teleostei, Euphausiacea, Amphipoda (Hyperiidea), Crustacea 

   Chinook Teleostei, Euphausiacea, Crustacea 

   Chum Teleostei, Crustacea 

   Coho Teleostei, Euphausiacea  

   Pacific Herring Euphausiacea, Amphipoda (Hyperiidea), Crustacea 

   Surf Smelt Brachyura, Amphipoda (Hyperiidea), Cnidaria, Crustacea 
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Estuary or 
Coastal River or Region Publication Predator Typical prey, reported in order of most to least consumed 

 Chatham Sound (Manzer 1969) Chum Copepoda, Oikopleura  

   Coho Teleostei, Insecta, Decapoda, Amphipoda 

   Pink Copepoda, Oikopleura  

   Sockeye Copepoda, Teleostei, Oikopleura  

 Gulf of Alaska (Auburn and Ignell 1996) Chum Euphausiacea, Calanoida, Teleostei 

   Coho Teleostei, Euphausiacea 

   Pink Euphausiacea, Calanoida, Teleostei 

   Sockeye Teleostei, Euphausiacea, Amphipoda (Hyperiidea), Calanoida,  

 Juan de Fuca (Pool et al. 2008) Coho Teleostei, Euphausiacea, Decapoda 

 Salish Sea (Osgood 2016) Chinook Teleostei, Insecta, Decapoda, Calanoida 

   Chum Calanoida, Insecta, Teleostei, Larvacea, Amphipoda 

   Coho Teleostei, Decapoda, Insecta, Amphipoda, Euphausiacea 

   Eulachon Calanoida, Cladocerans  

   Herring Calanoida, Cladocerans, Teleostei, Larvacea 

   Pink Calanoida, Insecta, Amphipoda  

   Sockeye Calanoida, Insecta, Teleostei, Larvacea 

 Southeast Alaska (Jaenicke et al. 1984) Chinook Euphausiacea, Amphipoda (Hyperiidea)  

   Chum Euphausiacea, Amphipoda (Hyperiidea), Copepoda, 

   Coho Teleostei, Euphausiacea, Amphipoda (Hyperiidea), Decapoda 

   Pink Euphausiacea, Copepoda, Amphipoda (Hyperiidea) 

   Sockeye Euphausiacea, Copepoda, Amphipoda (Hyperiidea) 

 

Southeast Alaska & 
Northern BC (Landigham et al. 1998) Chinook Teleostei, Euphausiacea  

   Chum Teleostei, Oikopleura, Amphipoda (Hyperiidea) 

   Coho Teleostei  

   Pink Amphipoda (Hyperiidea), Teleostei, Oikopleura 
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Estuary or 
Coastal River or Region Publication Predator Typical prey, reported in order of most to least consumed 

   Sockeye Teleostei, Amphipoda (Hyperiidea)  

 Straight of Georgia (Price et al. 2013) Sockeye Copepoda, Euphausiacea, Amphipoda, Decapoda, Teleostei 

 Vancouver Island (Godin 1981) Pink Harpacticoida, Copepoda nauplii, Cirripedia cyprid, Calanoida 

 Whole Range (Brodeur 1990) Chinook Teleostei, Euphausiacea, Amphipoda (Hyperiidea), Cephalopoda, Copepoda 

   Chum Calanoida, Euphausiacea, Amphipoda (Hyperiidea), Larvacea, Chaetognaths 

   Coho Teleostei, Euphausiacea, Decapoda, Amphipoda (Hyperiidea), Amphipoda 

   Pink Teleostei, Copepoda, Amphipoda, Euphausiacea, Pteropoda 

   Sockeye Euphausiacea, Amphipoda (Hyperiidea), Copepoda, Pteropoda, Teleostei 

  (Brodeur et al. 2007) Chinook Teleostei, Decapoda, Amphipoda (Hyperiidea), Euphausiacea, Insecta 

   Chum Pteropoda, Tunicata, Copepoda, Teleostei,  

   Coho Teleostei, Euphausiacea, Decapoda, Amphipoda (Hyperiidea) 

   Pink Pteropoda, Teleostei, Euphausiacea, Amphipoda (Hyperiidea), Copepoda 

      Sockeye Euphausiacea, Decapoda, Copepoda, Teleostei 
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Table A2.  Intercept and slope (number/g) of linear regressions of known 
abundance on weight from our diet samples used to estimate 
abundance based on weight where diet contents could be identified 
to taxonomic group but were broken into parts. 

Prey group Intercept Slope 

Amphipoda 1.791857 102.3156 

Cirripedia Adults 3.460142 4667.708 

Cirripedia Cyprid 6.061728 12229.02 

Larval Fish 0.998919 5.629936 

Pteropoda 6.923784 1286.676 

Terrestrial Insect 2.744849 529.6775 

Oikopleura 1.267107 11630.62 

Decapoda Zoea 5.076472 268.0916 

 

Table A3.  Number of non-empty diet samples for coho salmon, sockeye 
salmon, Pacific herring, and surf smelt 

Day of year Site Set # Coho Sockeye Herring Smelt 

131 Porpoise Channel 1 4 4  5 
134 Lelu rock 2  10 10 5 
141 Flora 1 3 2 2   
141 Kitson 4  10 10  
145 Inverness Lelu 5 9  3  
147 Flora 1 6 5 6   
153 Porpoise Channel 7 5 10   
153 Kinahans West 8  10   
158 Inverness Lelu 9 5 5 5 5 
158 Inverness NP 10 5 11 3 5 
158 Flora 2 eg 11  5 5  
159 Kinahans Open Water 12  11 5  
160 Flora 1 13 3 5 4 5 
161 Kitson 14 4 5 5 5 

161 Kitson Open Water 15  5   
168 Flora 1 16 5 6   
173 Flora 1 17 5 11 5 5 

 

Table A4.  Prey species chosen to analyze individual diet variability. 

Fish Species Prey Species 

Coho Insects, Juvenile and larval fish, Crab Zoea 
Sockeye Harpacticoid and Calanoid Copepods, Barnacle Cyprids 
Herring Calanoid Copepods, Barnacle Cyprids 
Smelt Calanoid Copepods 



92 

 

Table A5.  Hypothesis between abundance of important prey in a fish’s diet 
and biophysical covariates. 

Covariate Positive relationship Negative relationship Example(s) 

Length (mm) Length has a positive 
relationship with gape. 
Bigger gape allows for 
more easily caught 
prey 
 

Bigger gape allows to 
target larger prey, small 
prey are targeted less 

(Arrhenius 1996; 
Moss and 
Beauchamp 2007; 
Daly et al. 2009b) 

Secchi depth (cm) Secchi depth is 
negatively related to 
turbidity. Less turbidity 
allows fish to see and 
capture prey more 
efficiently 
 

More turbidity means 
more visible prey are 
easier to capture than 
less visible prey OR 
there is less predator 
avoidance pressure so 
fish are more bold 
 

(Berg and 
Northcote 1985; 
Gregory and 
Northcote 1993; 
De Robertis et al. 
2003) 

Temperature (C) Warmer water 
correlates with higher 
metabolic demand 
which requires more 
prey consumption 

Cold water can be from 
river waters or upwelled 
water. Cold river waters 
could bring more insects 
and cold upwelled 
waters could bring 
generally higher 
abundances of marine 
prey. 
 

(Brett et al. 1969; 
Wang et al. 2015) 

Distance from shore 
(m) 

For pelagic species, 
distance from shore is 
correlated with depth.  
More available pelagic 
species/may have less 
opportunity to 
consume benthic 
species 
 

Closer to shore, eat 
more benthic/epiphytic 
species as well as 
terrestrial derived 
species (insects). 
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Covariate Positive relationship Negative relationship Example(s) 
Abundance of all 
species (CPUE site 
total) 

Using social 
knowledge, i.e. a 
bigger school will 
aggregate over a 
bigger prey patch OR 
more individuals 
means have to invest 
less time into vigilance 
from predators 

Increased competition, 
need to either diversify 
prey or prey field has 
been consumed so 
quickly that there are 
less of specific prey in 
stomach 

(Pitcher et al. 
1982; Morgan and 
Colgan 1987) 

 
Day of year 

 
If a prey’s abundance 
peaks late, 
 
Could also be a proxy 
for some other unkown 
variable 

 
If a prey’s abundance 
peaked early. 

 

 

Table A6.  Hypothesis between abundance of important prey in the 
environmental and biophysical covariates. 

Covariate Positive direction Negative direction Example(s) 

-Temperature  Cooler waters often 
indicate more nutrient 
rich waters/upwelling, 
more zooplankton 
production in cooler 
water.  
 

(Zhou et al. 2009; 
Li et al. 2014) 

-Salinity All species in our 
study area are more 
saline tolerant, i.e. 
abundance is typically 
highest in more saline 
water 
 

 (Telesh and 
Khlebovich 2010) 

-Habitat type Particular species are 
known to have 
associations with 
eelgrass, open water, 
shorelines, and sandy 
bays. 
 

(Relative categorical 
variable) 

(McDevitt-Irwin et 
al. 2016) 
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Covariate Positive direction Negative direction Example(s) 
-Time of day In the GLMM 

framework, this is 
assuming a 
monotonic increase in 
abundance that is 
correlated with natural 
phenology 

In the GLMM framework, 
this is assuming a 
monotonic decrease in 
abundance that is 
correlated with natural 
phenology 

 

    
 

Table A7.  Results from likelihood ratio tests of single covariate models 
against an intercept only null model for the abundance of prey in 
individual diets. * denotes p-value less than 0.05, ** denotes p-value 
less than 0.05/6 (Bonferroni correction). 

Species - prey relationship Covariate p-value 

Sockeye - harpacticoida day of year 0.00001374**  
temperature 0.01003*  
CPUE site total 0.5911  
length 0.7704  
distance from shore 0.8168  
secchi depth 0.8252    

Sockeye - calanoida secchi depth 0.06304  
temperature 0.452  
length 0.4926  
day of year 0.5472  
distance from shore 0.7303  
CPUE site total 0.9581    

Sockeye - barnacle cyprid temperature 0.088  
day of year 0.1645  
CPUE site total 0.3958  
distance from shore 0.5117  
length 0.5307  
secchi depth 0.9052    

Coho - fish distance from shore 0.0000987**  
secchi depth 0.1257  
temperature 0.1683  
day of year 0.1924  
CPUE site total 0.2489 
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Species - prey relationship Covariate p-value  
length 0.4352    

Coho - insect temperature 0.0004646**  
secchi depth 0.01805*  
CPUE site total 0.02687*  
day of year 0.1108  
distance from shore 0.2766  
length 0.9544    

Coho - decapod zoea secci depth 0.01037*  
length 0.01557*  
temperature 0.5988  
CPUE site total 0.709  
distance from shore 0.9302  
day of year 0.9514    

Herring - calanoida CPUE site total 0.01723*  
distance from shore 0.03283*  
secci depth 0.05249  
length 0.2313  
temperature 0.4573  
day of year 0.9503    

Herring - barnacle cyprid CPUE site total 0.07009  
day of year 0.1282  
distance from shore 0.1487  
length 0.3236  
temperature 0.3387  
secci depth 0.563    

Smelt - calanoida length 0.04454*  
secci depth 0.06201  
day of year 0.1495  
CPUE site total 0.2151  
distance from shore 0.4073 

  temperature 0.8621 
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Table A8.  Results from likelihood ratio tests of single covariate models 
against an intercept only null model for the abundance of prey in the 
environment. * denotes p-value less than 0.05, ** denotes p-value 
less than 0.05/5 (Bonferroni correction). 

Prey species Covariate p-value 

Calanoida Salinity 0.0001**  
Distance from shore 0.215  
Habitat type 0.4444  
Time of day 0.478  
Temperature 0.9165  
   
  

Harpactacoida Habitat type 0.0131*  
Salinity 0.0786  
Distance from shore 0.4911  
Temperature 0.6053  
Time of day 0.6556  
   
  

Barnacle cypriid Temperature 0.015*  
Salinity 0.1255  
Habitat type 0.494  
Distance from shore 0.8242  
Time of day 0.9475  
   
  

Oikopleura Salinity 0.0000001**  
Time of day 0.1771  
Temperature 0.517  
Distance from shore 0.8377  
Habitat type 0.9239  
   
  

Pteropoda Temperature 0.005**  
Salinity 0.0192*  
Distance from shore 0.5675  
Time of day 0.6121  
Habitat type 0.9732  
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Prey species Covariate p-value 

Decapod zoea Distance from shore 0.1476  
Salinity 0.1492  
Temperature 0.3518  
Habitat type 0.3792  
Time of day 0.8598 
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Appendix B.   
 
Supporting Material for Chapter 3 

 

Figure B1.  Average (mean or median) 0+ Chinook salmon growth rate estimates (mm/day) from different articles 
(colours) compared across methodology and separated by spatial extent (whole estuary or estuary part) and 
origin (hatchery, mixed, or natural).  
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Figure B2.  Average (mean or median) 0+ coho residency estimates compared across methodology and separated by 
spatial extent (whole estuary or estuary part) and origin (hatchery or natural).  
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Figure B3.  Average (mean or median) 1+ coho residency estimates compared across methodology and separated by 
spatial extent (whole estuary or estuary part) and origin (hatchery or natural). 
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Figure B4.  Average (mean or median) 0+ Chinook residency estimates compared across methodology and separated by 
spatial extent (whole estuary or estuary part) and origin (hatchery, mixed, or natural). 
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Figure B5.  Average (mean or median) 1+ Chinook residency estimates compared across methodology and separated by 
spatial extent (whole estuary or estuary part) and origin (hatchery, mixed, or natural). 
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Table B1. Database of juvenile salmon estuary growth and residency literature 
and empirical estimates. 

https://www.dropbox.com/s/fedblb8wuc7ic8h/Table%20B1.xlsx?dl=0 

Table B2.  Estuaries associated with the numbers in Figure 3.1. 

Number Estuary Latitude Longitude 

1 Fox River 59.789176 -151.00226 

2 Anchor River 59.775471 -151.86114 

3 Auke Bay 58.372803 -134.68287 

4 Chignik Lagoon 56.298673 -158.59101 

5 Skeena River 54.193097 -130.30723 

6 Campbell River 50.055495 -125.26133 

7 Nanaimo River 49.15276 -123.90913 

8 Fraser River 49.114158 -123.17796 

9 Carnation Creek 48.913117 -125.00465 

10 Nooksack River 48.774722 -122.59917 

11 Cowichan River 48.746723 -123.60269 

12 Skagit River 48.31268 -122.36884 

13 Snohomish River 48.021111 -122.20833 

14 Commencement Bay 47.286916 -122.44925 

15 Nisqually River 47.108611 -122.70306 

16 Grays Harbor 46.951167 -124.05267 

17 Columbia River 46.241629 -123.77404 

18 Nehalem 45.697408 -123.91409 

19 Netarts Bay 45.402914 -123.94601 

20 Salmon River 45.0389 -123.99323 

21 Yaquina Bay 44.617397 -124.01899 

22 Alsea Bay 44.436694 -124.04231 

23 Coos Bay 43.39299 -124.20184 

24 Sixes River 42.852482 -124.54175 

25 Humbolt Bay 40.752439 -124.21967 

26 San Francisco Bay 37.866024 -122.39088 

 

 

  

https://www.dropbox.com/s/fedblb8wuc7ic8h/Table%20B1.xlsx?dl=0
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Table B3.  Average growth rates of juvenile Chinook, coho, chum, pink, or 
sockeye salmon across ages 0+ and 1+, reported in different units. n 
= the number of estimates reported with the specified units, where 
ranges were broken into two occasions. Articles = the number of 
articles that reported in the specified units per species-age. Papers 
with multiple estimates were done across different spatial or 
temporal scales or across different years. 

Age 0+ 1+ 

Units % g/day g/g/day % mm/day g/day ln(g)/day log10(g)/day mm/day mm/day 

Species Chinook 

Minimum     2 0.02 0.007 0.004 0.18   

Mean 5.800   3.500 0.062 0.019 0.006 0.469 0.480 

Median       0.057 0.02 0.006 0.479   

Maximum     5 0.115 0.027 0.009 1.32   

Estimates 1   2 7 10 12 64 1 

Articles 1   1 4 1 1 11 1 

Species Coho 

Minimum   0.01         0.1 0.115 

Mean  0.711         0.219 0.450 

Median   0.835         0.17 0.335 

Maximum  1.29         0.63 1.22 

Estimates   8         31 24 

Articles  1         4 3 

Species Pink   

Minimum 2.93               

Mean 4.621           0.220   

Median 4.55               

Maximum 6.66               

Estimates 28           1   

Articles 1           1   

Species Chum           Sockeye 

Minimum 1.61               

Mean 2.990           0.330 0.390 

Median 2.11               

Maximum 6.2               

Estimates 8           1 1 

Articles 2           1 1 
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Table B4.  Average residency in days of juvenile Chinook, coho, chum, pink, or 
sockeye salmon across ages 0+, 1+, and 2+. n = the number of 
estimates reported, where ranges were broken into two occasions. 
Articles = the number of articles. Papers with multiple estimates 
were done across different spatial or temporal scales or across 
different years. 

  Age 

  0+ 1+ 2+ 

Species Chinook   

Minimum 0.0 0.03  
Mean 23.5 3.0  
Median 19.25 0.5  
Maximum 65.5 27.0  
n 35 36  
papers 15 5  

Species Coho 

Minimum 3.7 0.3 6.0 

Mean 88.9 30.6 10.4 

Median 53.7 19.6  
Maximum 294 144 14.8 

n 32 47 2 

papers 5 9 1 

Species Chum   

Minimum 1.7   
Mean 7.3   
Median 5.2   
Maximum 18.5   
N 14   
papers 5   

Species Pink Sockeye  

Minimum 2.0 1.0  
Mean 14.8 3.7  
Median 14.0 2.0  
Maximum 30.5 18.0  
n 25 9  
papers 3 1  
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Text B1.  Extended summary of possible biases introduced through differing 
methodology from five studies. 

Five studies explicitly used multiple methodologies to estimate residency and thus 

enabled more insight into the possibility that different approaches may generate different 

estimates. The first study (Shreffler et al. 1990) employed cohort-based methods but used 

a semi-experimental design that directly released cohorts of hatchery-origin 0+ Chinook 

into a marsh in addition to natural sampling of cohorts of the same size that entered 

volitionally. Cohorts that entered the estuary of their own volition averaged 5 days of 

residence (1-40 days, full range), whereas those that were directly released there resided 

more than 7 times as long with an average of 38 days (29-43 days, full range). The second 

study (Jones et al. 2014) used two individual-based methodologies on wild-origin 1+ coho. 

Jones et al.’s (2014) mean estimation of residency using PIT tags was only two days 

shorter than their median estimate using otolith microchemistry and structure, however, 

the maximum PIT tag estimate was only 34 days whereas the maximum otolith estimate 

was more than double at 84 days. Two possibilities that could explain this difference is 

that there may be effects on behavior from tagging fish or fish were unevenly sampled 

across the population to be used in each method (Jones et al. 2014). The third study (Miller 

& Sadro 2003) used one individual- and one cohort-based methodology on wild-origin 1+ 

coho. Miller & Sadro’s (2003) single mean estimation of residency using acoustic tags was 

11.6 days (± 3.63 SE), which is lower than their lowest of multiple mean estimates using 

recaptured batch-marked cohorts, 17.5 days (± 2.24 SE) and five times lower than 

maximum batch-mark mean, 64.4 days (± 6.82 SE). The fourth study (Healey 1980a) 

employed two analytical methods on the same batch-marked wild-origin 0+ Chinook data; 

one method used an emigration rate decay-curve to estimate the half-life of marked-fish 

residence, whereas the other method used an estimated growth rate to infer how long fish 

must have stayed to obtain the observed change in average size. Healey (1980) surmised 

that the decay-curve average estimate was high (60 days) and his growth rate-derived 

residency estimate (25 days) agreed with population size estimates more and it was within 

the decay-curve estimates 95% confidence interval, thus he favored the lower average 

residency duration estimate. The last paper (Levings et al. 1986) duplicated Healey’s 

(1980) analytical approaches and found a similar discrepancy in its decay-curve average 

residency estimate (65 days) and growth rate-derived residency estimate (41 days). 

Collectively, these direct examples highlight possible sources of systematic error that may 
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be introduced through treating or handling fish differently (Shreffler et al. 1990, Miller & 

Sadro 2003, Jones et al. 2014), sampling different parts of the population (Miller & Sadro 

2003, Jones et al. 2014), using individual- versus cohort-based approaches (Miller & 

Sadro 2003), and the analytical approach used on data (Healey 1980a, Levings et al. 

1986). 


