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Abstract 

Salmon (Oncorhynchus spp.) that spawn around the Pacific Rim subsidize coastal 

ecosystems with marine-derived nutrients. I examined effects of (1) salmon biomass 

availability for scavenging birds in the fall, and (2) the stored salmon nutrients on bird 

assemblages in the summer, while accounting for the influences of other environmental 

variables. Over two years, I studied 17 estuaries in fall and 21 estuaries in summer, which 

varied across a range of spawning salmon biomasses. I discovered that many aspects of 

scavenging and breeding bird abundance and diversity were strongly related to salmon 

biomass and landscape features. Overall, findings suggest that nutrients from salmon are 

important to avian consumers through both indirect and direct pathways and point to the 

possibility of using birds as indicators of salmon nutrient input to watersheds. 

 

Keywords:  coastal ecology; Pacific salmon; communities; nutrient transfer; fisheries; 
ecosystem-based management; marine-terrestrial interface; biodiversity; conservation 
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Introduction 

All natural systems have nutrient and energy exchange mediated through 

organism consumption, digestion, behaviour, death, and inter- and intraspecific 

interactions (Schindler et al. 2003). Some organisms exert more influence on these 

processes than others and can have impacts across ecosystem boundaries (Mills et al. 

1993, Power et al. 1996). For example, nesting seabirds contribute marine-derived 

ammonia and nitrate to soils, which modifies nutrient availability to terrestrial plant 

communities (Ellis et al. 2006). Furthermore, influential species often fuel the flow of 

nutrients through multiple trophic levels, and can be strong drivers of recipient 

community structure, productivity and resilience (Polis and Strong 1996). Therefore, 

understanding how influential species impact communities is important for the 

conservation of these systems. 

Wild Pacific salmon (Oncorhynchus spp.) fuel ecosystem processes by delivering 

an annual nutrient contribution to coastal watersheds (Willson and Halupka 1995). More 

than 95% of the nutrients in their bodies are accumulated from the marine environment 

(Groot and Margolis 1991). Each fall, they return to their natal streams where they spawn 

and die, after which their nutrients are spread into aquatic, terrestrial and coastal marine 

ecosystems by water movement and transfer of carcasses by consumers (Gende et al. 

2002). This provides a marine-derived nutrient subsidy to watersheds, both directly to 

salmon predators and scavengers in the fall (Reimchen 1994), and indirectly to other 

organisms throughout the year through secondary pathways (Gende et al. 2002). In these 
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systems, even modest inputs of salmon nutrients may have substantial and lasting effects 

on ecosystem productivity (Willson et al. 1998, Verspoor et al. 2010). 

In many regions, salmon populations have been in decline for decades and now 

average 10-20% of their historical spawning densities over much of the southern part of 

their range (Gresh et al. 2000, Reimchen 2001). Modern fisheries management initiatives 

have stressed the need to manage salmon populations to sustain their nutritional 

contributions to estuarine, freshwater and terrestrial systems (Gresh et al. 2000, Naiman 

et al. 2002, DFO 2005, Adkison 2010). To accomplish this, it is necessary to 

quantitatively measure how the influence of salmon nutrients on ecosystems changes 

across a gradient of salmon population sizes. 

Although there has been increased attention to how nutrients from salmon affect 

freshwater and riparian ecosystems (e.g. Willson et al. 1998, Cederholm et al. 1999, 

Gende et al. 2002, Naiman et al. 2002), estuaries have been largely unstudied. An 

estuarine ecosystem includes the interface of and interactions between marine, aquatic, 

and terrestrial systems (Howes et al. 1999). A study in Alaska estimated that 

approximately 50% of returning salmon tissues was flushed into the estuarine 

environment as a result of water movement (Gende et al. 2004). Moreover, salmon 

isotopic signatures have been discovered in vegetation up to 800 m away from spawning 

streams in grizzly bear habitat (Reimchen 2001), suggesting the possibility of physical 

transport of salmon-derived nutrients over long distances. Based on these results, it is 

logical to think that a substantial portion of nutrients from salmon may accumulate in 

estuaries and adjacent forests.  
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During the spawning season, several species of organisms are known to feed 

directly on salmon, ranging from marine invertebrates to large terrestrial mammals 

(Reimchen 1994). This spatially concentrated and high-energy food source draws large 

numbers of predators and scavengers to spawning streams each fall, and may be crucial 

for over-winter survival of many species (e.g. Hunt et al. 1992, Cederholm et al. 1999, 

Darimont et al. 2003). Among the most abundant consumers of salmon tissues in the fall 

are scavenging birds (Willson et al. 1998). One study at two sites estimated that gulls 

(Larus spp.) alone consume up to 26% of total salmon carcass biomass and 36% of all 

deposited salmon eggs over a spawning season (Christie and Reimchen 2005). However, 

no study has tested the influence of salmon on scavenging bird abundance and diversity 

at sites that vary across a gradient of spawning salmon biomasses. 

Over 50% of returning salmon biomass may be transferred to forests surrounding 

their spawning grounds (Willson et al. 1998). This is accomplished largely by carcass 

transport and excretion by bears (Ursus spp.), and to a lesser extent by wolves (Canis 

lupus), small mammals, scavenging birds, and water movement (Reimchen 1994, Willson 

et al. 1998). These nutrients are stored and recycled throughout these ecosystems and 

benefit a variety of biota throughout the year. For instance, residual nutrients from 

salmon have been shown to increase vegetation growth and aquatic and terrestrial 

invertebrate biomasses, and influence trophic linkages within these communities (Willson 

et al. 1998, Wipfli et al. 1998, Helfield and Naiman 2001, Chaloner et al. 2002a, 

Chaloner et al. 2002b, Hocking and Reynolds 2011). These discoveries suggest that both 

frugivorous and insectivorous forest birds could also benefit from salmon nutrients by 

utilizing the associated increase in available food sources during the breeding season. 
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Two small-scale studies found that songbird densities can be greater beside streams that 

bear spawning salmon compared to those that do not (Gende and Willson 2001, Christie 

and Reimchen 2008). However, no study has tested the influence of salmon on bird 

assemblages in summer across a range of salmon population sizes, nor has any study 

examined salmon impact on breeding birds in estuaries. 

The overall aim of this thesis was to quantitatively examine how salmon-derived 

nutrients influence communities of birds in estuaries adjacent to streams that fluctuate 

across a gradient of salmon densities. I accomplished this by examining the direct and 

indirect relationships between salmon biomass and abundances and diversities of 

estuarine bird assemblages in the fall and summer, respectively. I also accounted for 

environmental habitat and landscape features that may affect the relationship between 

salmon and birds. This was the first study to compare the influence of salmon nutrients 

on bird assemblages across a wide range of salmon population sizes. 

In the first chapter, I focussed on a direct linkage between salmon and birds by 

testing how salmon biomass influences scavenging bird abundance and diversity in 

estuaries during the fall spawning season. Here, I hypothesized that salmon carcass 

biomass in the estuary have a strong positive influence on the abundance and diversity of 

scavenging bird communities in the fall, and that depredated estuary carcass biomass may 

provide increased access to salmon nutrients for scavenging birds.  

In the second chapter, I investigated how salmon nutrients that arrive in the fall 

impact small diurnal forest birds during the summer breeding season. I also explicitly 

considered forest habitat characteristics that are known to influence breeding birds and 

adjacent landscape features in model comparisons. I tested these variables against several 
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measures of breeding bird diversity and density, grouped by the total number of birds, 

food-type preferences, and common individual species. I used a 3-year mean combined 

chum (Oncorhynchus keta) and pink (O. gorbuscha) salmon biomass as a metric to 

account for the storage legacy of salmon nutrients. In a separate analysis, I tested an a 

priori prediction that the relationship between birds and salmon would reach an 

asymptote at a high level of salmon biomass.  

In the concluding chapter, I synthesized my results, discussed their significance and 

potential application, suggested possibilities for future studies, and commented on how 

the current state of Pacific wild salmon populations and human resource exploitation may 

impact coastal ecosystems around the Pacific Rim. 
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1: Ecological effects of salmon on estuarine scavenging 
birds 

Rachel D. Field, John D. Reynolds  

RDF and JDR designed the study and wrote the paper; RDF did the 
fieldwork and analyzed the data. 

1.1 Abstract 

When Pacific salmon (Oncorhynchus spp.) return to coastal streams around the 

north Pacific Rim each fall, their carcasses and eggs provide an annual food source for 

numerous organisms. While researchers have considered the importance of these 

nutrients to a variety of species, little is known about how avian scavengers respond to 

these events.  Avian responses may be especially pronounced in estuaries, which receive 

a large portion of salmon carcasses from streams. We compared abundance and diversity 

of scavenging birds across 17 estuaries on the Central Coast of British Columbia, Canada 

in relation to nutrients from salmon, landscape characteristics, and migratory timing. We 

discovered that all metrics of spawning salmon and carcass biomasses were strong 

predictors of scavenger abundance and diversity.  Specifically, Shannon’s diversity 

index, which emphasizes rare species richness, and total scavenger, corvid (Corvus spp.), 

and small and large gull (Larus spp.) abundances were most strongly predicted by total 

estuary carcass biomass, whereas depredated estuary carcass biomass most strongly 

predicted the abundance of Bald Eagles (Haliaeetus leucocephalus). Simpson’s diversity 

index, which emphasizes evenness of common species, was best predicted by total annual 

spawning salmon biomass. Estuary area also was an important predictor of most 
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scavenger metrics, while survey date was correlated only with Bald Eagle and large gull 

abundance. Our results suggest that Bald Eagles may target salmon killed by terrestrial 

salmon predators. Overall, available salmon biomass is important for maintaining the 

abundance and diversity of scavenging birds that congregate at estuaries throughout the 

spawning season.  

1.2 Introduction 

Some species can have disproportionately strong effects on ecosystems. These 

species may be essential for the stability and resilience of communities by driving 

ecosystem processes, such as productivity, which can be heavily influenced by a species’ 

ability to regulate energy flow (Chapin et al. 1997). This hypothesis is well-founded in 

plant ecology, where the importance of individual species to above-ground net primary 

productivity is closely related to their contribution to total plant biomass (Grime 1998, 

Smith and Knapp 2003). Vertebrates can have similar impacts on nutrient dynamics 

(Power et al. 1996). An example concerns Pacific salmon (Oncorhynchus spp.). These 

fish accumulate more than 95% of their body mass at sea (Groot and Margolis 1991). 

When they return to their natal streams to spawn, their energy-rich carcasses and eggs are 

consumed by a variety of terrestrial vertebrates throughout coastal watersheds, including 

bears (Ursus spp.), wolves (Canus lupus), river otters (Lutra canadensis), martens 

(Martes americana) and an array of scavenging birds (Reimchen 1994). A large 

proportion of salmon carcasses and eggs may become available to scavengers in estuaries 

through water movement and terrestrial predator activity (Reimchen et al. 2003). 

However, very few studies have assessed the influence of this food source on estuarine 

communities. 
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Some of the most abundant vertebrates that assemble in estuaries in the fall are 

scavenging birds (Willson et al. 1998). Among these are Bald Eagles (Haliaeetus 

leucocephalus), a culturally iconic raptor in the northeastern Pacific closely linked with 

salmon. For example, a study on the Skagit River in Washington found that 

overwintering Bald Eagle abundance was positively correlated with the number of chum 

salmon (Oncorhynchus keta) that spawned the previous fall (Hunt et al. 1992). Crows and 

ravens (Corvus spp.) also consume salmon nutrients (Willson et al. 1998). The most 

abundant but least studied of the salmon scavenging birds are gulls (Christie and 

Reimchen 2005). They may be especially reliant on this food source as several species 

utilize salmon nutrients during their southward migration, an energetically taxing 

endeavour that requires substantial fat stores (Schneider and Harrington 1981). One study 

explored gull consumption rates of salmon and the potential of gulls to recycle nutrients 

from salmon back into the surrounding coastal system via guano deposition (Christie and 

Reimchen 2005). However, no study has quantified the direct influence of salmon 

nutrients on scavenging bird abundance and diversity at sites that vary across a gradient 

of salmon population sizes. 

In this study we assessed the influence of spawning salmon nutrients on scavenging 

bird communities by exploring relationships with bird abundances and diversities in 17 

estuaries on the Central Coast of British Columbia, Canada. Study sites varied across a 

range of salmon population sizes and watershed and estuary sizes. The objectives of this 

study were (1) to quantify, for the first time, the relationship between salmon nutrients 

and scavenging bird abundance and diversity, while accounting for the effects of 

landscape variables, migratory timing and inter-annual variability in biomass of fish, and 
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(2) to determine whether scavenging birds are attracted to estuaries by immediately 

available carcass biomass, by depredated carcasses that provide easier access to fresher 

salmon tissues, or by the annual predictability of a watersheds capacity for spawning 

salmon biomass production. 

1.3 Methods 

1.3.1 Study Sites 

We conducted our study in Heiltsuk First Nation traditional territory in the Great 

Bear Rainforest on the Central Coast of British Columbia (Fig. 1.1). We surveyed birds 

in 17 estuaries on coastal islands and mainland inlets. An estuary boundary was 

associated with the extent of freshwater from the adjacent stream along the shore beside 

the entry point of the stream. This was defined at the point of termination of the sedge 

(Carex spp.) band that extends from the mouth of the stream (Stevens and Hoag 1996). 

Estuary habitats consisted of clumps of trees and shrubs, sedge meadows, rocky intertidal 

zones, and mudflat zones. Estuaries ranged from 0.003 to 0.171 km2 (mean = 0.041 ± 

0.020) at low tide (< 1.8 m) and watershed catchment areas ranged from 0.103 to 4.090 

km2 (mean = 1.467 ± 0.584). Our study sites are in the Coastal Western Hemlock 

Biogeoclimatic Zone, which has high annual precipitation (>3300 mm/year) (Pojar et al. 

1987). Study sites varied across a range of salmon abundances representative of the 

region, from zero to over 105,000 combined chum (Oncorhynchus keta), pink (O. 

gorbuscha), coho (O. kisutch), and sockeye (O. nerka). Salmon in this region spawn from 

late August to early November. 
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1.3.2 Salmon Nutrients 

We surveyed estuary carcasses at each site visit during low tide. For each carcass 

we recorded approximate percent biomass remaining (100%, 75-100%, 50-75%, 25-50%, 

0-25%, bones) and cause of mortality (bear, wolf, senescence, unknown). Bear-

depredated carcasses characteristically have consumption evidence of brain, dorsal or 

lateral muscle or ovary tissue (Reimchen 2000), whereas wolf-depredated carcasses 

typically lack the entire head of the salmon (Darimont et al. 2003). 

Spawning salmon were counted by people from the Heiltsuk First Nation, the 

Canadian Department of Fisheries and Oceans (DFO), and by our field team from Simon 

Fraser University. Surveys were conducted on foot to estimate returning salmon 

abundance over the August to November spawning season. Where there were at least 3 

counts per season, the total number of salmon was calculated using the area-under-the-

curve (AUC) method (English et al. 1992). Where there were fewer than 3 counts per 

season, ‘peak’ counts were used to estimate total number of salmon. These two 

estimation methods are highly correlated (peak mean = 1430.4 ± 988.1, AUC mean = 

1656.8 ± 906.0, r = 0.88, p < 0.001) (Field and Reynolds in press, Appendix 1). 

We compared several metrics of salmon nutrient input in our analyses. Total 

biomasses of spawning salmon, estuary carcasses, and depredated estuary carcasses were 

calculated from yearly returning salmon abundance estimates and carcass counts, and 

from species-specific regional mass estimates: chum = 3.5 kg, pink = 1.2 kg (Hocking 

and Reynolds unpublished data). We excluded coho and sockeye salmon from total 

spawning salmon biomass estimates because they only account for 2% of the total 

biomass at our study sites and we never observed their carcasses in estuaries.  We 
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quantified salmon according to biomass (kg) rather than abundance because biomass 

provides a better gauge of salmon nutrient availability. Mean salmon biomass ranged 

from zero to 40,940 kg (mean = 4151 ± 5,273 kg) in 2008, and from zero to 164,084 kg 

(mean = 26,043 ± 21,745 kg) in 2009 across our study watersheds (Table 1.1). Seven 

sites had two streams entering a common estuary, and spawning salmon biomass 

estimates were combined for six of the sites for which we had data on both streams. 

1.3.3 Scavenging Birds 

We recorded all birds seen and heard from a single vantage point with a view of 

the entire estuary. Surveys were repeated 3 to 4 times during the salmon spawning season 

and ranged from September 11 to October 28 in 2008 and from September 16 to October 

20 in 2009. Survey were conducted during low tide (< 1.8 m), when feeding was highest 

due to more estuary carcasses being exposed (Christie and Reimchen 2005). The duration 

of each survey was standardized to the size of the estuary (1 min per 1000 m2), which 

was the time required to ensure complete and accurate counts at our largest site based on 

pilot surveys. Although 17 estuaries were visited, two sites were only surveyed in 2008 

(Farm Bay and Troupe North) and were replaced by two larger sites in 2009 (Quartcha-

Lee and Roscoe Main). Survey days were chosen randomly, Rachel Field was the only 

observer, and we did not survey birds on days with heavy rainfall or strong wind (> 10 

km/hr). 

We focused on birds that feed directly on salmon carcasses and eggs, including 

gulls, corvids and birds of prey. Six species of gulls are known to regularly forage on 

salmon tissues during the fall spawning season in our study area, including Glaucous-

winged (Larus glaucescens), Herring (L. argentatus), California (L. californicus), 
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Thayer’s (L. thayeri), Mew (L. canus), and Bonaparte’s (L. philadelphia). We divided 

these gulls into two groups based on foraging preferences: large-bodied gulls, including 

Glaucous-winged, Herring, California, and Thayer’s, which consume mainly carcasses, 

and small-bodied gulls, including Mew and Bonaparte’s, which consume mainly and 

exclusively eggs, respectively (Christie and Reimchen 2005). One Ring-billed Gull 

(Larus delawarensis) was observed on one survey in 2009 and was therefore excluded 

from analyses. Two species of scavenging corvids, Northwestern Crow (Corvus 

caurinus) and Common Raven (C. corax), were regularly observed scavenging carcasses. 

Because crow and raven abundances were too low to support individual analyses and 

because they exhibit similar scavenging behaviour, their abundances were combined for 

analyses. Only one bird of prey, the Bald Eagle, was regularly observed scavenging 

carcasses and this species was investigated separately for some analyses. We also 

combined all of these species’ abundances to assess the effects of salmon on total 

scavenging bird abundance and diversity. We calculated three measures of diversity: (1) 

species richness, (2) Shannon’s index, which highlights rare species and species richness, 

and (3) Simpson’s index (1-D), which highlights common species and evenness 

(Nagendra 2002, Shannon and Weaver 1949, Simpson 1949). 

1.3.4 Environmental Variables 

To account for landscape features that may be related to variation in abundance 

and diversity of scavenging birds, exposed estuary areas were sketched on air photos of 

each study site during each survey. Survey-specific estuary areas (km2), which depended 

on tidal height, as well as site-specific watershed catchment area (km2) and mainstem and 

tributary lengths (m) were then determined using air photo area maps and iMapBC 
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(Government of British Columbia 2008). Stream ‘bankfull’ (m), which is the width of a 

stream when water flows are highest, was multiplied by stream length (m) to obtain 

stream area (m2) estimates. For sites that had several streams entering a common estuary, 

landscape features were summed. 

1.3.5 Data Analysis 

We used Principal Component Analysis (PCA) to extract a reduced set of 

uncorrelated components from watershed landscape features. Larger watersheds have 

increased terrestrial nutrient input, increased access for potential salmon predators, and 

may provide larger foraging patches for scavenging birds (Alexander et al. 2000, Flather 

and Sauer 1996, Polis et al. 1997). Larger, more open estuaries may provide more food 

and decrease competition and predation risk for scavenging birds. Landscape variables, 

which included mean site estuary size and watershed catchment and stream areas, were 

well correlated (r>0.76, n=17, p<0.05) and were scaled prior to PCA (Jolliffe 2002). The 

first principal component (PC1) accounted for 92% of the variance, with only estuary 

area weighted highly positively (0.95), while weightings for catchment and stream areas 

were weak (< 0.23). Therefore, only estuary area was retained for further analyses, 

though we did also try the analyses using PC1 and found no significant changes in the 

results. 

Due to the repeated measures in our study design, we used linear mixed-effects 

models. This allowed us to account for a lack of independence across repeated surveys 

within a site, and to calculate parameter estimates which can be used to predict general 

relationships between birds and salmon (Zuur et al. 2009a, Zuur et al. 2009b). The 

impacts of salmon nutrients on scavenging bird abundance and diversity were tested by 
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comparing models using Akaike’s Information Criterion (corrected for small sample 

sizes; AICc). This method evaluates models based on the principle of parsimony, striving 

to maximize model fit while minimizing the number of model parameters. Scavenger 

abundances and salmon metrics were log-transformed (log10[variable + 1]) to improve 

residual distribution model assumptions. We used variance inflation factor (VIF) scores 

to measure how much the variance of an estimated regression coefficient is increased by 

collinearity among predictors in an ordinary least squares regression. A measure of 

tolerance for the ith predictor is 1 minus the proportion of variance it shares with other 

predictors in the model (1 – Ri
2), and the VIF is measured as 1/(1 – Ri

2). The VIF scores 

were < 2 for all variables, indicating an acceptably small amount of collinearity among 

predictors (Zuur et al. 2009a). We included ‘site’ as the random effect, which allows the 

model intercepts to vary by site, as this variable contained the identities of our replicated 

surveys. A set of 15 candidate models was created for each scavenger response variable, 

each allowing the model intercept to vary by site (Appendix 2). The influence of the total 

biomass of spawning salmon (kg) was compared with estuary total carcass biomass (kg), 

estuary depredated carcass biomass (kg), estuary area (km2), and survey date (Julian day). 

Year was included as a two-level factor (2008 and 2009) in all candidate models to 

control for potential inter-annual variability in bird abundance and for repeated measures 

across years. The diagnostic plots for all candidate models met the assumptions of 

homoscedacity, normality and independence of residuals (Zuur et al. 2009a). All 

statistical analyses were computed using R (R Development Core Team 2009).  

1.4 Results 

All six gull species were observed commonly during our study period, and foraging 
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behaviour (preference for carcass tissue versus eggs) was consistent with previous 

observations (Christie and Reimchen 2005).  Gulls accounted for 84% of total scavenging 

bird abundance. Bald Eagles and gulls generally increased in abundance at each site over 

the salmon spawning season, whereas corvid abundance did not show any clear trend. 

Based on data from a companion study that took place at our study sites during the 

summer avian breeding season in the same two years (May to July; Chapter 2), mean site 

abundance of Bald Eagles, corvids and gulls increased in the fall by 120%, 250%, and 

7,500% respectively in 2008, and by 140%, 800% and 17,700% respectively in 2009. 

Several other bird species were observed in estuaries during fall surveys, but most 

were never observed consuming salmon tissues. Interestingly, we witnessed several other 

species consuming insect larvae directly from salmon carcasses, including Swainson’s 

(Catharus ustulatus) and Hermit Thrushes (C. guttatus), Pacific Wrens (Troglodytes 

pacificus) and Steller’s Jays (Cyanocitta stelleri). These species were not included in 

analyses because our survey methods were aimed towards large scavengers. 

A salmon metric was always proved to be the top-ranked predictor, appearing in 

the top-ranked model for all bird response variables (Table 1.2 and 1.3). Total estuary 

carcass biomass was the top-ranked salmon metric for total scavenger abundance and 

Shannon’s diversity and for the numbers of small and large gulls and corvids (e.g. Fig. 

1.2). Depredated carcass biomass was the top-ranked salmon metric for Bald Eagles, and 

total spawning salmon biomass was the top-ranked salmon predictor of Simpson’s 

diversity. Total spawning salmon biomass was still a strong predictor of all bird metrics 

(e.g. Fig. 1.3).  

We conducted a post-hoc analysis of the influence of individual salmon species by 
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comparing total spawning salmon biomass with chum and pink biomass separately in 

best-supported models for each response variable. This analysis revealed that, although 

total spawning biomass was always a stronger predictor than individual salmon species 

biomass, total spawning chum biomass was a better predictor than pink biomass of all 

bird metrics except large gull and corvid abundance. Summed spawning biomass across 

all of our sites was greater for chum (45,745 kg) than pink salmon (16,513 kg) in fall 

2008, and pink biomass (204,707 kg) was greater than chum (138,089 kg) in fall 2009. 

Further, a post-hoc analysis of the influence of spawning salmon density (biomass per m2 

of stream) found that this metric was never a better predictor of any bird metric than total 

spawning or carcass biomasses.  

Estuary area was also in top-ranked models for several bird response variables, but 

it was only significantly related to scavenger species richness and total scavenger and 

small and large gull abundances (p < 0.05). Survey date was only found in the top-ranked 

model for Bald Eagles and for large gulls. Year was a significant predictor in top models 

for total scavenger and Bald Eagle abundance and for species richness and Shannon’s 

diversity, with greater numbers in 2009 (p < 0.05, Table 1.2 and 1.3). A graphical 

example of model fits is presented in figures 1.2 (b) and 1.3 (b). 

1.5 Discussion 

Estuary carcass and total spawning salmon biomasses were important predictors of 

all measures of scavenging bird abundance and diversity. While most scavengers were 

attracted to sites based on estuary carcass biomass, Bald Eagles were more closely linked 

to depredated carcasses.  Furthermore, Simpson’s index of diversity, which emphasizes 

evenness of common species, was most influenced by the total number of salmon present 
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over the entire spawning season. Our findings demonstrate quantitatively that salmon 

support both the abundance and diversity of large numbers of birds at a time when 

nutrient and fat acquisition is vital to overwinter survival and migration (Stocker and 

Weihs 1998).  

Bald Eagles were unique in being best predicted by the biomass of salmon 

carcasses that had been preyed upon by other species. Salmon killed by predators have 

more accessible tissue and eggs and have a higher energetic content per volume than 

salmon that have died from senescence after spawning, which tend to be more decayed 

(Winder et al. 2005). Eagles also catch live fish, and may have a stronger preference for 

fresh tissues than the other scavenging birds in our study. Indeed, we observed that eagles 

exclusively targeted un-decayed depredated carcasses, and another study has found 

eagles to prefer experimentally placed ‘opened’ over intact salmon carcasses (Knight and 

Anderson 1990). Although another study has found that Bald Eagle abundance is 

positively correlated with the abundance of spawned-out salmon (Armstrong 2008), this 

is the first demonstration of a link between large terrestrial salmon predators and Bald 

Eagles.  

Total estuary carcass biomass, rather than biomass of depredated carcasses, was the 

best predictor of scavenger richness, Shannon’s diversity, and all other species of 

scavenging birds. Our observations of foraging did not reveal a preference for un-

decayed tissues. A study at two of our sites in 2002-2003 reported that abundance of 

large gulls, but not small gulls appeared to correspond with food availability (Christie and 

Reimchen 2005). Accessible egg biomass and/or stream discharge, which can dislodge 

eggs from spawning beds, could have been correlated with estuary carcass biomass at our 
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sites and influenced egg-consuming small gull abundance. Moreover, scavengers may 

have been influenced by density-dependent sediment disruption by spawning salmon, 

which contributes to increased transport of salmon eggs, carcasses, invertebrates, and 

other nutrients downstream to estuaries (Moore et al. 2008) . 

Simpson’s diversity was best predicted by total spawning salmon biomass. This 

supports the prediction that anadromous fish may support higher diversity of scavengers, 

likely due to the spatial concentration, ease of capture, annual predictability, and high 

abundance of these fish (Reimchen 1994, Willson and Halupka 1995). Evenness of 

common species, such as California, Glaucous-winged, and Mew gulls, may therefore be 

influenced by annual predictability of watershed-level salmon biomass production. 

Total biomass of spawning fish was always a stronger predictor than individual 

species biomasses, but post-hoc analyses revealed that spawning chum salmon biomass 

alone was a better predictor of most bird metrics than pink salmon biomass. The larger 

combined biomass of spawning pink salmon over our two study seasons suggests that this 

result did not stem from greater available carcass biomass alone. Chum are the largest-

bodied salmonid in our study region and have higher fecundity and lay larger eggs than 

pink salmon (Beacham and Murray 1993). There could also have been differences among 

species in downstream transport of carcasses and eggs, which could depend on stream 

physical characteristics (Janetski et al. 2009).  

Estuary area was also an important predictor of avian metrics, but was secondary to 

the effect of salmon (Table 1.3). Larger estuaries provide increased foraging space, and 

thus decreased competition per individual, and more abundant non-salmon food sources 

such as benthic invertebrates.  
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Seasonal and inter-annual effects on scavenging birds were variable. Survey date 

was an important predictor of Bald Eagle and large gull abundance. Bald Eagles are 

known to leave their home range for short time periods to take advantage of seasonally-

available food sources (Garrett et al. 1993). The southward migration timing of other 

birds is governed by the seasonal production of food supplies at stopover sites (Schneider 

and Harrington 1981). This appears to be the case at our sites, as the presence of the 

majority of the local and regional migrants is correlated predominantly with salmon 

biomass rather than with survey date. 

This study suggests that conservation of Pacific salmon populations may be 

important for the persistence of large and diverse assemblages of both resident and 

migratory scavenging birds. In turn, scavengers of salmon in the fall are important 

vectors for cycling salmon nutrients through coastal food webs (Christie and Reimchen 

2005; Schindler et al. 2003), a process that benefits many organisms year-round (e.g. 

Hocking and Reimchen 2009). Understanding the direct interactions between wild 

salmon and other organisms in the marine-terrestrial interface will benefit coastal 

conservation and ecosystem-based management (Willson and Halupka 1995), and 

expands our appreciation of the profound impact that a single species can have on 

recipient communities. 
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1.8 Figures 

 

Figure 1.1: Location of the 17 study estuaries on the Central Coast of British Columbia, 
Canada. 
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Figure 1.2: (a) Mixed-effects regression plot for total scavenging bird abundance 
predicted by total carcass biomass in the estuary, controlling for multiple 
observations by allowing the intercept to vary by site. Solid line represents 
the mean regression line for all sites based on model-averaged parameter 
estimates. (b) Observed total scavenging bird abundance vs. fitted total 
scavenging bird abundance for the top-ranked model, which includes total 
estuary carcass biomass, estuary area and year as predictors. For both plots, 
scavenging bird abundance and salmon variables were transformed 
(log10[variable + 1]). 
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Figure 1.3: (a) Mixed-effects regression plot for total scavenging bird abundance 
predicted by total spawning salmon biomass in the stream, controlling for 
multiple observations by allowing the intercept to vary by site. Solid line 
represents the mean regression line for all sites based on model-averaged 
parameter estimates. (b) Observed total scavenging bird abundance vs. fitted 
total scavenging bird abundance for the model including total spawning 
salmon biomass and year as predictors. For both plots, scavenging bird 
abundance and salmon variables were transformed (log10[variable + 1]). 
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1.9 Tables 

Table 1.1: Watershed landscape features and three-year mean chum, pink and total (chum + pink) salmon biomass for our 17 study 
sites. 

Site Estuary 
area (km2) 

Watershed 
catchment 
area (km2) 

Stream 
area (km2) 

Depredated carcass 
biomass (kg) 

Total carcass biomass 
(kg) 

Total 
spawning 

biomass (kg) 
    2008 2009 2008 2009 2008 2009 
Bullock Main 0.018 0.330 0.026 49 772 88 2133 794 14910 
Clatse 0.052 3.210 0.155 362 1361 901 8798 8710 32100 
Evan’s East 0.016 2.290 0.059 39 27 57 91 476 640 
Fannie Cove 0.038 3.500 0.100 36 206 46 1371 2558 32170 
Farm Bay 0.003 0.230 0.018 0 --- 0 --- 0 --- 
Fell 0.025 0.700 0.020 0 96 0 472 86 993 
Hooknose 0.073 1.840 0.111 3 128 6 391 3203 9966 
Kill 0.008 0.103 0.003 77 101 104 191 613 3853 
Kunsoot Main 0.032 0.569 0.048 38 468 43 3433 1010 29813 
Kunsoot South 0.008 0.150 0.001 0 0 0 5 0 0 
Mosquito Bay 0.028 0.520 0.058 8 130 13 264 1884 5520 
Neekas 0.056 1.760 0.104 543 3388 1136 18283 40940 164084 
Quartcha-Lee 0.101 4.090 0.441 --- 178 --- 622 --- 18660 
Ripley Bay 0.042 1.608 0.064 0 0 0 0 0 0 
Roscoe Main 0.171 3.360 0.259 --- 490 --- 1770 --- 37134 
Sagar 0.032 3.660 0.081 14 35 60 448 1985 3395 
Troupe North 0.022 0.160 0.002 0 --- 0 --- 0 --- 
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Table 1.2: Results from AICc model selection analysis of linear mixed-effects models (top models presented: ∆AICc < 3) describing 
scavenging bird abundance and diversity response variables by salmon, temporal and environmental variables. Model 
intercepts were allowed to vary by site. K = number of parameters, AICc = Akaike’s Information Criterion adjusted for 
small sample sizes, ∆AICc = difference between model AICc and top model AICc, wi = model AICc weight. All bird 
abundances and salmon biomass metrics were (log10[variable + 1]) transformed. AICc values were calculated using 
maximum likelihood. Year was included in all models but was excluded in the table for clarity of presentation. 

Response variable Model K AICc ∆AICc wi 

Scavenger abundance Estuary carcass biomass + Estuary area  
Estuary carcass biomass + Estuary area + Survey date  

6 
7 

117.96 
120.09 

0.00 
2.13 

0.71 
0.24 

Shannon’s diversity Estuary carcass biomass + Estuary area  
Estuary carcass biomass  
Estuary carcass biomass + Estuary area + Survey date  
Estuary carcass biomass + Survey date  

6 
5 
7 
6 

90.92 
92.10 
92.17 
92.86 

0.00 
1.18 
1.24 
1.94 

0.40 
0.22 
0.22 
0.15 

Simpson’s diversity  
(1-D) 

Spawning salmon biomass 
Spawning salmon biomass + Survey date  
Spawning salmon biomass + Estuary area  

5 
6 
6 

-29.75 
-28.31 
-27.64 

0.00 
1.44 
2.11 

0.48 
0.23 
0.17 

Species richness Estuary carcass biomass + Estuary area  
Estuary carcass biomass + Estuary area + Survey date  

6 
7 

376.41 
378.50 

0.00 
2.09 

0.68 
0.24 

Bald Eagle abundance Depredated carcass biomass + Estuary area + Survey date  
Depredated carcass biomass 
Depredated carcass biomass + Estuary area  
Depredated carcass biomass + Survey date  

7 
5 
6 
6 

66.70 
67.12 
67.27 
67.37 

0.00 
0.42 
0.57 
0.67 

0.29 
0.23 
0.22 
0.21 

Small gull abundance Estuary carcass biomass + Estuary area  
Estuary carcass biomass + Estuary area + Survey date  

6 
7 

168.49 
170.41 

0.00 
1.92 

0.62 
0.24 

Large gull abundance Estuary carcass biomass + Estuary area + Survey date 7 155.53 0.00 0.75 
Corvid abundance Estuary carcass biomass + Estuary area  

Estuary carcass biomass  
Estuary carcass biomass + Estuary area + Survey date  
Estuary carcass biomass + Survey date  

6 
5 
7 
6 

127.17 
127.17 
128.55 
128.84 

0.00 
0.00 
1.38 
1.66 

0.34 
0.34 
0.17 
0.15 
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Table 1.3: Weighted parameter estimates ± the unconditional standard error (SE) and 
weighted parameter likelihoods from linear mixed-effects models evaluating 
the variance in bird abundance and diversity in estuaries on the Central Coast 
of British Columbia, fall 2008 and 2009. All bird abundances and salmon 
biomass metrics were (log10[variable + 1]) transformed. Year was a two-level 
factor with 2008 as the reference year. Parameter likelihoods were ‘weighted’ 
to adjust for differences in the proportion of models in which predictor 
variables occurred. 

Response Predictors Weighted 
Parameter 
Likelihood 

Weighted 
Parameter 
Estimate 

SE 

Scavenger 
abundance 

Total carcass biomass 
Depredated carcass biomass 
Spawning salmon biomass 
Estuary area 
Survey date 
Year 
Intercept 

3.682 
0.064 
0.000 
1.820 
0.480 
1.000 

--- 

0.445 
0.476 
0.376 
0.060 
0.000 
-0.237 
0.563 

0.045 
0.053 
0.057 
0.019 
0.003 
0.090 
0.379 

Shannon’s 
diversity 

Total carcass biomass 
Depredated carcass biomass 
Spawning salmon biomass 
Estuary area 
Survey date 
Year 
Intercept 

3.712 
0.026 
0.007 
1.165 
0.696 
1.000 

--- 

0.294 
0.293 
0.253 
0.026 
-0.002 
-0.202 
0.697 

0.041 
0.048 
0.033 
0.015 
0.002 
0.083 
0.518 

Simpson’s 
diversity  
(1-D) 

Total carcass biomass 
Depredated carcass biomass 
Spawning salmon biomass 
Estuary area 
Survey date 
Year 
Intercept 

0.127 
0.000 
3.618 
0.493 
0.621 
1.000 

--- 

0.128 
0.125 
0.121 
0.001 
0.001 
-0.021 
0.076 

0.024 
0.028 
0.014 
0.007 
0.001 
0.043 
0.275 

Species 
richness 

Total carcass biomass 
Depredated carcass biomass 
Spawning salmon biomass 
Estuary area 
Survey date 
Year 
Intercept 

3.734 
0.011 
0.000 
1.724 
0.492 
1.000 

--- 

1.382 
1.433 
1.177 
0.173 
-0.002 
-0.890 
1.853 

0.145 
0.173 
0.189 
0.060 
0.008 
0.285 
1.256 
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Bald Eagle 
abundance 

Total carcass biomass 
Depredated carcass biomass 
Spawning salmon biomass 
Estuary area 
Survey date 
Year 
Intercept 

0.217 
3.528 
0.000 
0.994 
0.996 
1.000 

--- 

0.301 
0.354 
0.206 
0.021 
0.003 
-0.285 
-0.316 

0.041 
0.045 
0.037 
0.014 
0.002 
0.073 
0.633 

Small gull 
abundance 

Total carcass biomass 
Depredated carcass biomass 
Spawning salmon biomass 
Estuary area 
Survey date 
Year 
Intercept 

3.345 
0.401 
0.000 
1.795 
0.525 
1.000 

--- 

0.359 
0.380 
0.339 
0.072 
-0.002 
-0.079 
0.285 

0.058 
0.066 
0.076 
0.024 
0.003 
0.117 
0.537 

Large gull 
abundance 

Total carcass biomass 
Depredated carcass biomass 
Spawning salmon biomass 
Estuary area 
Survey date 
Year 
Intercept 

3.483 
0.258 
0.000 
1.709 
1.625 
1.000 

--- 

0.381 
0.410 
0.259 
0.060 
0.008 
-0.034 
-1.678 

0.061 
0.073 
0.071 
0.022 
0.003 
0.122 
1.096 

Corvid 
abundance 

Total carcass biomass 
Depredated carcass biomass 
Spawning salmon biomass 
Estuary area 
Survey date 
Year 
Intercept 

3.742 
0.004 
0.000 
0.959 
0.598 
1.000 

--- 

0.361 
0.367 
0.202 
-0.021 
-0.002 
-0.047 
0.242 

0.042 
0.051 
0.046 
0.014 
0.003 
0.095 
0.527 



 

 35 

2: Sea to sky: impacts of residual salmon-derived 
nutrients on estuarine breeding bird communities 

In press at Proceedings of the Royal Society Series B. 

Rachel D. Field, John D. Reynolds.  

RDF and JDR designed the study and wrote the paper; RDF did the 
fieldwork and analyzed the data. 

2.1 Abstract 

Pacific salmon (Oncorhynchus spp.) returning to streams around the north Pacific 

Rim provide a nutrient subsidy to these ecosystems. While many species of animals feed 

directly on salmon carcasses each fall, salmon-derived nutrients also can be stored in 

coastal habitats throughout the year. Effects of this storage legacy on vertebrates in other 

seasons are not well understood, especially in estuaries, which can receive a large portion 

of post-spawning salmon nutrients. We examined effects of residual salmon-derived 

nutrients, forest habitats, and landscape features on summer breeding birds in estuary 

forests. We compared models containing environmental variables and combined chum 

(Oncorhynchus keta) and pink (O. gorbuscha) salmon biomass to test predictions 

concerning bird density and diversity. We discovered that total bird, insectivore, Golden-

crowned Kinglet, and Pacific Wren densities and Shannon’s diversity in the summer were 

strongly predicted by salmon biomass in the fall.  For most metrics this relationship 

approaches an asymptote beyond 40,000 kg of salmon biomass. Foliage height diversity, 

watershed catchment area and estuary area were also important predictors of avian 
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communities. Our study suggests that the legacy of salmon nutrients indirectly influences 

breeding bird density and diversity in estuaries that vary across a wide gradient of 

spawning salmon biomass.  

2.2 Introduction 

Ecosystem functions are fuelled by interactions between communities of 

organisms. Some of these processes occur within the defined borders of a system, but 

cross-boundary nutrient subsidies also may be important by cascading through organisms 

in complex, far-reaching food webs. External inputs can offset natural in situ nutrient 

limitations, and contribute to the productivity and resilience of recipient ecosystems 

(Polis and Strong 1996). Moreover, nutrients from a peripheral source often filter through 

multiple trophic levels, thereby having a variety of direct and indirect impacts on 

communities within ecosystems. For example, in the Amazon basin, ion-containing dust 

from the Saharan desert fuels tropical rainforest food web productivity (Swap et al. 

1992). Some ecosystems are supported by such annually repetitive nutrient subsidies (e.g. 

Ward 1989).  

A prime example of the potential importance of repetitive nutrient subsidies 

involves the annual pulse of salmon (Oncorhynchus spp.), which spawn in coastal 

ecosystems around the north Pacific Rim. Salmon accrue more than 95% of their 

nutrients as they grow in the sea (Groot and Margolis 1991). When they return to spawn 

in their natal streams, the marine-derived nutrients that they have sequestered are 

transferred to aquatic, terrestrial and coastal marine systems by water movement and by 

predators such as bears (Ursus spp.) and wolves (Canis lupus) (Reimchen et al. 2003). 

These nutrients can be tracked through heavier isotope forms of nitrogen (15N), carbon 
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(13C), and sulphur (34S) (Naiman et al. 2002). Phosphorus, which does not have a stable 

isotope, can also be elevated. These contributions can be especially important in nutrient-

poor watersheds of the north Pacific (Gresh et al. 2000), where much of the terrestrial-

derived phosphorus is leached out or bound to soil particles, making these nutrients 

unavailable to vegetation (Sidle and Shaw 1983, Willson et al. 1998).  Such impacts may 

be counter-balanced by the physical engineering effects of spawning salmon in streams, 

whereby nutrients and invertebrates may be shifted downstream (Moore 2006).  

Ultimately, this may enhance productivity of estuaries, which can otherwise be nitrogen 

limited due to dentrification (Haycock et al. 1996).   

Breeding birds may benefit from salmon-derived nutrients if these nutrients have a 

residual effect on their prey or vegetation that lasts beyond the fall spawning period. 

Passerine abundances have been shown to respond positively to experimental nitrogen 

fertilization in northern forests (Folkard and Smith 1995) and two small-scale studies 

have shown that breeding bird densities can be higher beside salmon-bearing streams 

than beside streams that lack salmon (Gende and Willson 2001, Christie and Reimchen 

2008). No study has tested for relationships between breeding bird density or diversity 

across a range of salmon population sizes, nor has any study examined birds breeding in 

estuaries, which receive much of the nutrients from salmon. 

Here, we test the influence of residual salmon-derived nutrients on breeding bird 

communities by assessing relationships with bird densities and diversities in 21 forests 

adjacent to estuaries on the Central Coast of British Columbia, Canada (Fig. 2.1). Our 

study sites vary across a wide range of salmon population sizes and watershed and 

estuary sizes. The objectives of this study were, for the first time, (1) to test whether 
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salmon-derived nutrients affect breeding bird density and diversity, while accounting for 

effects of forest habitat and landscape variables, and (2) to determine whether any such 

relationships reached asymptotes in streams with large numbers of salmon.  

2.3 Methods 

2.3.1 Study Sites 

Our study was conducted in Heiltsuk First Nation traditional territory in the Great 

Bear Rainforest, one of the largest remaining intact areas of coastal temperate forest in 

the world (Shaw 2004), on the Central Coast of British Columbia near Bella Bella (Fig. 

2.1). We surveyed birds, forest vegetation, and adjacent landscape habitat characteristics 

in 21 estuaries on coastal islands and mainland inlets. We defined estuary boundaries by 

the termination of the sedge (Carex spp.) band that extends from the mouth of the 

adjacent stream, which is associated with the extent of freshwater along the shore 

(Stevens and Hoag 1996). Our study sites spanned the wide range of spawning salmon 

abundance typical of the region, from an average of zero to over 59,000 combined chum 

(Oncorhynchus keta), pink (O. gorbuscha), coho (O. kisutch), and sockeye (O. nerka). 

These fish spawn from late August to early November. Estuaries ranged from 0.005 to 

0.203 km2 (mean = 0.0464 ± 0.0209) at low tide (< 1.8 m), watershed catchment areas 

ranged from 0.103 to 4.090 km2 (mean = 1.4673 ± 0.5844), stream lengths ranged from 

0.44 km to 12.92 km (mean = 3.347 ± 1.432), and stream bankfull widths ranged from 

1.8 m to 34.1 m (mean = 12.96 ± 3.44) (Table 2.1). Our study sites are in the Coastal 

Western Hemlock Biogeoclimatic Zone, which has high annual precipitation (> 3300 

mm/year), nutrient-poor soils, and dense temperate rainforest canopy of western hemlock 

(Tsuga heterophylla), western redcedar (Thuja plicata), Sitka spruce (Picea sitchensis), 



 

 39 

and amabilis fir (Abies amabilis). The understory is dominated by salmonberry (Rubus 

spectabilis), red elderberry (Sambucus racemosa), false azalea (Menziesia ferruginea), 

salal (Gaultheria shallon), blueberries (Vaccinium spp.), and saplings of canopy tree 

species (Pojar et al. 1987). Red alder (Alnus rubra) were the only deciduous trees at our 

sites. Selective logging of spruce was conducted at most sites in the 1940’s, two sites had 

evidence of logging since the 1940’s, and only one of our sites had clear-cut logging 

activity in the upper watershed during our sampling period. 

2.3.2 Salmon Biomass 

Salmon counts were done jointly by the Heiltsuk First Nation, the Canadian 

Department of Fisheries and Oceans (DFO) and by our team from Simon Fraser 

University. Stream surveys were conducted on foot and personnel aim to return to creeks 

to estimate spawning salmon abundance at least 3 times over the August - November 

spawning season. The salmon term included in models was measured in biomass (kg) 

rather than abundance because biomass provides a better indicator of salmon nutrient 

input. We calculated a three-year mean biomass, which ranged from zero to 38,033 kg 

(mean = 10,627 ± 4,545 kg) for chum and zero to 11,360 kg (mean = 2,622 ± 1121 kg) 

for pink salmon across our study watersheds (Table 2.1, Appendix 1). Coho and sockeye 

salmon were excluded from total biomass estimates because they only account for 2% of 

the total salmon biomass at our study sites and we never observed carcasses of either 

species in estuaries during fall carcass surveys. 



 

 40 

2.3.3 Breeding Birds 

We recorded all birds seen and heard up to 50 m into the forest while walking a 

strip-transect at a constant speed (0.75 km/hr) 5 m out from and parallel to the forest edge 

along the perimeter of each of the 21 estuaries. The starting point was reversed at each 

visit. Surveys were conducted within the first 5 hours after sunrise and were repeated 

twice per site from May 27 to July 7 in 2008 and 4 times per site from May 5 to June 27 

in 2009 (Manuwal and Carey 1991). Visit days were chosen randomly and Rachel Field 

was the only observer. Bird surveys were not conducted on days with heavy rainfall or 

strong wind (> 10 km/hr, Lock and Naiman 1998). A complete list of all bird species 

observed is presented in Table 2.2. 

For some analyses we grouped bird species by foraging guilds, including 

insectivores, frugivores and generalists. Several of the species appear in more than one 

guild (Table 2.2). Although there are limitations associated with grouping species into 

guilds, this method allows us to include uncommon species in analyses and to determine 

how resources influence groups of species with comparable foraging techniques and diets 

(Verner 1984, Block et al. 1986). Four species (American Robin [Turdus migratorius], 

Golden-crowned Kinglet [Regulus satrapa], Pacific-slope Flycatcher [Empidonax 

difficilis], and Pacific Wren [Troglodytes pacificus]) were common enough to support 

individual analyses, as they were not absent from more than four sites over the two years.  

They also happened to encompass a diversity of foraging guilds and habitat-type 

preferences. Abundance was calculated for all birds together, for each guild separately, 

and for the individual common species by averaging the total number of birds across all 

within-year surveys. To control for survey effort, bird abundances were divided by forest 

area surveyed to obtain total-, guild- and species-specific density estimates (number of 
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birds per hectare of forest). Although distance sampling can be useful for estimating 

densities of organisms that vary in their detection ability with distance from the observer 

(Thomas et al. 2002), we did not use this method because we were concerned with the 

relative differences in bird densities among sites, rather than in absolute density 

estimates, and the structure of the vegetation was similar among sites. Diversity was 

calculated as: (1) Shannon’s index, which emphasizes species richness and rare species in 

a community, and (2) Simpson’s index (1-D), which emphasizes evenness and common 

species (Nagendra 2002). 

2.3.4 Environmental Variables 

To account for landscape features, estuary area maps were sketched on air photos 

of each study site at low tide (< 1.8 m), and estuary area, surveyed forest area, watershed 

catchment area, and mainstem and tributary lengths were determined using area maps and 

iMapBC (Government of British Columbia 2008). Stream ‘bankfull’ was measured as the 

maximum width of a stream without flooding.  

Forest canopy and structure were quantified from 3-7 forest transects that ran 50 

m into the forest perpendicular to the forest edge, with the higher number of forest 

transects used to characterize the larger estuaries. Diameter at breast height (d.b.h.) and 

percent cover by species and by height class (1.3-15 m, 15-25 m, and > 25 m) of trees 

were recorded in a 3-m band along the entire length of each transect. Understory structure 

was quantified by recording percent cover of shrub species (including saplings with d.b.h. 

< 10 cm) in 1 m2 quadrats at 0 m, 5 m, 10 m, 30 m, and 50 m along the forest transect. 

Percent cover of shrubs was recorded by height class (see below). These sampling 
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protocols were adapted from Meidinger et al. (1998) and from Christie and Reimchen 

(2008). 

Avian abundance and diversity have been related to the number of deciduous trees, 

large trees, snags, as well as tree species richness and shrub cover through invertebrate 

prey availability, foraging and nesting habitat availability, and predator refugia (Stauffer 

and Best 1980, James and Wamer 1982, Green and Klinka 1994, Shirley 2004). Vertical 

structural heterogeneity is another important predictor of forest bird abundance and 

diversity (MacArthur and MacArthur 1961, Willson 1974). To include this in our study, 

we split percent cover estimates of vegetative layers into five height categories 

representing short shrub (0-0.5 m), shrub (0.5-1.3 m), midstory canopy (1.3-15 m), tree 

canopy (15-25 m) and tree supercanopy (> 25 m) cover averaged across all transects at 

each site (see also Lock and Naiman 1998). We then calculated foliage height diversity 

based on MacArthur and MacArthur (1961).  

2.3.5 Data Analysis 

We used an information theoretic approach (Akaike’s Information Criterion 

adjusted for small sample sizes [AICc], Anderson 2008) to determine the ability of each 

forest habitat variable to predict each of our response variables using linear multiple 

regression. The variance inflation factor (VIF) scores were < 3 for all habitat variables, 

which indicates an acceptably small amount of covariance among predictors (Zuur et al. 

2009). The sum of each predictor’s AICc weight (wi), which is the relative likelihood of a 

model, was used to rank each forest parameter. To avoid over-fitting the models in our 

main analysis due to sample size constraints, we chose a cut-off for top-variable 
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parameter likelihood of 0.4 and retained the top-ranked habitat variable for each response 

variable.  

We used an exploratory analysis to choose between potential metrics of salmon 

biomass. We compared: (1) the influence of historically accumulated nutrients using 3-

year mean salmon biomass estimates, (2) the influence of nutrients on avian abundance 

and diversity metrics using single-year spawning biomass estimates from two-years prior 

to bird surveys, and (3 and 4) both salmon biomass terms divided by estuary area (km2) 

to account for the potential dilution of the influence of salmon nutrients as estuaries 

increase in size. Based on AICc scores, 3-year mean salmon biomass, consisting of 

combined chum and pink biomass, was the best predictor of all bird metrics, so we 

retained this simple and more readily-available metric for the main analysis (Appendix 

1).  

In the main analysis, the effects of residual salmon nutrients on bird densities and 

diversities also were tested using AICc model comparison. A set of 7 or 15 linear 

regression candidate models was created for each bird response variable, depending on 

whether a forest habitat variable was retained in the exploratory AICc step for the 

response variable of interest (see above, Appendix 3). The influence of salmon biomass 

was compared with estuary area, catchment area, and the top-ranked forest habitat 

variable. Scatter-plots of the relationship between bird metrics and salmon revealed non-

linear relationships, so salmon terms were transformed (log10[salmon+1]) to avoid using 

over-parameterized non-linear models. Estuary area was transformed (log10[estuary area]) 

to improve assumptions about residual distributions. Year was included as a two-level 

factor (2008 and 2009) in all candidate models to control for potential inter-annual 



 

 44 

variability and repeated measures across years. None of the variables had VIF scores > 3, 

indicating an acceptable amount of covariance among predictors (Zuur et al. 2009). We 

calculated AICc weights (wi) and ∆AICc values, which are the difference between AICc 

values of the top model and subsequent models (Burnham and Anderson 2002). Model 

averaging was also conducted for each variable to obtain the weighted parameter 

estimates and the unconditional standard error (SE), which aid in interpretation of model 

ranking and individual predictor importance (Table 2.3, Anderson and Burnham 2002). 

We also hypothesized that a positive asymptotic relationship existed between bird metrics 

and untransformed salmon biomass. We tested this using a non-linear asymptotic 

exponential model. Assumptions of residual distributions were met. All statistical 

analyses were computed using R (R Development Core Team 2009). 

2.4 Results 

Salmon biomass was a significant predictor of Shannon’s diversity, which 

highlights richness and rare species, and total bird, insectivore, frugivore, Golden-

crowned Kinglet, and Pacific Wren densities (p < 0.05).  For these bird metrics, models 

that included salmon biomass provided better fits to the data than models that included 

environmental variables alone. We observed similar results in a post-hoc analysis, which 

divided insectivores into aerial, foliage and ground foragers. Post-hoc analyses also 

revealed that chum biomass was a more important predictor than total or pink biomass 

alone for most of our bird metrics. Although salmon biomass was in top-ranked models, 

the low model R2 and insignificant p-values for frugivore, generalist, and American 

Robin densities across all candidate models suggested that none of the models were 

particularly good descriptors of these species’ densities (> 0.094). 
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The data supported our prediction of a positive asymptotic relationship between 

bird communities and untransformed salmon biomass (e.g. Fig. 2.2(a)). This asymptote 

was reached beyond approximately 40,000 kg of salmon biomass for Shannon’s index of 

diversity and total bird and insectivore density. A graphical illustration of non-linear 

asymptotic exponential model fit for total bird density predicted by untransformed 

salmon biomass is presented in Figure 2.2(b). 

Shrub cover was the most commonly top-ranked habitat feature and, contrary to our 

predictions, it negatively predicted total bird, insectivore, frugivore, and Pacific-slope 

Flycatcher densities (Table 2.3). Foliage height diversity was the second most commonly 

top-ranked habitat feature and positively predicted Shannon’s index of diversity and 

generalist and American Robin densities (Table 2.4). However, foliage height diversity 

described a significant amount of variation in the top-ranked model only for Shannon’s 

diversity (p < 0.001). When a forest habitat metric together with salmon biomass were in 

top-ranked models, salmon biomass models with these forest habitat variables excluded 

show little differences in R2 values, suggesting that these habitat variables only accounted 

for a small amount of additional variation in total bird, insectivore, Golden-crowned 

Kinglet, and Pacific Wren densities compared to salmon biomass alone. 

Estuary area was the most commonly top-ranked landscape feature and was a 

significant positive predictor in top-ranked models for total bird, insectivore, Golden-

crowned Kinglet, and Pacific-slope Flycatcher densities (p < 0.05). Although estuary area 

was in the top-ranked model for Simpson’s index of diversity, year was the only 

significant predictor of this metric, demonstrated by the similarity in R2 values across all 

candidate models (p < 0.05, Table 2.4). Catchment area was a significant positive 
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predictor in top-ranked models for Shannon’s index of diversity and frugivore densities 

(p < 0.05). 

2.5 Discussion 

Salmon biomass was an important predictor of several measures of breeding bird 

density and diversity. Assuming that increases in density and diversity reflect habitat 

selection for improved conditions, our findings demonstrate that breeding birds may 

benefit from residual salmon-derived nutrients in landscapes adjacent to spawning 

grounds and that this trend extends beyond stream riparian zones to estuarine riparian 

forests, and well beyond the salmon spawning season.  

Total bird density, Shannon’s index of diversity (which emphasizes richness and 

rare species), and the densities of insectivorous birds, Golden-crowned Kinglets, and 

Pacific Wrens were correlated strongly with salmon biomass. Nutrients from salmon 

likely affect breeding birds through several indirect pathways, including increased 

availability of emerged adult aquatic insect prey. Adults of aquatic invertebrates are 

found throughout forested habitats and are consumed by insectivorous birds in multiple 

foraging guilds (Murakami and Nakano 2001). However, aquatic invertebrates are highly 

variable in marine-derived nutrient enrichment due to the variety of diet pathways 

between invertebrates and salmon tissues (Chaloner et al. 2002a).  Salmon flesh and eggs 

are consumed both by aquatic invertebrates directly, and indirectly through grazing of 

nitrogen-enriched benthic algae and microbial decomposers (Kline et al. 1990). Large 

biomasses of certain species of aquatic invertebrates, such as chironomid midges 

(Diptera: Chironomidae) and Zapada (Plecoptera: Nemouridae), utilize in-stream 

carcasses as sources of nutrients for over-wintering pupae, and emerge and disperse 
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throughout the terrestrial environment in spring (Chaloner et al. 2002b). Some bird 

species may opportunistically subsidize their regular diets with emerging aquatic insects 

prior to the peak of terrestrial insect prey biomass during the early portion of the breeding 

season (Nakano and Murakami 2001). Pacific Wrens frequently consume aquatic 

invertebrates (Murakami and Nakano 2001) and isotopic analyses of their tissues have 

confirmed that they consume salmon nitrogen-enriched prey items (Christie et al. 2008). 

Terrestrial invertebrates provide another potential source of salmon nutrients to 

summer breeding birds. Salmon carcasses that have been transferred to adjacent 

terrestrial zones by bears, wolves and other scavengers or predators are quickly colonized 

by terrestrial invertebrates, which transfer these nutrients to terrestrial food webs.  For 

example, large biomasses of flies accumulate on and deposit their eggs on these 

carcasses, leaving their offspring to consume the salmon tissues and over-winter as pupae 

in surrounding soils (Hocking and Reimchen 2006). Flies have high marine-derived 13C 

and 15N signatures (Christie et al. 2008), and could benefit birds such as flycatchers and 

some warblers. It should be noted that, like aquatic invertebrates, terrestrial invertebrates 

vary widely in the amount of marine-derived 15N that they retain (Hocking and 

Reimchen 2002), therefore additional research is needed to determine the extent to which 

these invertebrates provide salmon-derived nutrients to avian consumers. 

Plants can grow more quickly when they are fertilized by salmon nutrients 

(Helfield and Naiman 2001) and, because insects generally target fast-growing plants 

with higher levels of nitrogen, this could lead to higher abundances of herbivorous insects 

(Price 1991). Moreover, nitrogen-rich indicator species, such as salmonberry (Rubus 

spectabilis) (Mathewson et al. 2003), are common around our salmon-bearing streams 
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and, due to reduced production of defensive phenolic metabolites in nitrogen-enriched 

vegetation, may also harbour an increased number of insect herbivores (Witzell and 

Shevtsova 2004). This could benefit foliage-gleaning birds such as the Golden-crowned 

Kinglet, whose densities were well predicted by salmon biomass in our study. Shrub fruit 

productivity is also increased by nitrogen fertilization (Penney et al. 2003). However, 

contrary to our prediction, frugivore densities were not related to salmon biomass. This 

could be due to the timing of fruit set of some plants in our region occurring after the 

breeding bird season. 

Post-hoc analysis revealed that chum salmon, which comprise 81% of the total 

salmon biomass in our study sites, had stronger relationships to avian density and 

diversity than total salmon biomass and smaller-bodied pink salmon for the majority of 

bird metrics.  This finding matches a study of salmon-derived 15N enrichment in riparian 

plant and invertebrates (Hocking and Reimchen 2009). This could be because bears, 

which are the main wildlife vector for transport of salmon to forests, prefer the larger-

bodied chum (Reimchen 2000). It also should be noted that pink salmon generally spawn 

in stream reaches closer to the sea than chum (Groot and Margolis 1991) and we have 

observed large numbers of wolf-killed pink carcasses in estuaries in the fall. Therefore, 

pink salmon may contribute large amounts of nutrients to some estuaries. 

The influence of forest habitat and landscape features on birds was variable. The 

negative association of shrub cover with birds was contrary to our prediction. However, 

similar results to ours were observed by Shirley (2004) who found that birds placed in a 

‘riparian specialist’ guild were also negatively predicted by shrub cover. Insectivorous 

aerial foragers and hovering foliage gleaners can benefit from sparse shrub cover 
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(Robinson and Holmes 1984, Sakai and Noon 1991), and this may have contributed to the 

pattern we found.  Other than foliage height diversity, the remaining forest habitat 

variables were less frequently shown to be top predictors. Large catchment areas provide 

greater terrestrial nutrient input to estuaries (Bridge 2003), and larger estuaries potentially 

have an increased availability of food for breeding birds in meadows, mudflats and 

intertidal zones. Other features, such as watershed red alder composition (Helfield and 

Naiman 2001), climate, soil fertility, successional stage and plant species makeup 

(Vitousek and Sanford 1986), may mediate availability of nutrients to breeding birds. 

Moreover, variation in salmon nutrient retention by streams due to in-stream organic 

debris, freshets, carnivore scavenging (Cederholm and Peterson 1985, Cederholm et al. 

1989), and complexity of stream habitat (Meehan et al. 2005), may influence the amount 

of nutrients from salmon that become available to birds in the estuary.  

The curvilinear increases that we observed in density and diversity of birds across 

sites (e.g. Fig. 2.2(a)) suggest that residual salmon nutrients may be important for 

breeding birds even at sites with relatively few fish. There has been some uncertainty 

around this issue, as the studies reviewed by Janetski et al. (2009) suggested that low 

densities of salmon (0.1 – 1.0 kg/m2) did not influence stream ecosystem response 

variables. Current fisheries management practices are limited in their ability to set goals 

for salmon population sizes that support the nutritional requirements of watersheds (Bilby 

et al. 2001). Our study shows that, for this region, the relationship between salmon and 

the diversity and density of birds generally approaches an asymptote beyond 40,000 kg of 

salmon biomass, after which there is no additional effect of salmon perhaps due to avian 

territory size limitations or other habitat limitations. However, some species, such as 
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Golden-crowned Kinglets and Pacific-slope Flycatchers, exhibited a positive relationship 

with salmon that did not approach an asymptote at a biomass within our sampling range 

(Fig. 2.3).  Thus, objectives would need to be specified clearly when managing salmon 

populations to achieve “ecosystem values”. Some caution is warranted when 

interpolating results within our asymptotic relationship (Fig. 2.2) and especially toward 

much larger inland river systems where the proportion of nutrients reaching estuaries may 

be quite different and nutrients may be diluted across a larger coastal landscape. 

In conclusion, our study suggests that salmon have ecological influences on 

breeding bird populations, likely through the cycling of salmon nutrients through coastal 

watershed food webs. This demonstrates that the importance of salmon extends to species 

whose presence in these ecosystems is asynchronous with salmon. Understanding how 

nutrients from salmon are important to recipient ecosystems is a vital step toward 

informed conservation and ecosystem-based management of wild salmon (Willson and 

Halupka 1995), and contributes to a more holistic appreciation of ecological phenomena. 
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2.8 Figures 

 

 

Figure 2.1: Location of the 21 study estuaries on the Central Coast of British Columbia, 
Canada. 
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Figure 2.2: (a) 2008 and 2009 total bird density (number of birds per hectare of forest) in 
relation to untransformed salmon biomass (kg) fitted by non-linear 
asymptotic exponential models; (b) observed total bird density vs. fitted total 
bird density of the non-linear model with untransformed salmon biomass as 
the only predictor. Model for combined years: total bird density = 11.89 – 
7.034e – 0.00004495 x salmon biomass. Here, we omitted ‘year’ as a predictor by 
averaging bird metrics across both years. 
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Figure 2.3: Golden-crowned Kinglet and Pacific-slope Flycatcher densities (number of 
birds per hectare of forest) in relation to untransformed salmon biomass (kg) 
fitted by non-linear asymptotic exponential models.  
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2.9 Tables 

Table 2.1: Watershed landscape features and three-year mean chum, pink and total 
(chum + pink) salmon biomass for our 21 study sites. 

Site Estuary 
area (km2) 

Watershed 
catchment 
area (km2) 

Strea
m 

length 
(km) 

Bankfull 
width 
(m) 

Chum 
biomass 

(kg) 

Pink 
biomass 

(kg) 

Total 
biomass 

(kg) 

Ada Cove 0.009 1.013 6.48 11.1 3675 121 3796 
Bullock Main 0.020 0.330 2.42 10.9 4060 229 4289 
Clatse 0.084 3.210 6.82 22.8 5775 4820 10595 
Codville 0.015 0.240 0.59 3.3 29 2 32 
Evan’s East 0.019 2.290 4.20 13.3 4514 246 4760 
Fancy Head 0.005 0.160 1.19 5.5 910 100 1010 
Fannie Cove 0.054 3.500 5.92 16.9 2981 1359 4340 
Fell 0.044 0.700 1.85 10.9 60 1 61 
Hooknose 0.108 1.840 5.51 20.2 4590 824 5413 
Kill 0.011 0.103 0.98 3.5 964 30 994 
Kunsoot Main 0.033 0.569 3.67 13.1 1342 2800 4142 
Kunsoot South 0.008 0.150 0.79 1.8 0 3 3 
Mosquito Bay 0.030 0.520 6.00 9.7 1870 191 2061 
Neekas 0.084 1.760 5.90 17.7 34300 11360 45660 
Quartcha-Lee 0.131 4.090 12.92 34.1 13592 1268 14860 
Rainbow 0.031 1.370 5.35 15.1 613 5 617 
Ripley Bay 0.045 1.608 4.32 14.7 0 0 0 
Roscoe Main 0.203 3.360 11.03 23.5 38033 33 38066 
Sagar 0.040 3.660 5.20 15.5 10224 494 10718 
Troupe North 0.044 0.160 0.44 4.4 7 0 7 
Troupe South 0.021 0.180 1.05 4.1 18 1 18 
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Table 2.2: List of all observed bird species and classification of species into food-type 
guilds. 

Common name Scientific name Guilda 

American Pipit* Anthus rubescens - 
American Robin Turdus migratorius FR, GN, IN 
Bald Eagle* Haliaeetus leucocephalus - 
Band-tailed Pigeon* Patagioenas fasciata - 
Black Swift* Cypseloides niger - 
Brown Creeper Certhia americana IN 
Chestnut-backed Chickadee Poecile rufescens FR, GN, IN 
Cedar Waxwing Bombycilla cedrorum FR 
Common Raven* Corvus corax - 
Common Yellowthroat Geothlypis trichas IN 
Dark-eyed Junco Junco hyemalis FR, GN, IN 
Downy Woodpecker Picoides pubescens IN 
Evening Grosbeak Coccothraustes vespertinus FR 
Golden-crowned Kinglet Regulus satrapa IN 
Golden-crowned Sparrow* Zonotrichia atricapilla - 
Hammond’s Flycatcher Empidonax hammondii IN 
Hairy Woodpecker Picoides villosus IN 
Hermit Thrush Catharus guttatus IN 
Lincoln’s Sparrow Melospiza lincolnii IN 
MacGillivray’s Warbler Oporornis tolmiei IN 
Northwestern Crow* Corvus caurinus - 
Northern Harrier* Circus cyaneus - 
Northern Mockingbird* Mimus polyglottos - 
Northern Rough-winged Swallow* Stelgidopteryx serripennis - 
Orange-crowned Warbler Vermivora celata IN 
Osprey* Pandion haliaetus - 
Pine Siskin Carduelis pinus FR 
Pacific Wren Troglodytes pacificus IN 
Pacific-slope Flycatcher Empidonax difficilis IN 
Purple Finch* Carpodacus purpureus - 
Red-breasted Nuthatch Sitta canadensis IN 
Red-breasted Sapsucker Sphyrapicus ruber IN 
Ruby-crowned Kinglet Regulus calendula IN 
Red Crossbill* Loxia curvirostra - 
Rufous Hummingbird Selasphorus rufus NG 
Red-winged Blackbird* Agelaius phoeniceus - 
Savannah Sparrow Passerculus sandwichensis IN 
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Sharp-shinned Hawk* Accipiter striatus - 
Song Sparrow Melospiza melodia FR, GN, IN 
Steller’s Jay Cyanocitta stelleri FR, GN, IN 
Swainson’s Thrush Catharus ustulatus FR, GN, IN 
Townsend’s Warbler Dendroica townsendi IN 
Tree Swallow* Tachycineta bicolor - 
Varied Thrush Ixoreus naevius IN 
Violet-green Swallow* Tachycineta thalassina - 
Warbling Vireo Vireo gilvus IN 
Western Tanager* Piranga ludoviciana - 
Western Wood-pewee* Contopus sordidulus - 
Willow Flycatcher Empidonax traillii IN 
Wilson’s Warbler Wilsonia pusilla IN 
Yellow Warbler Dendroica petechia IN 
Yellow-rumped Warbler Dendroica coronata IN 

 

aGuilds: IN: insectivores; FR: frugivores; GN: generalists (i.e. consumes seeds, berries 
and insect prey); NG: species not included in guild analyses but included in total bird 
density and diversity calculations (from Campbell et al. 1990, 1997, 2001, Shirley 2004). 
*Species that were excluded from analyses. Criteria: Species that were likely not 
breeding in estuaries were defined as those present on < 2 surveys and were excluded 
from calculation of bird densities and diversities. Species that were not local breeders but 
were migrating through our study region also were excluded because we only observed 
them only during the first survey round in each year. Species that were only present in 
flocks flying overhead were not included to avoid skewing total numbers of birds for 
some sites. 
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Table 2.3: Weighted parameter estimates ± the unconditional standard error (SE) from linear regression models evaluating variance 
in bird density (number of birds per hectare of forest) and diversity in forests adjacent to estuaries on the Central Coast of 
British Columbia, summer 2008 and 2009. Salmon and estuary area were log10-transformed. Year was a two-level factor 
with 2009 as the reference year. 

Predictor variable Total bird 
density 

Shannon’s 
diversity 

Simpson’s 
diversity 

Insectivores Frugivores Generalists 

Intercept -4.220 ± 17.861 -1.337 ± 1.156 0.818 ± 0.046 -3.261 ± 15.743 0.807 ± 0.707 -0.707 ± 2.244 
Salmon biomass (kg) 0.646 ± 0.271 0.092 ± 0.046 -0.002 ± 0.006 0.719 ± 0.258 0.101 ± 0.071 0.065 ± 0.094 
Catchment area (km2) 0.433 ± 0.410 0.123 ± 0.053 0.001 ± 0.006 0.322 ± 0.380 0.101 ± 0.078 0.082 ± 0.086 
Estuary area (m2) 2.290 ± 0.925 0.282 ± 0.160 0.010 ± 0.019 1.945 ± 0.846 0.120 ± 0.258 0.241 ± 0.275 
Shrub cover -0.019 ± 0.023 --- --- -0.018 ± 0.022 -0.006 ± 0.006 --- 
FHD --- 0.976 ± 0.284 --- --- --- 1.077 ± 0.561 
Year 0.697 ± 0.612 0.198 ± 0.089 0.050 ± 0.014 0.974 ± 0.577 -0.111 ± 0.161 -0.048 ± 0.194 

 
Predictor variable American Robin 

density 
Golden-crowned 
Kinglet density 

Pacific-slope 
Flycatcher 

density 

Pacific Wren 
density 

Intercept -0.551 ± 0.902  -1.169 ± 2.129 -1.344 ± 1.850 0.137 ± 0.726 
Salmon biomass (kg) 0.000 ± 0.052 0.209 ± 0.086 0.038 ± 0.078 0.113 ± 0.051 
Catchment area (km2) 0.014 ± 0.050 0.127 ± 0.116 -0.095 ± 0.109 -0.016 ± 0.072 
Estuary area (m2) 0.097 ± 0.153 0.578 ± 0.281 0.629 ± 0.260 -0.084 ± 0.184 
Shrub cover --- --- -0.006 ± 0.006 --- 
FHD 0.565 ± 0.311 --- --- --- 
Deciduous trees --- 0.104 ± 0.136 --- --- 
Tree richness --- --- --- 0.288 ± 0.186 
Year 0.143 ± 0.111 -0.334 ± 0.187 -0.098 ± 0.170 0.193 ± 0.121 
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Table 2.4: AICc model selection analysis of linear regression models (top models 
presented: ∆AICc < 3 to a maximum of 5 models) describing bird density and 
diversity response variables predicted by salmon biomass and environmental 
variables. 

Response 
variable 

Model K ∆AICc wi R2 

Total bird 
density 

Salmon + Estuary area 
Salmon + Shrub cover + Estuary area 
Salmon + Estuary area + Catchment area 

5 
6 
6 

0.00 
2.06 
2.22 

0.40 
0.14 
0.13 

0.43 
0.44 
0.44 

Shannon’s 
diversity 

Salmon + FHD + Catchment area 
Salmon + FHD + Estuary area + Catchment area 
Salmon + FHD + Estuary area 
FHD + Catchment area 
FHD + Estuary area + Catchment area 

6 
7 
6 
5 
6 

0.00 
0.42 
0.69 
1.27 
1.31 

0.27 
0.22 
0.19 
0.14 
0.14 

0.53 
0.56 
0.52 
0.48 
0.52 

Simpson’s 
diversity  
(1-D) 

Estuary area 
Salmon 
Catchment area 
Salmon + Estuary area  
Salmon + Catchment area  

4 
4 
4 
5 
5 

0.00 
0.14 
0.20 
2.22 
2.44 

0.26 
0.24 
0.24 
0.09 
0.08 

0.25 
0.25 
0.25 
0.26 
0.26 

Insectivore 
density 

Salmon + Estuary area  
Salmon + Shrub cover + Estuary area 
Salmon + Estuary area + Catchment area  

5 
6 
6 

0.00 
2.09 
2.47 

0.43 
0.15 
0.12 

0.45 
0.46 
0.46 

Frugivore 
density 

Catchment area 
Salmon 
Shrub cover  
Salmon + Catchment area  
Salmon + Shrub cover  

4 
4 
4 
5 
5 

0.00 
0.03 
0.70 
1.32 
1.41 

0.17 
0.17 
0.12 
0.09 
0.09 

0.11 
0.11 
0.09 
0.14 
0.13 

Generalist 
density 

FHD 
FHD + Catchment area  
Salmon + FHD 
FHD + Estuary area  
Estuary area  

4 
5 
5 
5 
4 

0.00 
0.53 
0.80 
0.91 
2.02 

0.20 
0.15 
0.13 
0.13 
0.07 

0.08 
0.12 
0.12 
0.11 
0.03 

American 
Robin 
density 

FHD  
FHD + Estuary area  
FHD + Catchment area  
Salmon + FHD  

4 
5 
5 
5 

0.00 
2.00 
2.26 
2.38 

0.32 
0.12 
0.10 
0.10 

0.11 
0.13 
0.12 
0.12 

Golden-
crowned 
Kinglet 
density 

Salmon + Estuary area  
Salmon + Deciduous trees + Estuary area 
Salmon + Catchment area 
Salmon + Estuary area + Catchment area  
Salmon 
 

5 
6 
5 
6 
4 

0.00 
2.07 
2.16 
2.40 
2.95 

0.34 
0.12 
0.12 
0.10 
0.08 

0.40 
0.41 
0.37 
0.41 
0.32 
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Pacific-slope 
Flycatcher 
density 

Estuary area 
Estuary area + Catchment area 
Shrub cover + Estuary area + Catchment area  
Salmon + Estuary area 
Shrub cover + Estuary area + Catchment area  

4 
5 
5 
5 
6 

0.00 
1.75 
2.12 
2.48 
2.59 

0.34 
0.14 
0.12 
0.10 
0.09 

0.18 
0.19 
0.19 
0.18 
0.23 

Pacific 
Wren 
density 

Salmon + Tree richness  
Salmon  
Salmon + Catchment area  
Salmon + Estuary area  
Salmon + Tree richness + Estuary area  

5 
4 
5 
5 
6 

0.00 
0.67 
2.19 
2.41 
2.49 

0.28 
0.20 
0.09 
0.08 
0.08 

0.21 
0.15 
0.17 
0.17 
0.22 
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Conclusion 

In Chapter 1, my findings suggest that salmon were the most influential predictor 

of estuarine scavenging birds during the fall spawning period. The majority of scavengers 

are drawn to estuaries based on the available biomass of carcasses. However, Bald Eagles 

are most strongly influenced by carcasses that showed signs of depredation by other 

species, which demonstrates an important linkage between terrestrial salmon predators 

and eagle abundance in our region. This is the first quantitative study to examine the 

influence of spawning salmon biomass on scavenging bird abundance and diversity. 

Results are strengthened by the explicit consideration of temporal and landscape 

variables in model comparisons, and by the use of the use of mixed-effects models that 

account for repeated surveys at each site over two years.  

In Chapter 2, my findings suggest that several aspects of breeding bird density 

and diversity are positively influenced by the salmon nutrient legacy. This finding is 

supported by studies showing that salmon nutrients can be stored in terrestrial systems for 

many years (Koyama et al. 2005). My results also highlight the significance of habitat 

and landscape features in predicting breeding bird metrics, which emphasizes the 

importance of incorporating environmental characteristics when examining the nutritional 

contribution of salmon to indirectly associated organisms. Habitat considerations help to 

prevent overestimation of the ecological influence of salmon (Verspoor et al. 2011), and 

the fact that salmon continue to exist as important predictors gives even more strength to 

the implication of the influence of salmon nutrients on breeding birds. 
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Birds require the accumulation of substantial fat stores for energetically costly 

behaviours such as feather molt, flight, breeding, and migration (Martin 1987, Jenni and 

Jenni-Eiermann 1998, Stocker and Weihs 1998, Hamer et al. 2000). Therefore, plentiful 

and nutritious sources of food may be essential to the health, fecundity, and survival of 

bird species found in this region throughout the year. Salmon nutrients may help fulfil 

nutrient requirements for both resident and migratory birds via direct consumption and 

indirect pathways through food webs.  

Over the last few decades, several studies have focused on the relationships 

between salmon and organisms within the marine-terrestrial interface (e.g. Cederholm et 

al. 1999, Reimchen 2001). However, we are just beginning to understand how salmon 

nutrients influence abundances of upper-level consumers (Christie and Reimchen 2008). 

This thesis contributes to this knowledge base through the use of a large number of study 

sites that vary across a wide gradient of spawning salmon abundance. Furthermore, the 

information from this study may be useful for ecosystem-based management initiatives 

that wish to use cost-effect survey techniques to gain annual spawning salmon biomass 

and stored watershed nutrient information. However, observed variations in the response 

of different groups of birds to salmon nutrients suggests that caution should be exercised 

when considering bird data as a proxy for salmon nutrients. Overall, my findings 

demonstrate the profound effect that salmon have, both directly and indirectly, on upper-

trophic level species, and that conservation of Pacific salmon populations may be 

important for maintaining healthy bird assemblages in the summer and fall.  

Although my results are based on replicated surveys of many sites, abundance and 

diversity metrics do not allow me to pinpoint which specific aspects of avian population 
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dynamics might be affected. There is evidence that marine fish may influence breeding 

success of birds. For example, higher abundances of pelagic fishes contribute to higher 

abundances and reproductive success of several species of shore-nesting seabirds 

(Crawford and Shelton 1978, Willson et al. 1998). Moreover, Bald Eagles in southeast 

Alaska that were able to forage on salmon carcasses over the winter were found to breed 

and lay eggs earlier than eagles lacking this ability (Hansen 1987). Thus, more research is 

required to link salmon-derived nutrients directly to bird fecundity, reproductive success, 

and territory sizes. These measures are necessary to determine how salmon nutrients may 

contribute to bird population viability. Future studies should include measures of bird 

population recruitment with abundance and diversity estimates to better inform 

ecosystem-based management in salmon watersheds.  

The proportion of salmon nutrients stored in estuaries and adjacent forests is 

unknown. Only a few studies have attempted to quantify this value and explore what 

stream habitat characteristics might affect carcass and salmon nutrient retention in stream 

ecosystems. For example, two studies of coho carcass retention in streams found that 

stream organic debris and occurrence of freshets and carnivore scavenging predicted 

carcass retention (Cederholm and Peterson 1985, Cederholm et al. 1989). However, 

properly quantifying this may further be complicated by the fact that terrestrial transfer of 

salmon by wildlife may in turn be influenced negatively by increasing complexity of the 

stream habitat (Meehan et al. 2005). Moreover, salmon themselves contribute to the 

dislodging of nutrients through perturbation of sediments and excavation of redds 

(Schindler et al. 2003). Understanding these extremely complex mechanisms of retention 

would identify what proportions of spawning salmon nutrients end up in freshwater, 



 

 70 

terrestrial and estuarine habitats, and would allow for examinations of how variation in 

nutrient availability might impact organisms in these systems. 

Spawning Pacific salmon provide a profound example of the impact of large-scale 

nutrient subsidies throughout complex, widespread food webs. Their ecological benefits 

are demonstrated through positive relationships in abundance and diversity of numerous 

organisms (e.g. Willson and Halupka 1995, Chaloner et al. 2002), which is further 

supported by this thesis. It is known that nutrient inputs can also contribute to the stability 

and resilience of recipient ecosystems (Polis and Strong 1996, Hilderbrand et al. 1999). 

Facing a future of potentially dramatic environmental alterations, such as is anticipated 

with climate change, long-term and large-scale studies are necessary to appropriately 

manage salmon populations for ecosystem resilience (Naiman et al. 2002, Schindler et al. 

2003).  

The declining trend in numbers of salmon returning to California, Oregon and 

Washington in recent years has been creeping northward (Augerot 2005), with the lowest 

spawner numbers in recorded history observed on the Central Coast in 2008. We are 

‘burning the candle at both ends’, dissolving the key components of these distinctive, 

cross-boundary systems on land and in the sea. If salmon are extirpated from their 

historic spawning grounds, as is a serious threat in countless streams in the US (Nehlsen 

et al. 1991), diversity and abundance of many salmon-nutrient consumers could decline 

abruptly. Based on other studies of the myriad organisms that are influenced by salmon 

and the possibility that the majority of nutrients from spawning salmon are eventually 

cycled to higher vertebrates (Reimchen 1992), large-scale disruption of trophic 

interactions may follow suit. Conservation of remaining Pacific wild salmon populations 
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is necessary for continuing the flux of their nutrients into coastal habitats and to ensure 

the subsequent support of the abundance and biodiversity of organisms that rely on this 

input, including those with direct and indirect linkages to salmon. 
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Appendix 

Appendix 1: Detailed description of rationale behind salmon biomass 
calculations. 

At streams where there were at least 3 counts per season, the total number of 

spawning salmon was calculated using the area-under-the-curve (AUC) method (English 

et al. 1992). For streams that could not be visited on at least 3 occasions, ‘peak’ counts 

were used to estimate total salmon numbers as these were highly correlated with AUC 

counts (peak mean = 1430.4 ± 988.1, AUC mean = 1656.8 ± 906.0, r = 0.88, p < 0.001). 

Data on spawning salmon extend back to the fall of 2006 at all of our sites, and to 1950 

for 8 of our 21 sites (see below for comparison).  

Our metric of salmon nutrient input was calculated from the three-year mean 

(2006-2008) of spawning salmon abundance estimates and species-specific regional mass 

estimates (chum: 3.5 kg, pink: 1.2 kg: Hocking and Reynolds 2010). Coho and sockeye 

salmon were excluded from total biomass estimates for reasons given in the main text. 

For sites that had several streams entering a common estuary (e.g. Quartcha + Lee 

creeks), spawning salmon biomass estimates were combined where data were available. 

We compared three-year mean salmon biomass estimates, for which we had 

complete data at all of our sites, with various historical mean biomass estimates (10, 20, 

30, 40, 50 and ~60 years prior to surveys) for the 8 study sites for which we had historical 

data, and found that all time periods were highly correlated for total salmon (r > 0.88, p < 

0.001), chum (r > 0.79, p < 0.001) and pink (r > 0.86, p < 0.001) biomass. We therefore 
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concluded that a three-year mean estimate of combined chum and pink biomass was an 

appropriate metric for salmon biomass. 

 
Appendix 2: List of models in AICc model comparison candidate set for 
test of relationships between scavenging bird abundance and diversity 
and salmon biomass, landscape variables, migratory timing, and inter 
annual variability. 

 

 

 

 

 Fixed Effects Random Effect 

1 Estuary carcass biomass + Year Site 

2 Depredated carcass biomass + Year Site 

3 Spawning salmon biomass + Year Site 

4 Estuary area + Year Site 

5 Survey date + Year Site 

6 Estuary carcass biomass + Estuary area + Year Site 

7 Depredated carcass biomass + Estuary area + Year Site 

8 Spawning salmon biomass + Estuary area + Year Site 

9 Estuary area + Survey date + Year Site 

10 Estuary carcass biomass + Survey date + Year Site 

11 Depredated carcass biomass + Survey date + Year Site 

12 Spawning salmon biomass + Survey date + Year Site 

13 Estuary carcass biomass + Estuary area + Survey date + Year Site 

14 Depredated carcass biomass + Estuary area + Survey date + Year Site 

15 Spawning salmon biomass + Estuary area + Survey date + Year Site 
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Appendix 3: List of models in AICc model comparison candidate set for 
test of relationships between breeding bird abundance and diversity and 
salmon biomass, landscape and habitat variables, and inter-annual 
variability. 

 Candidate Models 

1 Salmon + Year 

2 Estuary area + Year 

3 Catchment area + Year 

4 Salmon + Estuary area + Year 

5 Salmon + Catchment area + Year 

6 Estuary area + Catchment area + Year 

7 Salmon + Estuary area + Catchment area + Year 

8 Forest habitat variable + Year 

9 Salmon + Forest habitat variable + Year 

10 Estuary area + Forest habitat variable + Year 

11 Catchment area + Forest habitat variable + Year 

12 Salmon + Estuary area + Forest habitat variable + Year 

13 Salmon + Catchment area + Forest habitat variable + Year 

14 Estuary area + Catchment area + Forest habitat variable + Year 

15 Salmon + Estuary area + Catchment area + Forest habitat variable + Year 

NB: If a forest habitat variable was NOT retained based on the preliminary AICc 
analysis, only candidate models 1-7 were compared. 
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