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Ecosystems are linked by spatial subsidies, the bi-directional flows of nutrients, 

materials and energy that cross ecosystem boundaries. Considered one of the planet’s 

most productive and diverse meta-ecosystems, the broad interface between land and sea 

is crossed by innumerable abiotic and biotic spatial subsidies, including migratory 

animals. Routinely crossing ecological boundaries, migrants play significant roles in 

subsidizing receiving ecosystems, including influencing ecosystem productivity, 

diversity, community structure and trophic cascades.  

 

On the Pacific coast of North America, spatial subsidies driven by migratory Pacific 

salmon have been intensively studied. Like many of the world’s migrants, however, 

salmon populations have declined considerably and most of our scientific knowledge has 

been gained from a diminished subsidy. Other subsidies, including those driven by 

migratory species in decline, remain relatively unknown. Each year, Pacific herring 

(Clupea pallasii) migrate to shallow waters to spawn on nearshore and intertidal 

substrates. Despite suggestions  in the literature that herring, an abundant, 

nearshore/intertidal spawning forage fish, subsidizes coastal ecosystems, there had been 

no investigation of cross-ecosystem interactions. 
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Just as stable isotopes and fatty acids have been used to explore wrack (drift 

macrophytes) subsidies to intertidal ecosystems, we combined both approaches to trace 

the input of Pacific herring and wrack to semi-terrestrial amphipods (Traskorchestia 

spp.), which are highly abundant detritivores in beach ecosystems. Brown algae and 

seagrass were major contributors to amphipods but when available, herring was also a 

significant resource. Because amphipods are prey for terrestrial consumers, including 

bears (Ursus spp.), we also identified indirect trophic linkages between herring and 

terrestrial ecosystems.  

 

Bears are major consumers and vectors of salmon into terrestrial ecosystems, but little 

is known regarding their involvement in other spatial subsidies. Using a model-based 

inference approach paired with remote cameras to monitor intertidal black bear (U. 

americanus) activity, we determined that the best predictors of black bear intertidal 

activity were major intertidal prey items (herring and amphipod biomass) and Julian day. 

Bears positively responded to herring and amphipod biomass on beaches but it was the 

analysis of scats that determined the contribution of herring eggs to the diets of bears. In 

2010, the herring spawn was relatively poor and consumption of eggs was negligible, 

with amphipods constituting a major portion of bear diets. In following years, herring egg 

loading was relatively high and eggs were the dominant dietary item in bear scats.  

 

Tracing the contribution of herring into terrestrial areas proved challenging and instead, 

we furthered knowledge of the within-watershed spatiotemporal influences of salmon on 

conifer tree ring growth and δ15N signatures. Both tree ring growth and δ15N signatures 

tracked the known spatial distribution of salmon carcasses. Using a model-based 

inference approach, salmon abundance and interaction terms of salmon*temperature and 

salmon*distance into the forest best predicted tree growth. In contrast, salmon abundance 

was not a leading predictor of δ15N. By broadening our understanding of the fine-scale 

influence of salmon on a stand of ancient trees, this research is expected to contribute to 

future exploration of the terrestrial influences of Pacific herring.  
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Chapter 1: Introduction 

1.1 Spatial Subsidies  
 

Just as organisms and communities within a single ecosystem interact with each other 

and their environment, so too are ecosystems linked by chains of interactions involving 

abiotic and biotic processes (e.g. McCauley et al. 2012). From the metapopulation 

concept, where a population is connected to other populations by migration and dispersal, 

through to interacting communities (the metacommunity; Mouquet and Loreau 2002), the 

concept of system connectedness now extends to meta-ecosystems, which are described 

as a series of ecosystems linked by the spatial movements of energy, material and 

organisms across ecosystem boundaries (Loreau et al. 2003). Known as spatial subsidies, 

these ubiquitous bi-directional flows of energy, material and organisms link diverse 

ecosystems and are critical to biodiversity persistence, ecosystem structure and function 

(Polis et al. 1997, Álvarez-Romero et al. 2011) but also the higher-order properties that 

emerge from interacting ecosystems (Loreau et al. 2003).  

 

Connectivity between ecosystems is variable, ranging from near total isolation to 

multiple strong interactions (Polis et al. 1997) with feedback mechanisms (e.g. Wipfli et 

al. 1998, 2003). Just as spatial subsidies come in many forms and fluctuating magnitudes,  

ecosystem responses to them vary. Factors thought to influence the magnitude and nature 

of ecosystem responses include the trophic level at which a subsidy enters a foodweb 

(Huxel et al. 2002), the ratio of ecosystem edge to interior (e.g. size, shape and edge 

characteristics; Polis et al. 1997), ecosystem capacity for subsidy retention (Marczak et 

al. 2007), the ratio of a subsidy relative to comparable resources (Marczak et al. 2007), 

the functional group (e.g. orb-weaving spiders; Marczak et al. 2007) and ecosystem 

productivity, including the difference between recipient and donor ecosystem 

productivity (Polis et al. 1997) and recipient productivity alone (Polis and Hurd 1996). 

 

In addition to subsidy magnitude and factors that influence ecosystem responses, an 

important distinguishing characteristic of a spatial subsidy is whether it involves abiotic 
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or biotic vectors of transport. Because spatial subsidies result, in part, from the complex 

interactions within the donor system, no subsidy is entirely abiotic or biotic. However, 

the mediating agent(s) that facilitate subsidy transport to receiving systems may be the 

result of abiotic or biotic processes such as gravity, wind and the movements of 

organisms. Abiotic vector examples include wind-blown sand and nutrients to adjacent 

ecosystems and the wash up of wrack (drift macrophytes) and whale carcasses to 

intertidal zones (Polis and Hurd 1996). Biotic subsidies involve mobile organisms acting 

as vectors by foraging or otherwise gaining material in one ecosystem, crossing an 

ecosystem boundary, and subsequently excreting, dying or otherwise depositing material 

in another ecosystem (Polis et al. 1997). Examples of mobile biotic vectors are many, but 

include the movements of spawning fishes, ungulates, birds and insects. 

 

Not all organisms that cross ecosystem boundaries are migratory, but many of the largest, 

most ecologically influential spatial subsidies currently known involve the migratory 

movements of animals. Each year, many billions of animals migrate over the surface of 

the earth, routinely crossing ecosystem boundaries in often highly conspicuous 

occurrences. Classic definitions of migration mainly relate to seasonal movements, often 

but not always occurring within a single generation (Wilcove 2008), but broader 

definitions recognize that migration is functionally diverse, ranging from the altitudinal, 

partial and short distance to extremely long-distance movements that involve traversing 

the world’s hemispheres (Bowlin et al. 2010). Having evolved independently in 

numerous diverse lineages, migration is considered the consequence of interactions 

between intrinsic factors (genetics, physiology and behaviour) and extrinsic and mainly 

environmental factors that include food availability, predation, weather and habitat 

(Bowlin et al. 2010). 

 

Widespread and diverse, the movement of animals across ecosystem boundaries results 

in numerous spatial subsidies to receiving ecosystems. While the primary aims of many 

migration studies tend to revolve around questions of the when, where, why and how of 

animal migration, the irony is that migration itself is dwindling (Wilcove 2008). 

Although not exclusive to migration, the term “endangered phenomena”, defined as a 
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“spectacular aspect of the life history of an animal or plant species involving large 

numbers of individuals that are threatened with impoverishment or demise; the species 

per se need not be in peril; rather, the phenomenon it exhibits is at stake”, (Brower and 

Malcom 1991) was never widely adopted. Nonetheless, an increasingly common thread 

running through studies of animal migration is that of conservation concern, which 

extends to declining populations of migratory animals and contractions in range but also 

for the disappearing phenomena of migration itself (Wilcove and Wikelski 2008). 

Further, with many of the world’s migratory phenomena in decline, the spatial subsidies 

and subsequent ecological consequences associated with these movements are similarly 

diminished.  

 

Often cited, the destruction of the migratory herds of North American plains bison and 

the extinction of Passenger Pigeons have been described as the obliteration of the two 

greatest migratory phenomena on earth (Wilcove 2008). Plains bison herds, once totaling 

in the tens of millions, represented the world’s largest aggregation of large mammals and 

flocks of Passenger Pigeon, described in abundances so large that the skies turned black 

when they passed overhead, are estimated to have numbered in the tens of millions 

(Wilcove 2008). For both Passenger Pigeons and plains bison, much of our knowledge 

relates to their demise, their approach to ecological extinction in most parts of their range 

and to extinction for Passenger Pigeons (Wilcove 2008), rather than the ecological 

influences associated with these migratory species. 

 

Fully piecing together the myriad ecological interactions of both species and the 

ecological consequences associated with their migrations is an impossible task. However, 

remnant herds of bison have been shown to exert considerable ecological influence in the 

ecosystems they inhabit, with effects that include nutrient redistribution, altered 

community composition, fire regime change, woody plant disturbance, and grassland 

creation, maintenance and productivity (Coppedge and Shaw 1997, Knapp et al. 1999). 

Although difficult to extrapolate, these influences offer insight into the historical 

importance of plains bison and ecosystem interactions, including spatial subsides, that 

may have extended across most of North America. 
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Declining animal migrations and associated spatial subsidies are not isolated 

occurrences, rather, they take place within the much broader context of anthropogenic 

ecological change, including habitat loss and degradation, blockage of migration routes, 

pollution, exploitation and climate change. Concurrent to these ecological 

impoverishments, scientific interest in spatial subsidies has been relatively sustained for 

over three decades. As a result, much of our scientific understanding of spatial subsidies 

associated with animal migrations are gained from the study of declining and remnant 

populations (e.g. plains bison) or by piecing together historical relationships with extinct 

species (e.g. Passenger Pigeons).  

1.2 Subsidies at the Land-Sea Interface 
 

One of the most ecologically interactive but anthropogenically exploited meta-

ecosystem complexes is the land-sea interface. Over 40% of the world’s human 

population live within 100 km of the coast (Martínez et al. 2007) and exert immense 

pressures in the form of resource extraction, pollution, habitat modification and loss upon 

surrounding ecosystems. Stretching over 1.6 million kilometres (Burke et al. 2001) with 

an area that constitutes approximately 8% of the planet’s surface (Ray and Hayden 1992), 

the land-sea interface is one of the world’s most important meta-ecosystems. Represented 

by a diversity of coastal lands, habitats where fresh and salt water mix and marine 

systems that lie over continental shelves, this interface is disproportionately productive. 

Combined, coastal ecosystems, including kelp forests, marshes, estuaries and coral reefs, 

contribute at least 25% of the world’s primary production (Agardy et al. 2005). In this 

narrow land-sea interface live unique species and communities, all embedded within 

ecosystems that are characterized by often strong, influential and extensive cross-

ecosystem interactions.  

 

Often cited examples of cross-ecosystem subsidies at the land-sea interface include the 

moderating influence of the ocean upon the thermal and climatic regimes of terrestrial 

habitats and freshwater outflows from the land, which results in alterations to salinity, 

nutrients and turbidity in nearshore marine waters. Of all the spatial subsidies that have 
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been described at the land-sea interface, however, the spatial subsidy driven by the 

annual migration of anadromous Pacific salmon from marine environments to freshwater 

and terrestrial ecosystems along the Pacific coast of North America is among the best 

studied and the focus of Chapter 4. With several decades of scientific research dedicated 

to characterizing the subsidy, the processes involved and the multitude of ecological 

consequences to both freshwater and terrestrial ecosystems (e.g. Hilderbrand et al. 1999a, 

Naiman et al. 2002, Mathewson et al. 2003, Darimont et al. 2008 and others), there exists 

relatively in-depth understanding on the topic. Still a highly active research area, 

however, significant findings continue to be made (e.g. Hocking and Reynolds 2011). 

 

The return migration of semelparous salmon (Oncorhynchus spp.) first begins in the 

open Pacific Ocean, after individuals spend one to seven years accumulating substantial 

nutrients as they grow to adulthood. Migrating over hundreds to thousands of kilometres 

at sea, maturing adults reach the North American coast and subsequently enter its 

complex, generally nutrient poor freshwater ecosystems, which range from small creeks 

to large rivers with a network of associated lakes and tributaries (e.g. the Columbia 

River). Some populations of salmon swim extreme distances, moving several thousands 

of kilometres inland to spawn, reaching habitats that at first glance appear far removed 

from marine influences  (e.g. >2700 km freshwater migration by Yukon River chum 

salmon; Milligan et al. 1986) whereas other populations may spawn at relatively short 

distances upstream (e.g. < 1 km).  

 

Although not as severe as plains bison, the return of spawning salmon to natal streams 

and rivers is another example of an “endangered phenomena” (Brower and Malcolm 

1991). Compared to historical estimates, far fewer numbers of salmon migrate and many 

individual salmon runs are endangered, threatened or extirpated. Annual contributions of 

salmon biomass to coastal ecosystems have declined between 41% and 61% from 

historical estimates, with only 305 to 606 million kg of salmon now returning to the 

Pacific coast, from California to Alaska (Gresh et al. 2000). In British Columbia (BC), 

recent salmon biomass has been estimated at ~59 312 tons with pre-European estimates 

ranging from 122 940 to 263 442 tons (Gresh et al. 2000). These reductions are uneven, 
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however, with returning populations in southern regions of the Pacific coast 

(Washington, Oregon, Idaho and California) estimated at just 5-7% of their historical 

biomass (Gresh et al. 2000). Translated directly, just 5-7% of the salmon-derived 

nitrogen, phosphorus and other salmon associated nutrients are delivered to the coastal 

ecosystems in these areas, resulting in a nutrient deficit (Gresh et al. 2000).  

 

Despite widespread population declines, recent studies relating to the ecological 

consequences of spawning salmon to freshwater ecosystems demonstrate their substantial 

influence. Contributing substantial nutrients to freshwater ecosystems (Gresh et al. 2000), 

salmon also disturb benthic freshwater habitats by nest-digging (Moore and Schindler 

2008). A number of studies have established the link between salmon and enhanced lake 

and stream nutrient levels (e.g. Krohkin 1975, Kline et al. 1990) and altered primary 

production (Wipfli et al. 1998, Verspoor et al. 2010, Holtgrieve and Schindler 2011). At 

higher trophic levels, spawning salmon are associated with altered freshwater 

invertebrate abundances (Wipfli et al. 1998, Moore and Schindler 2008, Verspoor et al. 

2011), altered timing and duration of freshwater insect emergence (Moore and Schindler 

2010) and increased juvenile salmon growth rates (Wipfli et al. 2003), long-chain fatty 

acid ratios (Heintz et al. 2003) and survival (Bilby et al. 1998).  

 

The influences of salmon in terrestrial ecosystems are similar, but unlike freshwater 

streams, where salmon nest-digging activity can act to reduce stream algal and 

invertebrate abundance (Moore and Schindler 2008), the relatively nutrient-limited 

primary producers inhabiting the terrestrial zone adjacent to salmon streams tend to 

respond positively. Numerous examples provide evidence of salmon-derived nutrient 

enrichment by riparian vegetation (Mathewson et al. 2003, Reimchen et al. 2003, 

Wilkinson et al. 2005) but also increased foliar nitrogen  (Reimchen et al. 2003) and 

growth rates in riparian trees (Helfield and Naiman 2001). Salmon-derived nutrients have 

been found in a number of predators and scavengers that directly or indirectly rely on 

salmon, including terrestrial insects (Hocking and Reimchen 2002, Reimchen et al. 

2003), wolves (Darimont et al. 2008) and songbirds (Christie and Reimchen 2008). A 

large diversity of terrestrial species benefit from spawning salmon (130 terrestrial 
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vertebrates in Washington and Oregon; Cederholm et al. 1999) and fitness-related 

consequences have been described for several major predators, including increased litter 

size, body mass and population density in brown bears (Hilderbrand 1999b), reproductive 

rates in Bald Eagles (Hansen 1987) and altered reproductive timing in mink (Ben-David 

et al. 1997a). Providing a pulsed subsidy to terrestrial predators, responses include 

disruption of predator-prey interactions between wolves and deer (Darimont et al. 2008), 

altered temporal niche selection by bears (Klinka and Reimchen 2002) and potential 

contribution to the persistence of the white coat color morph of black bears (Ursus 

americanus kermodei) in coastal BC (Klinka and Reimchen 2009). 

 

In addition to the ecological consequences of salmon to terrestrial ecosystems, the  

mechanisms for the movement of salmon from their freshwater spawning habitats to 

adjacent terrestrial areas are of particular interest. Spawning in shallow waters that lie 

adjacent to the land, abiotic processes, including flood events (Ben-David et al. 1998) 

and hyporheic exchange (O’Keefe and Edwards 2003), transfer salmon carcasses and 

salmon-derived nutrients into terrestrial areas. Biotic interactions are also significant, 

with terrestrial predators and scavengers acting as vectors of salmon from freshwater to 

terrestrial ecosystems. Although a diversity of terrestrial wildlife species benefit from 

salmon, relatively few have been directly linked to ecosystem transfer of salmon-derived 

nutrients to terrestrial ecosystems. Gray wolves (Canis lupus; Darimont et al. 2008), 

bears (Ursus spp.; Hilderbrand et al. 1999a, Reimchen 2000) and mink (Neovison vison; 

Ben-David et al. 1997b) are known vectors of salmon from freshwater to terrestrial areas 

but in general, bears are considered to be largely responsible for the transfer of salmon 

into terrestrial ecosystems (Helfield and Naiman 2006). 

 

Widely-distributed, opportunistic and mobile, bears are major terrestrial predators and 

scavengers of spawning salmon (Reimchen 2000) and salmon can constitute a major 

source of their annual protein intake (Hildebrand et al. 1999). Whether by predation or 

scavenging, bears can consume variable proportions of a spawning salmon run, with 

estimated consumption by black bears as high as 80% on a small salmon run (N=5000) in 

Haida Gwaii (Reimchen 2000). Via direct consumption, bears transfer salmon nutrients 
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into terrestrial ecosystems in the form of faeces, urine and incorporation into body 

tissues. A study of adult female brown bears (Ursus arctos) in Alaska found that, of the 

estimated mean 37.2 kg/year salmon-derived nitrogen redistributed per bear, the majority 

(96%) was excreted as urine, with smaller quantities retained in the body (<1%) or 

excreted as faeces (3%; Hilderbrand et al. 1999a). However, bears only partially consume 

salmon, with the leftover carcasses distributed throughout the riparian zone (Reimchen 

2000), where they are scavenged by other terrestrial species and continue to decay.  

 

Despite the important role of bears as vectors of salmon into terrestrial areas, their 

participation in other marine-terrestrial spatial subsidies has been the subject of 

speculation (e.g. Orr et al. 2005) but no explicit studies. Coastal brown and black bears 

forage in intertidal zones in spring, summer and fall, consuming a wide diversity of food 

items, including mammal carcasses (Van Daele et al. 2012), intertidal invertebrates (e.g. 

clams; Smith and Partridge 2004), supratidal and estuarine vegetation (Ben-David et al. 

2004, Christensen and Van Dyke 2004) and numerous other dietary items (reviewed by 

Carlton and Hodder 2003). Although there is widespread recognition that both black and 

brown bears forage extensively in the intertidal, little is known of their intertidal activity, 

behaviour and diet choices nor of the ecological consequences of such actions. 

 

Despite considerable population declines (Gresh et al. 2000), the movements of 

spawning salmon are considered a dominant subsidy to Pacific coast terrestrial systems 

(Hocking and Reimchen 2006). Alongside these reductions in migratory salmon 

populations and the associated declines in ecosystem consequences that reverberate 

through marine, freshwater and terrestrial ecosystems, are other migratory species, many 

of which are similarly in decline or persisting at reduced numbers. Along the Pacific 

coast, millions of seabirds, fishes, marine mammals and invertebrates routinely cross 

ecosystem boundaries, including species that may rival salmon, in terms of their biomass, 

their ecological, commercial and cultural importance and perhaps also as drivers of 

spatial subsidies to coastal ecosystems.  
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Borrowing heavily from other spatial subsidies and having been previously suggested in 

the scientific literature (Willson et al. 1998), we identified the highly abundant forage 

fish Pacific herring (Clupea pallasii) as a likely driver of spatial subsidies to intertidal 

and terrestrial ecosystems. Several close relatives have been shown to subsidize 

freshwater ecosystems along the Atlantic coast (e.g. Alosa spp., Garman and Macko 

1998, Walters et al. 2009). Further, the ocean migration of Atlantic herring (C. 

harengus), sister species to Pacific herring, has been described as the largest known flux 

of energy on the planet (Norwegian spring-spawning Atlantic herring; Varpe et al. 2005). 

In addition to evidence of a potential spatial subsidy from close relatives, several life 

history traits of Pacific herring (Clupea pallasii) are suggestive of potential cross-

ecosystem linkages (i.e. beach spawning, described below). Other than a quantitative 

understanding of the transfer of Pacific herring biomass by migratory movements, 

however, little is known regarding a spatial subsidy to coastal ecosystems. 

1.3 Pacific Herring Overview 
 

Pacific herring (Clupea pallasii Valenciennes in Cuvier and Valenciennes, 1847), are a 

small silvery fish located in the suborder Clupeoidei, family Clupeidae, along with 

sardines, sprats and shads. Widely distributed, they occur in the inshore and offshore 

waters of the North Pacific Ocean, along North America from Baja to Alaska and across 

to Asia, south to Japan. Small, genetically-distinct populations of Pacific herring, thought 

to be post-glacial colonizers from the Pacific Ocean, are also present in the Northeast 

Atlantic Ocean (Laakkonen et al. 2013). 

 

 Over large timescales, time-calibrated mitogenomics (mitochondrial genome 

sequences) and reliance on an ancestral range reconstruction hypothesis suggests that the 

likely region of origin and subsequent diversification of the suborder Clupeoidei was in 

the region of the present day Indo-West Pacific Ocean during the Cretaceous period (145-

66 mya; Lavoué et al. 2013). More recently, Pacific herring is thought to have diverged 

from its sister species, Atlantic herring (Clupea harengus), 3.1 mya based on rDNA, 

which is consistent with the dispersal of herring into the Pacific Ocean through the 

recently opened Bering Sea during the mid-Pliocene (Domanico et al. 1996). Within the 
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Pacific herring species, a study using mtDNA documented three distinct genealogical 

lineages (sequence divergence) that diverged ~1.0 mya, based on a Pacific herring-

specific molecular clock (Liu et al. 2011). Described as a “deep genealogical split”, 

Northeast Pacific Ocean and Northwest Pacific Ocean/Bering Sea populations may have 

been isolated by Pleistocene glaciations that pushed populations southward (Liu et al. 

2011, Grant et al. 2012). Another genealogical split is found in co-distributed Northeast 

Pacific Ocean populations of Pacific herring and is potentially attributed to geographic 

isolation or other evolutionary mechanisms (Liu et al. 2011, Grant et al. 2012).  

 

In BC, Fisheries and Oceans Canada (DFO) recognizes five major and two minor 

populations or fisheries ‘stocks’: Haida Gwaii, Prince Rupert, Central Coast, Strait of 

Georgia, west coast Vancouver Island, two minor populations in northern Vancouver 

Island and west coast Haida Gwaii (DFO 2012). The presence of small, localized 

populations is often acknowledged (e.g. Hay 1985, Hay and McCarter 1997) but few 

details about these populations are known. Tagging programs, mainly of fish tagged and 

subsequently collected during pre-spawning and spawning periods, reveal a moderate 

degree of movement between the five major regional populations, ranging from 3 - 19% 

(Hay et al. 1999). At the same time, fidelity to smaller scale Statistical Areas was about 

50-60% and 17-24% at finer spatial scales, referred to as Sections  (Hay et al. 1999).  

Biologically, these seven stocks are considered meta-populations, with a high degree of 

movement between spatially distinct populations.  

 

Fine-scale genetic variation in the Northeast Pacific Ocean populations remain 

unresolved, with studies of allozymes and microsatellite DNA indicating localized 

differentiation (Kobayashi et al. 1990, O’Connell et al. 1998, Small et al. 2005) but 

no/low local variation in mitochondrial or ribosomal DNA (Schweigert and Withler 1990, 

Domanico et al. 1996), likely due to the differing resolution of genetic markers (Small et 

al. 2005).  Using microsatellites, high genetic diversity was found in study of BC Pacific 

herring, with average heterozygosity over 14 loci of 0.86,  but little evidence of 

genetically distinct populations within the five major stocks/populations of Pacific 

herring in BC (Beacham et al. 2008). However, genetically differentiated populations 
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have been identified (e.g. Esquimalt and mainland inlet spawners, Beacham et al. 2008; 

Cherry Point spawners, Small et al. 2005). Explanations include geographic isolation and 

differences in the timing of the spawn as mechanisms for differentiation (Beacham et al. 

2008). Recent analyses of ancient Pacific remains using multiple genetic markers 

provides an avenue for future research that examines current Pacific herring diversity 

with a comparison to historical patterns of diversity (Speller et al. 2012). 

 

Traditional knowledge holders and historic sources support the idea that distinct 

herring populations were more common in the past (Speller et al. 2012). Further, 

archaeological records show a consistent presence of Pacific herring in areas that no 

longer support populations today (Speller et al. 2012). Small, localized populations of 

herring are thought to still be present in the Strait of Georgia, at the heads of mainland 

inlets, Johnstone Strait (Hay et al. 2001) and possibly elsewhere, but fisheries 

management strategies do not often account for these small, likely vulnerable 

populations. Much remains to be uncovered regarding Pacific herring populations and 

their diversity. Having been subject to heavy fishing pressure for more than a century, 

and having experienced substantial population declines (Schweigert et al. 2010) and a 

coast-wide collapse in the 1960’s (Hay et al. 2001), it remains unclear what has been lost 

and how current populations compare to those in the past.  

 

Pacific herring have been important for coastal First Nations for food, cultural and 

ceremonial uses for centuries. Pacific herring remains are commonly found in middens 

located along the Pacific coast (e.g. Ham 1982, Cannon 2000, Moss et al. 2011) and the 

location of numerous First Nations villages and temporary fish camps are linked to the 

locations of reliable spring spawns. Specialized methods of harvesting eggs, including 

eggs laid on cedar and hemlock branches, continue to be used for subsistence fisheries 

and herring remains an important species for coastal First Nations communities, 

particularly in locations where reliable herring spawns still occur. 

 

Since the 1870’s, Pacific herring have also been the target of commercial fisheries 

(Taylor 1964). A reduction fishery to produce fish meal and oil began in the 1930’s and 
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expanded along the North American coast after sardine populations collapsed in the 

1940s (Hay et al. 2001), whereupon Pacific herring became the target of the largest 

commercial fishery in BC. High exploitation rates continued in BC until the late 1960s, 

when BC’s herring populations collapsed and the fishery closed in 1967 (Hay et al. 2001, 

DFO 2012). After several years of closure, Pacific herring populations, at least the major 

populations, rebounded somewhat and a sac roe fishery, alongside several others, started 

again (Hay et al. 2001). In 1985, a commercial fishing threshold was implemented (Hay 

et al. 2001), which limits commercial extraction in where regional fisheries are below 

previously set biomass limits.  When the estimated population biomass exceeds this 

threshold, a 20% maximum annual harvest rate determines the maximum biomass 

available to commercial fisheries (DFO 2012). Today, commercial catch reflects winter 

food, bait and special use harvesting and spring sac roe harvesting by seine and gillnet. 

The majority of fish are captured just prior to spawning in a short, but intense fishery.  

 

Beginning in the early 2000s, significant declines were again observed in BC’s major 

populations. Reasons for declines and subsequent failure to recover following fishery 

closure remain highly speculative (Schweigert et al. 2010). Currently, commercial 

fisheries are closed for Haida Gwaii (since 2003), Central Coast (since 2008), and west 

coast Vancouver Island (since 2006) due to low spawner biomass with only small, 

spawn-on-kelp fisheries in the minor stocks of west coast Haida Gwaii and northern 

Vancouver Island (DFO 2012). The largest documented biomass occurred in 1981 with 

an estimated 381 645 tons for the five major BC populations (1951-2005 data from 

Schweigert and Haist 2007). As of 2012, the median estimate of cumulative spawning 

herring biomass for the five major and two minor stocks in BC is just 176 467 tons (DFO 

2012). The Strait of Georgia currently supports the largest population in BC, with an 

estimated post fishery spawning median biomass median of 97 802 tons and total 

fisheries catch of 11 339 tons in 2012 (DFO 2012). At present, fisheries management 

operates without ecosystem-based conservation limits (DFO 2012), in part due to a 

paucity of available information.  
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1.4 Lifecycle and Spawn Events 

 

The lifecycle of Pacific herring is complex, variable and, as described here, relevant for 

the major populations of migratory herring only (Figure 1.1). In general, individuals 

recruit to the adult or spawning population between the ages of two and five but in BC, 

herring generally recruit at age three (DFO 2012). Herring are iteroparous and relatively 

short-lived, with most fish living less than eight years (Hay et al. 2001). In BC, the Strait 

of Georgia migratory population is the best-described and we rely heavily on information 

from this population and secondarily, information from the west coast Vancouver Island 

population.  

 

The spawning period for the majority of Pacific herring in BC ranges from February to 

April, with spawning generally beginning earlier in the south and later in northern waters 

(Haegele and Schweigert 1985). After spawning, adult fish migrate to offshore to summer 

foraging grounds (Hay et al. 2001). Migratory distances vary, but Pacific herring are 

generally not considered long-distance migrants; fish remain in the productive waters 

near or over the continental shelf, including the west coast of Vancouver Island, Hecate 

Strait and Queen Charlotte Sound. During this foraging period, fish gain mass, length and 

sequester lipids (Hart et al. 1940) from their prey, which is thought to be dominated by 

euphausiids (krill) and copepods (Hay et al. 2001, Wailes 1936). In the fall, schools of  

herring move back towards more sheltered wintering grounds (Hay 1985, Hay et al. 

2001) or “holding areas”, a migration that coincides with the onset of fasting or 

negligible feeding (e.g. Wailes 1936). During the fall and winter, herring gonads begin to 

develop (Hay and Outram 1981), with percent maximal gonads reaching up to 30% in 

large females in advance of the spawn (Hay 1985). 

 

Prior to spawning, large winter aggregations of herring break apart and fish move 

nearer to the spawning grounds in dense, fast-moving schools of reproductive fish (Hay 

1985). Spotter planes, employed by commercial fisheries and monitoring agencies in 

advance of the spawn, commonly report large schools of herring near the water’s surface, 

identifiable as Pacific herring by the well-defined border of the school and dark color 
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with a bright ‘flash’, that is unlike the brown or gold flash by other forage fish (Brown et 

al. 2002). Along the North American coast, spawns generally begin in the south and 

advance northward with time, a pattern that has been linked to sea surface temperatures 

that vary by latitude and time of year (Hay 1985). Precise triggers for individual spawn 

events remain elusive, but herring fishermen often refer to “herring weather” as several 

days of calm seas and sunny, warm conditions in advance of herring spawn initiation. 

Spawn initiation has also been linked to tidal or lunar cycles (Hay 1990) and other 

factors. 

 

Record keeping for BC Pacific herring spawns began in 1928 and expanded throughout 

the BC coast by the late 1930’s (Hay et al. 2009). Using a dataset that spans over 70 

years (1938-2007), spawning has been documented to occur along more than 5500 km or 

19% of BC’s 29 500 km coast (Hay et al. 2009). Cumulative annual spawn coverage has 

ranged from a low of only 131 km in 1966 to a high of 770 km in 1992 (Hay et al. 2009). 

Sheltered but still relatively high energy inlets, sounds, bays and estuaries are thought to 

be preferred spawning locations (Haegele and Schweigert 1985), but some locations with 

reliable annual spawns are exposed to open-ocean swells and often severe marine weather 

conditions. At spawn events, which range from ‘spot spawns’ over just a handful of 

meters to large spawns that extend over many contiguous kilometres of coastline, the 

presence of milt (semen) is often the first signal of a spawn.  

 

A pheromone in milt facilitates spawning in male and female herring (Carolsfeld 

1997), with females laying as many as 20 000 eggs (Hay 1985) directly onto intertidal 

and subtidal substrates. Males simultaneously broadcast milt in such quantities that the 

water turns chalk-white for several kilometres at larger spawning locations. Eelgrass, red 

algae and kelp (brown algae) in intertidal and subtidal zones have been identified as 

important substrates for herring eggs (Haegele et al. 1981), with egg deposition so heavy 

in certain areas that canopy-forming kelp forests (Macrocystis integrifolia) may 

temporarily sink (CHF, pers. obs.).  

 



 15 
After being laid, eggs generally hatch within two to three weeks, depending on 

temperature, salinity and egg density (Alderdice and Velson 1971, Bishop and Green 

2001). Prior to hatching, consumption by predators, anoxia, wave action and desiccation 

can cause large egg mortalities (Haegele and Schweigert 1985). Wind and wave action 

may wave large drifts of eggs into high and supratidal zones (Haegele and Schweigert 

1985) and, in severe conditions, adjacent terrestrial areas (CHF, pers. obs.). 

 

Spawn events are often described as short-lived, but several characteristics of spawn 

events may prolong their presence in coastal environments. First, the act of spawning 

may persist for five or more days, with observations that spawning is often more drawn 

out in years with large spawning populations (Ware and Tanasichuk 1989). Pacific 

herring may also spawn at the same location repeatedly or in “spawning waves”, 

separated by 10 days or more (Hay 1985). In the Strait of Georgia, herring may spawn in 

one to three waves, with the period between spawning waves lasting 8-26 days, with 

larger fish spawning fish followed by smaller individuals (Ware and Tanasichuk 1989). 

Lastly, eggs washed into the high and supratidal zones may become stranded and their 

rate of degradation and/or consumption by predators and scavengers will dictate the 

duration of their presence. From direct observations, stranded eggs may persist for more 

than five weeks following the main egg hatch (CHF, pers. obs). Combined, these factors 

all suggest that herring spawn events are not as short-lived as is superficially evident and 

these events may constitute a significant temporal event in the coastal areas where they 

occur. 

 

After spawning, adults move offshore, milt disperses into the surrounding waters and 

eggs are left to ripen. Following egg hatch, yolk-sac larval herring diffuse away from 

their spawning grounds (Hay et al. 2001). After several months and having often 

sustained substantial mortalities, larvae metamorphose into juveniles (Hay 1985). Other 

than the Strait of Georgia, where larvae and juveniles are ubiquitous (Haegele 1997), 

their distributions are not well known. However, surveys find juveniles along shorelines 

in most areas (Hay and McCarter 1997, Hay et al. 2001). Also unresolved is when 

juvenile herring begin their offshore migration. In the Strait of Georgia, there is some 
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evidence to suggest this migration begins in their second year (year 1 fish; Haegele 

1997).  

 

1.5 Ecological Importance 
 

Pacific herring are often highly abundant in the coastal foodwebs where they occur and 

constitute a major prey item for a diversity of consumers. Referred to as a “cornerstone” 

species that provides a major resource to much of the coastal ecosystem (Willson et al. 

1998), Pacific herring are also a “foundation” species, defined as a highly interactive and 

often extremely abundant or ecologically dominant species (Soulé et al. 2003). In BC 

waters, herring are considered the dominant forage fish (Schweigert et al. 2010). Forage 

fish, a term for small to medium-sized, mid trophic-level species such as herring, 

anchovies and sardines, represent a vital functional group within complex marine 

foodwebs. Feeding on lower trophic levels (mainly plankton), Pacific herring and other 

forage fish serve as important prey and an energy conduit that links the bottom of the 

food web to the upper trophic levels, including predatory fishes, marine mammals and 

seabirds (Pikitch et al. 2012).  

 

From egg to adult, Pacific herring are preyed upon by a diversity of predators, ranging 

from commercially-important species like coho and chinook salmon to Pacific hake and 

halibut (Schweigert et al. 2010). Top-level marine mammals and birds, such as Steller 

and California sea lions, humpback whales, Bald Eagles and numerous additional species 

are also reliant on herring (Schweigert et al. 2010). Yet, despite their importance to a 

diversity of predators and their pivotal role in marine ecosystems, there remains poor 

quantitative understanding of the influence of Pacific herring on coastal ecosystems, 

including the ecological consequences of their decline.  

 

Of all the studies that focus on Pacific herring and their interactions with wildlife, the 

majority relate to spawn events. Representing often massive concentrations of adult fish, 

eggs and broadcast-spawned milt, Pacific herring spawn events represent a pulsed 

subsidy to coastal ecosystems (Willson and Womble 2006). More than 25 vertebrate 



 17 
species have been observed to associate with spawn events, foraging on spawning fish 

and/or their eggs; of these, birds are typically the most regularly reported and present in 

the largest numbers (reviewed by Willson and Womble 2006). Gulls are often highly 

abundant, as are sea ducks (e.g. Surf Scoter), diving ducks (e.g. Harlequin and Long-

tailed Ducks), geese (e.g. Brant and Canada Goose), cormorants, grebes, loons, 

shorebirds (e.g. Black Turnstone) and some seabirds (e.g. Common Murre; reviewed by 

Willson and Womble 2006). Other birds include predatory Bald Eagles and land-based 

birds such as Northwestern Crows (reviewed by Willson and Womble 2006). Numerous 

marine mammals have been reported to associate with spawn events, including humpback 

and grey whales, orca, Steller sea lions (reviewed in Willson and Womble 2005), Pacific 

white-sided dolphins (R. Davey, pers. comm.) and sea otters (Lee et al. 2009). With 

exception to Northwestern Crows and Canada Geese, the majority of vertebrate species 

currently known to science are marine or marine-associated. 

 

Wildlife species are known to respond numerically to spawn events and these 

aggregations suggest that spawning herring are an important resource for predator 

populations (Bishop and Green 2001, Anderson et al. 2009). However, only a handful of 

studies have examined the influence of Pacific herring on species distributions, migratory 

movements, the consequences of consumption and other factors. Steller sea lions, for 

example, locate their haul outs close to herring aggregations (Womble et al. 2005) but the 

consequences of this behaviour (e.g. energy gained for subsequent breeding) remain 

poorly understood. White-winged and Surf Scoters in the Strait of Georgia have been 

shown to move large distances to access herring eggs at spawn events (Lok et al. 2008), 

which are considered preferred foraging areas. Demonstrating an increasing numerical 

response with greater spawning herring biomass, scoters also gain mass when consuming 

herring eggs (Anderson et al. 2009). For the majority of species that rely on herring, 

however, little is known beyond the observations of consumption and aggregation at 

spawn events. Additional research in still required to ascertain the extent of spawning 

herring influence on predator populations, their annual cycles, distributions, migratory 

movements and long-term consequences. 
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1.6 Objectives 

 

Our knowledge of spatial subsidies is eclipsed by their sheer ubiquity, including those 

driven by migratory animals at the land-sea interface. For many subsidies involving 

animal movements, even the most basic details remain unknown. With scant prior 

information relating to intertidal or terrestrial interactions with spawning Pacific herring, 

we relied on our understanding of other marine spatial subsidies, mainly those driven by 

spawning salmon, but also anadromous clupeids and wrack macrophytes in intertidal 

ecosystems, to shape our inferences regarding the possible cross-boundary influences of 

spawning Pacific herring. Combined, it was their status as a dominant forage fish, their 

large aggregations at spawn events and subsequent numerical responses by marine 

predators, the accessibility of spawn resources to intertidal and terrestrial consumers and 

lastly, the timing of the spawn in BC (spring), when alternative resources are likely to be 

low, that strongly suggested ecological linkages had been overlooked. Further, if 

interactions between Pacific herring and intertidal and terrestrial ecosystems do exist, 

they are likely to be of conservation concern for several reasons, including the reduction 

of spatial subsidy due to declining herring populations, modification of both intertidal 

and terrestrial areas adjacent to spawn sites (e.g. docks, logging and urban development) 

and reduced and/or locally extirpated populations of large terrestrial predators. 

 

From initial observations at Pacific herring spawn events in Quatsino Sound (Figure 

1.2), we documented consumption of herring eggs by black bears but we also noted high 

densities of eggs in wrack lines that were available to key intertidal detritivores and 

which, in turn, were also a food item for black bears. Both observations had not been 

previously described, nor had indirect linkages with Pacific herring been previously 

considered. Building from these first observations, we relied on stable isotopes and fatty 

acids to quantitatively trace the input of Pacific herring, likely all via eggs, to semi-

terrestrial amphipods (Traskorchestia spp.), which are highly abundant detritivores in 

beach ecosystems (Chapter 2). We also followed through on our observations of black 

bears consuming herring eggs and amphipods. By pairing the use of remote cameras to 

monitor black bear activity at beaches with varying amounts of herring spawn (including 
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zero) with faecal analysis of over 160 scats, we first asked whether herring egg and 

amphipod abundances predicted the intertidal activity of bears and secondly, how 

important are herring eggs and amphipods to the spring diets of bears (Chapter 3)? 

Tracing the contribution of herring into terrestrial areas proved more challenging, for two 

main reasons: (1) with the intertidal zone as an interface, numerous marine subsidies 

likely cross into the adjacent terrestrial area, making established marine tracers such as 

nitrogen isotopes (δ15N) ambiguous and unlikely to be directly linked to Pacific herring 

and (2) despite relatively established research into salmon-derived subsidies into riparian 

areas, there remains considerable uncertainty relating to the influence of salmon over fine 

spatial scales and a lack of conceptual transfer to Pacific herring. To address this, we 

instead chose to further existing research into the spatiotemporal influence of salmon on 

conifer growth and δ15N levels (Chapter 4). In the longer term, it is anticipated that the 

continued development of this research avenue will contribute to the exploration of the 

terrestrial influence of Pacific herring and other poorly studied spatial subsidies.  
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Figure 1.1 Lifecycle and migratory movements of Pacific herring (Clupea pallasii). 

Drawings by K. Kezes unless noted. * Recruitment to the adult population usually occurs in 

the 3rd year but 4th and 5th year recruitment is known for northern populations. ** The 

majority of British Columbian Pacific herring are thought to undertake annual migrations, 

but smaller, resident populations are also known.  
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Figure 1.2 Illustration of a Pacific herring (Clupea pallasii) spawn event in Quatsino Sound, 

British Columbia. Drawing by K. Kezes. 
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Chapter 2:  
Pacific herring interactions with intertidal ecosystems 

 

Below follows a brief summary of: 

Fox, C.H., El-Sabaawi, R., Paquet, P.C., Reimchen, T.E. In Review. Pacific herring 
(Clupea pallasii) and wrack macrophytes subsidize semi-terrestrial detritivores. Marine 
Ecology Progress Series. 
 

2.1 Chapter Summary 
 

Each year, Pacific herring (Clupea pallasii) migrate to coastal North Pacific Ocean 

waters to spawn in nearshore subtidal and intertidal areas. Representing large 

aggregations of biomass and energy, a portion of herring spawn resources are transferred 

to intertidal and supratidal zones, mainly in the form of eggs. Receiving this input are a 

community of predators and scavengers, including ecologically important, semi-

terrestrial amphipods (Talitridae: Traskorchestia spp.). Already dependent on wrack, 

defined here as drift macrophytes that wash up and are stranded in beach ecosystems, 

these amphipods may be influenced by a dual spatial subsidy of wrack and Pacific 

herring eggs. Using fatty acids and stable isotopic signatures of carbon and nitrogen, we 

(1) traced the sources of production and (2) tested the hypothesis that herring provides a 

subsidy to amphipods (Traskorchestia spp.). Amphipods and likely contributors to their 

diet (macrophytes and herring eggs) were collected from five beaches before and after 

herring spawned in Quatsino Sound, British Columbia. Combined with the use of mixing 

models, stable isotope results suggest that herring, in addition to brown algae and 

seagrass, are major sources of production. Fatty acid results suggest that brown algae is 

generally a major dietary resource for amphipods, but herring eggs provide important 
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omega-3 fatty acids that are low in abundance prior to herring spawn events. Taken 

together, we provide corroborative evidence of a cross-ecosystem spatial subsidy from 

marine to intertidal and supratidal zones by Pacific herring.   
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Chapter 3:  
Novel Interactions Between Black Bears and Pacific Herring 

 

3.1 Introduction 
 

The land-sea interface, a thin ribbon that extends 1.6 million kilometres over the 

planet’s surface (Burke et al. 2001), consists of a mosaic of coastal ecosystems, including 

some of the most species rich and productive on the planet (e.g. tropical rainforest, coral 

reef and kelp forest ecosystems). Ecosystems that lie at this interface are often 

characterized by reciprocal ecological interactions, including spatial subsidies, which are 

bi-directional flows of energy, material and nutrients across ecosystem boundaries (Polis 

et al. 1997). Spatial subsidies are relatively ubiquitous across the land-sea interface, with 

examples including abiotic (e.g. freshwater runoff entering the ocean) and biotic (e.g. 

seabirds breeding on islands) drivers (Polis et al. 1997). 

 

One of the most intensively studied marine-terrestrial spatial subsidies results from the 

annual migration of anadromous Pacific salmon (Oncorhynchus spp.). Moving large 

distances across marine ecosystems, reproductive salmon enter complex freshwater 

ecosystems along the Pacific coasts of North America and Asia before eventually 

reaching terrestrial ecosystems. For the ecosystems that receive them, the ecological 

consequences can profound, extending from interactions at the base of the community 

(e.g. nutrient levels and primary production; Mathewson et al. 2003, Reimchen et al. 

2003), through to insects (Hocking and Reimchen 2002), small mammals (Ben-David et 

al. 1997) and songbirds (Christie and Reimchen 2008) to apex-level predators, including 

Bald Eagles (Haliaeetus leucocephalus; Bennetts and McClelland 1997), bears (Ursus 

spp.; Reimchen 2000) and gray wolves (Canis lupus; Darimont et al. 2002). Although 

salmon may be transported into terrestrial areas by flooding (Ben-David et al. 1998), 

hyporheic movement (O’Keefe and Edwards 2003) and the activities of terrestrial 

predators (gray wolves; Darimont et al. 2002, mink; Ben-David 1997), brown and black 

bears (U. arctos and U. americanus) are recognized as dominant predators and vectors of 
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salmon (Hilderbrand et al. 1999, Reimchen 2000, Helfield and Naiman 2006). For bears, 

consequences of salmon exploitation include changes in behaviour (e.g. nocturnal 

foraging; Klinka and Reimchen 2002), fitness-related traits (e.g. body mass and litter 

size) and population densities (Hilderbrand et al. 1999), with likely evolutionary 

implications (e.g. Kermode color morph persistence; Klinka and Reimchen 2009).  

 

Salmon are only seasonally available to coastal bears however, who continue to exert 

ecological influence in the wide range of ecosystems they inhabit (e.g. bark stripping of 

conifers; Ziegltrum and Nolte 2001). Further, many of the same traits that cause bears to 

be dominant predators and vectors of salmon, including their mobility, opportunism and 

relative abundance in coastal landscapes, are likely related to their exploitation of other 

marine prey, including the pulsed resources provided by washed up whale carcasses (Van 

Daele et al. 2012) and the assortment of prey items found in intertidal ecosystems 

including clams, crabs and barnacles (Smith and Partridge 2004, Carlton and Hodder 

2003). Despite their role as vectors of salmon into terrestrial ecosystems however, the 

participation by bears in other marine spatial subsidies has only been the subject of 

isolated speculation (e.g. Orr et al. 2005). 

 

Other anadromous and nearshore spawning fishes, including Pacific herring (Clupea 

pallasii), have been suggested as pulsed food resources for marine and terrestrial 

organisms (Willson et al. 1998), although information related to their cross-ecosystem 

influences, including potential interactions with bears, remain largely unknown. In 

marine ecosystems, Pacific herring are considered an ecologically and economically 

important forage fish (Schweigert et al. 2010), with a range that extends from Baja 

California to Alaska and west to Asia, as far south as Japan. Defined as highly interactive 

and often extremely abundant species, Pacific herring are a foundation species (sensu 

Soulé 2003) and the dominant forage fish in BC (Schweigert et al. 2010).  

 

From egg to spawning adult, iteroparous Pacific herring are prey for a diversity of 

marine predators (Willson and Womble 2006, Schweigert et al. 2010), but it is their 

spawn events in particular that link herring to nearshore, intertidal and terrestrial 
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ecosystems. Beginning in the southern parts of their range, herring aggregate and spawn 

on nearshore and intertidal substrates, with spawning events advancing northward 

through spring and early summer, a trend that has been linked to sea surface temperatures 

that vary by latitude and time of year (Hay 1985). In BC, the majority of herring spawn 

from February to April. Responding to these temporally pulsed aggregations of fish and 

spawn are predators and scavengers, including invertebrates (Purcell 1989) and more than 

25 vertebrate species (Willson and Womble 2006). With exception to Northwestern 

Crows and Canada Geese, the species reported are all marine or marine-associated and 

little is known of potential terrestrial interactions. 

 

Drawing upon our experiences and scientific literature concerning relationships 

between terrestrial predators and salmon (e.g. Hilderbrand et al. 1999, Reimchen 2000, 

Darimont et al. 2002, 2008), macrophyte wrack subsidies (e.g. Polis and Hurd 1996) and 

subsidies associated with close relatives of Pacific herring (e.g. Atlantic herring; Varpe et 

al. 2005, anadromous Atlantic clupeids; Garman and Macko 1998, Walters et al. 2009), 

we developed the broad prediction that Pacific herring spawn events were linked to 

terrestrial ecosystems, likely via the foraging activities of predators. With few anecdotal 

observations of linkages to terrestrial predators, we conducted an observational pilot 

study at a small, but relatively undisturbed spawn in Quatsino Sound, located off the west 

coast of Vancouver Island, British Columbia (BC). Recently emerged from winter dens, 

we observed black bears foraging in intertidal and supratidal zones, consuming mainly 

Pacific herring eggs but also Talitrid amphipods (Traskorchestia spp.), which are key 

detritivores of wrack (drift macrophytes) in beach ecosystems.   

 

From these observations, we designed a study to determine (1) how Pacific herring 

eggs influenced black bear use of intertidal areas and (2) the importance of eggs to the 

diet of black bears. First, using an information theoretics approach with a series of 

Generalized Linear Mixed Models (GLMMs), we determined the best predictors of 

intertidal black bear activity, which was measured using remote cameras positioned on 29 

beaches in Quatsino Sound (spring 2010-2012). Predictors of black bear activity included 

major intertidal diet items (Pacific herring egg and Traskorchestia amphipod biomass), a 
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measure of risk (daily activity by gray wolves) and Julian day with year and beach 

location as random effects. Our second objective was to assess the importance of Pacific 

herring, amphipods and other items in the diets of black bears using 163 scats and 

provide corroborate evidence for results generated by model-based selection. Because 

major intertidal dietary items were either previously unknown or only infrequently 

reported, an independent dataset based on scat hard parts was particularly relevant.  

3.2 Methods 

Study Area 

Quatsino Sound, located off northwest British Columbia, Canada was chosen as the 

study area due to the presence of a small but reliable Pacific herring spawn and somewhat 

intact coastal ecosystems, with fragmented old-growth forests, populations of black bears 

and gray wolves, the year-round presence of sea otters and large Macrocystis kelp forests 

in the nearshore. During the study period (March to early May), there is a relatively low 

human presence on beaches and adjacent terrestrial areas; generally low use by 

researchers associated with this study constituted an estimated 95% of human presence 

on beaches.  

 

The study period was March through April, with extension into the first week of May 

in 2010 and 2011 (2010, March 2 - May 3, Julian day 61-123; 2011, March 7 - May 6, 

Julian day 66 - 126; 2012, March 7 - April 27, Julian day 67 - 118). Annual 

environmental conditions were variable, with March/April conditions defined as a strong 

El Nino in 2010, strong La Nina in 2011 and near-normal in 2012 (information from 

NOAA 2013). Using mean monthly temperatures obtained from Canada’s National 

Climate and Data Archive (2013) for nearby Port Hardy, 2010 was warmer than other 

years (March = 6.1ºC, April = 7.2ºC), 2011 was colder (March = 5.2ºC, April = 5.7ºC), 

and 2012 was coldest in March (4.1ºC) but warmest in April (7.3ºC).  

 

Study sites consisted of seven beaches in 2010 and eleven beaches in 2011 and 2012 

located in Quatsino Sound (Figure 3.1). Sites were selected on the basis of several 

factors: (1) cumulatively, beaches had a high likelihood of being a mix of spawn/spawn-
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free, (2) beaches were representative of the intertidal habitat of the region (e.g. exposed 

to sheltered, mixed substrates), (3) beaches were not within sight of commercial roe-on-

kelp operations (disturbance) and (4) accessibility was by boat or on foot. Substrates on 

all beaches were mixed, consisting of sand, gravel, cobble and boulder. With the 

exception of one estuarine-type site with a broad, grass-covered supratidal, all beaches 

had relatively narrow (< 4 m) supratidal zones filled with logs, wrack and other beach 

debris with old-growth or mature second-growth forest stands in the adjacent terrestrial 

area. Exposure varied, from beaches exposed to open-ocean swell with observations of 7 

m wave heights to sheltered beaches, where waves are unlikely to ever exceed 0.5 m.  

 

Pacific herring spawn annually in Quatsino Sound in March or April. Monitoring is 

incomplete in this region and estimates of adult spawning biomass are used qualitatively. 

In recent years, an estimated ~1000 metric tons of Pacific herring spawn in the nearshore 

subtidal and intertidal zones (Fisheries and Oceans Canada, 2011). The spawn is small 

relative to historic spawns in the area and to current spawns elsewhere in BC which range 

from ~1-30 times the size. 

 Beach Surveys 

Beaches were surveyed for two major black bear food sources (Pacific herring eggs 

and Traskorchestia amphipods) using stratified random quadrat surveys. Presence of 

spawn on beaches was assessed by visual inspection of the water for milt, aggregations of 

Pacific herring and/or attached eggs on nearshore and intertidal substrates, including 

macrophytes. Along a 100 m portion of spawn beach, egg density was measured using 25 

randomly distributed 0.25 m2 quadrats during the spawn period in 2010, 2011 and 2012. 

Surveys were completed in the mid spawn period, roughly 7-10 days after spawn 

initiation and before egg hatching. Along five perpendicular transects, five quadrats were 

randomly assigned to stratified tidal heights in the low (1-2 m), mid (2-3 m) and high (3-

4 m), in addition to two quadrats laid along the fresh (within the 3-4 m zone) and older, 

degraded supratidal wrack lines (above 4 m, LLW). Percent cover of eggs was visually 

estimated and converted to number of eggs using a standard egg radius (r = 0.74 mm; 

Alderdice and Hourston 1985). Egg depth was randomly counted at five locations per 

quadrat and the resulting average used as a multiplication factor for percent egg cover, to 
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estimate total eggs per quadrat. Egg samples collected in 2012 (10 eggs per sample, n=5) 

were dried at 60ºC for 48 hrs and weighed, with mean mass per egg used to calculate 

herring egg biomass per beach and generated for a 1 m vertical swath of beach. At five 

beaches, spawns were repeated two to three times following egg hatch to provide an 

estimate of mean egg reduction rates (10%) that was subsequently used to adjust egg 

biomass as a predictor for the model-based determination for predictors of bear activity in 

the intertidal (see methods below).   

 

Unlike herring eggs, Traskorchestia amphipods are generally restricted to the upper 

intertidal and supratidal, often occurring in high densities under wrack. Immediately 

adjacent to quadrats in the high (3-4 m), fresh and degraded wrack lines, sediments cores 

(diameter = 10.6 cm) were used to collect amphipods in beach sediment down to 10 cm 

depth (n = 15 per beach). Biomass at low and medium tidal heights was assumed to be 

negligible, based on previous surveys (CHF, unpublished data). Most beaches were 

sampled for amphipods once, with a preference for sampling later in the study period, 

when amphipods would be most active in the wrack. Samples were transported within ~2 

hrs and frozen at -20ºC until processing. Samples were sieved through a 0.8 mm mesh 

under running water, 30% of sample was retained, spread over a large surface and 

amphipods manually removed. Amphipods were dried at 60ºC for 48 hrs and weighed. 

Similar to herring eggs, amphipod abundance was calculated for a 1 m vertical swath of 

beach.   

Remote Cameras 

Remote cameras (n = 7 - 11 per year) were affixed to trees adjacent to beaches at 

heights and angles that would capture large mammals in the supratidal and intertidal 

zones. Although not ideal, two camera models were used (Reconyx RM30 and HC500, 

Wisconsin, USA) with identical settings. Models were tested using human subjects and 

also in the field. At distances approximating the supra (1 m), high (5 m) and mid (10 m) 

intertidal both camera models displayed 100% capture rates of human test subjects over 

flat distances. At flat distances of 15 m and greater, RM30 routinely failed to detect 

human subjects at distances that approximated the low intertidal. However, in practice, 
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neither camera model camera trapped any large mammals in the low intertidal and both 

routinely failed to detect human subjects in the low intertidal. Both camera models were 

set out on one beach at 5 m horizontal distance for 20 days and a comparison of bear 

camera trapping results revealed no significant differences (ANOVA; p = 0.24). Lastly, 

from direct observations of black bears in the intertidal, individuals spend little, if any, 

time in low intertidal zones and the influence of camera model sensitivity in the low 

intertidal was expected to be negligible. 

 

From direct observations of bears in 2009, black bear intertidal foraging bouts length 

was an average of 35 ± 6 SE minutes (CHF, unpublished data); we based bear activity on 

a mean bout time of 30 minutes. Bear camera captures at less than 30 minutes were 

excluded and bears captured at intervals greater than 30 minutes scored as independent 

events. In practice, few camera hours captured more than one bear and the counts are 

similar to one based on an hourly definition. Bears with cubs were counted as one 

individual. Bear activity was then calculated on an hourly and cumulative daily basis. 

Days for specific cameras that experienced technical malfunction or significant 

adjustment by bears were excluded from analyses. 

 

Several interactions between wolves and bears in the intertidal were directly observed 

and the relatively high use of the intertidal by wolves in 2011 and 2012 warranted their 

examination as a potential predictor of bear activity. Wolf presence/absence was 

generated on an hourly basis, without regard to the number of individuals detected. Wolf 

presence/absence on a per hour basis was then summed per day.  

 

GLMMs were constructed to identify the leading predictors of black bear activity in the 

intertidal. Seventeen biologically reasonable negative binomial mixed models with 

random effects of year and beach location were ranked using Akaike’s Information 

Criterion (AIC) in Rstudio version 0.97.332 using glmmADMB (Bolker et al. 2012). As 

some variables are heavily zero inflated, we initially examined models with and without 

zero inflation. Models without zero inflation were used as they were better fit and the 

negative binomial dispersion parameter was near 1.0 or below.  
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Black bear activity (summed on a daily basis per beach) was used as the response 

variable. Potential predictors included Julian day, presence of wolves (daily sum per 

beach), and the biomass of amphipods and herring eggs within a 1 m vertical transect of 

beach (kg/m). Amphipod biomass on individual beaches were assumed to be constant 

over the study period for several reasons: (1) the majority of biomass consisted of adults 

from the overwintering population, (2) we suspect most juveniles had not yet recruited to 

the adult-sized population and were excluded by the 0.8 mm mesh size, (4) two beaches 

were sampled twice, with an increase at one beach and a decrease at the other (CHF, 

unpublished data) and (5) amphipods are highly aggregated and our sampling intensity at 

beaches (n = 15) was likely insufficient to capture biomass changes over time. In 

contrast, Pacific herring biomass was variable over time, valued at zero until the onset of 

the spawn. For five days following spawn initiation, we estimated spawn biomass 

increases of 20% daily, in part because spawning was observed to occur over up to five 

days in 2011 and 2012 but also because tidal and wave action washes eggs into the 

intertidal zone, with increased loading in the early days of the spawn. Herring egg 

biomass was used as a constant value at beaches until hatching was first observed. 

Following the onset of egg hatch, the quantitatively determined egg biomass decline of 

10% daily was used.  

Scat Surveys 

In 2010, black bear scat surveys were conducted at all sites throughout March and into 

early May; this protocol was modified in 2011 and 2012 for scat surveys to begin after 

the first black bear was sighted or detected by cameras. In general, cameras marked the 

centre of the scat survey, with 250 m of supra/intertidal on either side of the cameras 

searched on foot. At each beach, five wildlife trails that ran roughly perpendicular to the 

beach were also searched (100 m). In total, scat surveys at each site consisted of 500 m 

beach and 500 m wildlife trails. Sites were searched 2-3 times each year, with the timing 

of searches intended to capture a ~two week windows of fresh bear scats per site. 
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Scats aged less than an estimated ~two weeks were collected and their estimated age, 

intertidal or trail location noted. The upper 80-90% of scats were collected in plastic bags 

and frozen within six hours until being washed. Further analysis generally followed the 

methods used by Dahle et al. (1998), Persson et al. (2001) and others. Scats were washed 

in a 0.8 mm sieve until water ran clear. Washed scats were mixed by hand and five, six 

millilitre volumes (measured by water displacement) subsampled per scat. Subsamples 

were dispersed over a 1 cm2 grid with ~15 ml of water. Dietary components were 

identified, their volume visually estimated and subsequently averaged for the six 

subsamples. Previous research has confirmed that visual estimates of percent volumes 

correlate well with exact measurements (Mattson et al. 1991). Scat items were 

summarized by year using Frequency of Occurrence (FO) and percent Faecal Volume  

(FV) on an annual basis: 

 

              (1) 

 
 

                     (2) 

 

 

Dietary items differ in their digestibility, with highly digestible items underestimated 

and poorly digestible items often overestimated (Persson et al. 2001). To address this, 

correction factors (CF) that relate FV with original dietary intake are often applied 

(Hewitt and Robbins 1996). Annual FVs were multiplied with a number of diet-specific 

correction factors (CF1) to generate estimates of original diet as Estimated Dietary 

Content (EDC) in percent dry mass. EDC was then multiplied by a second correction 

factor (CF2) that relates dry matter to energy (kJ/g dry weight), expressed as Estimated 

Dietary Energy Content (EDEC).  

 

Two separate estimates were generated for EDC and EDEC (EDCa,b and EDECa,b) 

based on whether the consumption of macroalgae and seagrasses was incidental to the 

€ 

FOx =  number of scats containing item x 
total number of scats

*  100%

€ 

FVx =
mean volume of food item x 

total faecal volume
*100%
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consumption of Pacific herring eggs and contributed negligible energy (a) or if this 

consumption conferred energy (b). From direct observations, consumption of 

macrophytes (seagrass and macroalgae) was interpreted as incidental to the consumption 

of herring eggs (laid directly on macrophytes) and amphipods (live under wrack lines). 

The majority of marine macrophytes found in scat appear to undergo minimal digestion, 

with fully intact blades, blade margins and no or only slight discoloration of tissues. In 

general, marine algae are low in lipids and protein and relatively high in carbohydrates. 

In terms of human digestion, algae offers few calories as most of the carbohydrates are 

indigestible fibre (Kraan 2012) but we know little of its digestibility in bears. Polar bears 

are known to consume macroalgae, including kelps, but leading explanations included 

vitamin and mineral uptake rather than energetic benefit (Iverson 2011). Gravel FO and 

FV estimates were retained to highlight the relatively high ingestion of items with 

little/no energetic benefit. However, we include EDCb and EDECb estimates with 

calculations of energy obtainable from macrophytes as a conservative, lower limit for 

other diet items.  

 

Correction factors (CF1) used to estimate EDC from FV were obtained from Hewitt 

and Robbins (1996), with graminoids = 0.24, forbs = 0.26, arthropods = 1.1 and herring 

eggs = 40.8, which is based on whole trout and is likely to be an underestimate for eggs. 

Correction factors for macroalgae and seagrasses are not known; we used the value for 

graminoids (0.24) and interpret results with caution. To convert EDC to EDEC, we used 

a second round of correction factors (CF2, kJ/g), with herring eggs = 18.7 (Bishop & 

Green 2001), graminoids = 6.3, forbs = 8.4, arthropods = 11.3, except ants = 17.7 (Dahle 

et al. 1998) and talitrid amphipods = 10.8 (Gray 2005). Correction factors for macroalgae 

= 13.14 (Gray 2005) and seagrasses = 16.8 (Balwin 1994), are based on Zostera marina, 

and are likely overestimates of available energy to black bears due to the observed poor 

digestion of these items. 

 

Excluded from all EDC and EDEC calculations were molluscs, bryozoa, black bear 

hair, feathers, trees/shrubs, bryophyta (mosses), gravel and styrofoam/garbage as these 

were judged to contribute zero/negligible energy to black bears. Mollusc remains 
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represented small FVs but were also limited to worn shell fragments, suggesting their 

consumption was incidental to ingestion of other intertidal resources (amphipods and/or 

herring eggs). Bryozoa, feathers and bryophytes were similarly evaluated, as they 

constituted very small FVs and were readily found in intertidal wrack lines. Tree and 

shrub remains constituted somewhat larger FVs, but the majority of items were identified 

as small woody debris and conifer needles, both of which are abundant in wrack lines and 

contribute little energy. Black bear hair represented trace FVs and is attributed to 

grooming by bears rather than consumption of conspecifics. Lastly, with one exception, 

garbage and styrofoam were limited to small worn fragments of hard plastic and 

styrofoam pellets, indicative of incidental ingestion in the intertidal. In general, black 

bears have little access to human garbage at this time of year, although it is seasonally 

available in summer. 

3.3 Results 

Remote Cameras 

In 2010, black bears were the most abundant large mammal camera trapped in the 

intertidal, with relatively small numbers of black-tailed deer and gray wolves (Figure 

3.2a). Bears still made up a large proportion of mammals captured in the intertidal in 

2011 and 2012, but in these years, a wolf pack is thought to have moved into the area 

(Figures 3.2b, c). In 2010, the majority of wolves were lone individuals but in the 

following two years, multiple individuals were commonly photographed in the same 

frame or within several minutes of each other. Identification of individuals by direct 

observation and cameras suggests that at least six wolves were part of the group. With 

few exceptions, black bears could not be individually identified using camera images, but 

from direct observations, we estimate that a minimum of 15 individual bears were present 

at intertidal sites each year.  

 

Black bears were largely diurnal, with highest intertidal activity in the late afternoon 

and into the evening (Figure 3.3a). Bears were still active but at low levels during 

twilight and darkness (Figure 3.3b). Timing of black bear emergence from winter dens 

was annually variable, with bears first captured on camera in early March (Julian day = 
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65, March 6) in 2010 but not until late March (Julian day =82, March 23) in 2011 and 

April in 2012 (Julian day = 94, April 3; Figure 3.4 a, b, c). Timing of black bear 

emergence coincided somewhat with the onset of the herring spawn, which began March 

20 (Julian day = 79) in 2010, March 22 (Julian day = 81) in 2011 and April 1 (Julian day 

= 92) in 2012 (Figure 3.4 a, b, c).  

 

Major intertidal dietary items for black bears were variable, both spatially and 

temporally. In 2010, herring egg biomass (0.00 - 0.18 kg/m, d.w.) was lower than 

amphipod biomass (0.01 - 0.55 kg/m, d.w.) at all beaches where herring spawned (Figure 

3.5a, b, c). In 2011 and 2012, spawns occurred at more beaches and greater quantities of 

eggs were present in the intertidal than in 2010 (Figure 3.5a, b, c). Herring egg biomass 

ranged from 0.00 to 4.92 kg/m at beaches in 2011 and 0.00 to 5.11 at beaches in 2012 

(Figure 3.5b, c). Amphipod biomass ranged from 0.00 to 0.18 kg/m at beaches in 2011 

and 0.00 to 0.16 kg/m at beaches in 2012 (Figure 3.5b, c).  

 

Negative binomial mixed models were used to quantitatively assess predictors of black 

bear abundance but we also used cumulative bear counts over the study period with 

leading predictors to visually assess these relationships. Black bears were more abundant 

at beaches with higher herring egg biomass and although more variable, black bears also 

tended to be more abundant at beaches with higher amphipod biomass (Figure 3.6a, b). 

The relationship between bear abundance and the interaction term between herring egg 

and amphipod biomass, plotted as a single variable, was also positive (Figure 3.6c). 

Although two negative interactions between wolves and bears were opportunistically 

observed, the cumulative relationship between bears and wolves was weak, although this 

relationship may be more apparent on different time or spatial scales (Figure 3.6d). 

 

Models were not constructed using cumulative sums; instead, bear and wolf activity, 

herring and amphipod biomass were analyzed on a daily basis at individual beaches over 

three spring seasons. We plotted these data for one high biomass spawn beach in 2012 

(kelp bay), where both bears and wolves were relatively abundant, to illustrate the 

structure of the models (Figure 3.7). Using negative binomial mixed models ranked using 
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AIC, the best-supported model included Julian day, biomass of herring eggs and 

amphipods and the interaction between the two biomass terms (Table 3.1). Of the 17 

models we assessed, this model had a weighting of 0.99, indicating high support (Table 

3.1). Second and third ranked models included predictors of day and herring biomass, and 

day, herring biomass and wolf activity (Table 3.1).  For the best-supported model, 

parameter estimates of biomass were slightly negative and non significant (p > 0.05) but 

the parameter estimate for the interaction between herring and amphipod biomass was 

large, positive (8.92) and significant (p < 0.05; Table 3.2). The interaction term involves 

amphipods having greater influence on bear activity when herring eggs biomass is low 

and less influence when herring egg biomass is larger. In addition, Julian day had a small 

positive and significant effect on bear activity (p < 0.05; Table 3.2). 

Scat Surveys 

A total of 163 bear scats were collected and analyzed for dietary content (2010, n=35, 7 

sites; 2011, n=81, 11 sites; 2012, n=47, 11 sites). Percent FO was judged to be the least 

informative, with high FOs for multiple diet items, including macroalgae, arthropods, 

seagrasses, graminoids, tree/shrub parts and gravel (Table 3.3). In terms of FVs, major 

dietary components included Phaeophyta (2.9 - 38.6%), Talitrid amphipods (5.4 - 24.5 

%), Zosteraceae seagrasses (9.8 - 39.5%) and graminoids (5.9 - 56.9%; Table 3.3). 

Pacific herring eggs were absent from scats in 2010 and constituted trace amounts in 

2011 and 1.1 % FV in 2012 (Table 3.3).  

 

Using EDCa, where the assumption of incidental (non-energetic) uptake of seagrasses 

and macroalgae was applied, Talitrid amphipods (11.3 - 64.4%), herring eggs (0.0 - 

85.3%) and graminoids (2.7 - 39.2%) were often major dietary items (Table 3.3). In 2010, 

amphipods constituted the majority of the diet content (64.4%), with 33.2% represented 

by graminoids. In 2011, contributions were more balanced, with 27.7% from amphipods, 

32.4% from herring eggs and 39.2% from graminoids but in 2012, herring eggs 

represented 85.3% of the diet, with minor contributions from amphipods and graminoids 

(Table 3.3). EDECa calculations resulted in similar patterns, with dominant contributions 

from amphipods (75.2%) and graminoids (22.3%) in 2010, lesser amounts in 2011 
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(amphipods = 25.8%, graminoids = 21.1%) with most energy estimated to be derived 

from herring eggs (52.3 %; Table 3.3). 2012 was the highest herring energy derived year 

(herring eggs = 91.7%) with minor contributions from amphipods (7.1%) and graminoids 

(1.0%; Table 3.3). 

 

Although more conservative, calculations of EDCb and EDECb include the estimated 

contributions of marine macrophytes, mainly Phaeophyta (brown algae) and Zosteraceae 

(seagrasses), despite evidence that consumption of these items is largely incidental and, 

from scientific literature, confer little energy. We compared a number of important 

dietary FVs for scats that were classified with a binary herring egg presence or absence to 

better understand the association between herring consumption and other dietary items. 

Significantly higher FVs of Macrocystis, Zosteraceae seagrasses, trees/shrubs and gravel 

were present in bear scats with herring eggs (ANOVA, p < 0.05; Figure 3.7). No 

significant differences in FVs were detected in Egregia, Fucus, unidentified 

Laminariales, Chlorophyta or Rhodophyta, although we note that these items constitute 

relatively low to zero FVs in most years (ANOVA, p < 0.05; Figure 3.7).  

 

EDCb did not differ greatly from EDCa, except that contributions from amphipods, 

herring eggs and graminoids were reduced and Phaeophta (1.3 - 13.2%) and seagrasses 

(5.3 - 13.3%) contributed small amounts (Table 3.3). Similarly, EDECb was similar to 

EDECa, except with small estimated energetic contributions from Phaeophyta (1.8 - 10.3 

%) and seagrasses (9.1 - 15.8%), but the majority of energetic contributions were derived 

from amphipods, herring eggs and graminoids. In 2010, the major contributor to EDECb 

was amphipods (66.6%) with lesser contributions from graminoids (19.7%) and zero 

herring eggs (Table 3.3). In 2011 and 2012, herring eggs were the major estimated energy 

source, with contributions of 39.2% and 70.0%, respectively (Table 3.3). In these two 

years, amphipods (19.3 and 5.4%) and graminoids (15.9 and 0.7%) contributed relatively 

small amounts (Table 3.3). 

3.4 Discussion 
Following emergence from dens, black bears were frequent users of intertidal zones in 

Quatsino Sound. Of all the large mammals, black bears occurred in the intertidal with 
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highest frequency in 2010. In 2011 and 2012, gray wolves and black bears were the most 

common large mammals in the intertidal. As in other parts of their range (Powell et al. 

1997), intertidal black bears were primarily diurnal and exhibited limited activity during 

twilight and darkness, in contrast to primarily nocturnal activity by black bears foraging 

on salmon (Reimchen 1998). Using a model-based inference approach, we related the 

intertidal activity of black bears to environmental predictors, including availability of 

major food items (Pacific herring eggs and Traskorchestia spp. amphipods), risk (daily 

wolf activity) and Julian day. Both herring egg and amphipod biomasses, their interaction 

and Julian day were ranked as important predictors of bear activity. Although herring egg 

and amphipod abundance both had a small, negative parameter estimates, the parameter 

estimate for the herring egg and amphipod interaction term was large, positive and 

significant. The interaction term mainly related to amphipods having greater influence on 

bear activity when herring egg biomass was low, which was particularly the case in 2010, 

and less influence when herring egg biomass was higher. In terms of risk, the presence of 

wolves was found relatively unimportant as a predictor of black bear activity, despite 

several negative interactions between bears and wolves being directly observed. Lastly, 

the importance of Julian day was not unexpected, given that the emergence of bears from 

dens occurred during the study period, with bears being absent or rare in the intertidal for 

most of March.  

 

Paired with the model-based inference of bear activity, the collection of bear scats 

provided corroborative evidence of the flexible reliance by bears on herring eggs and 

amphipods relative other dietary items. In 2010, the majority of energy in scats sampled 

in 2010 was obtained from amphipods (67 to 75%), which were available in large 

quantities. In contrast, generally low herring egg densities at beaches with spawn 

coincided with an absence of herring eggs in scat samples collected in 2010. However, 

one camera captured a bear consuming eggs attached to kelp and we view consumption in 

2010 as low and likely negligible, but not zero. Because herring eggs are without hard 

parts and consist of mainly lipid, protein and water, we suspect that bear digestion of 

eggs in at least several scats was complete. Further, we used a scat correction factor (CF) 

that was based on digestion of whole trout by brown bears (Hewitt and Robbins 1996), 
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which also likely contributed to egg underestimation. Despite this, scat analysis indicated 

that bears were more reliant of herring eggs in the last two years of the study, with 

estimated energy contribution in scat of 39 to 52% in 2011 upwards of 70 to 92% in 

2012. These high energetic contributions coincided with greater egg loading on more 

beaches in comparison to 2010 and likely reflect the flexible exploitation of localized 

abundances of a high quality resource by black bears. In 2011, amphipods were still 

abundant in scats, contributing an estimated 19 to 26% of energy content but far lower in 

2012, with relatively energy contribution (5-7%); these years coincide with lower 

biomasses of amphipods relative to 2010. 

 

When combined with previous reports, our understanding of the importance of 

amphipod and herring eggs in influencing the intertidal activity and diet of black bears is 

only marginally improved, mainly because both prey items are relatively unknown. 

Pacific herrings eggs have not been previously reported in the scientific literature as food 

for black bears, and although there are anecdotal observations of bears consuming eggs 

(e.g. eggs on kelp; C. Fort, pers. comm.), we were also told a contrary observation by a 

roe-on-kelp fisherman with >30 years of experience that bears did not consume eggs (R. 

Edwardson, pers. comm.). Consumption of Talitrid amphipods is somewhat more 

established, with reports for black bears in Haida Gwaii (T. traskiana; Ellis and Wilson 

1981) and Vancouver Island, BC (T. traskiana; Orr et al. 2005) and brown bears in 

Northeastern Siberia (Gammarid amphipods; Kistchinski 1972) and Kodiak Island, 

Alaska (T. traskiana; Van Daele et al. 2012). Van Deale et al. (2012) likened brown bear 

exploitation of T. traskiana amphipods as the ecological equivalent of myrmecophagy 

(termite and ant consumption), which is important for some brown and black bear 

populations. Although most reports list T. traskiana, this identification likely includes T. 

georgiana, as the two species co-occur and discrimination between the two species 

requires identification under a dissecting microscope. Since this study was initiated, black 

bears have been observed feeding on Traskorchestia amphipods at two additional 

locations on Vancouver Island (Barkley Sound and Keeha Beach; CHF, pers. obs.) with 

new observations from Sombrio Beach, Vancouver Island (R. Davey, pers. comm.) and 
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the Broughton Archipelago (M. Fournier, pers. comm.), indicating that consumption of 

Traskorchestia amphipods may be more common than previously known.  

 

Both our scat analysis and modeling approach consider herring eggs and amphipods to 

be independent of each other and although an interaction term was included in the 

modeling, it was based on biomass. On Quatsino Sound beaches that experience spawns, 

however, Traskorchestia amphipods may be strongly influenced by herring. Based on 

carbon and nitrogen isotopes, an estimated 7 - 38% of amphipod composition on beaches 

experiencing spawn in 2011 was derived from herring (Fox et al. In Review). Further, 

these amphipods also contained greater amounts of biologically valuable 

docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), which are also attributed 

to herring (Fox et al. In Review). With bear emergence from hibernation somewhat 

coincident with the timing of the spawn in Quatsino, subsequent consumption of 

amphipods by bears on spawn beaches represents an indirect trophic link to herring. 

Otherwise, major sources of production for amphipods were determined to be 

macrophyte wrack, including giant kelp (Macrocystis integrifolia) and seagrass 

(Phyllospadix serrulatus) which represent a marine-derived spatial subsidy that links 

nearshore macrophytes to amphipods (Fox et al. In Review) and indirectly, the black 

bears that consume them.  

 

Consumption of herring eggs and herring-derived nutrients in amphipods by bears 

directly links these terrestrial animals to offshore marine ecosystems. Migratory Pacific 

herring are thought to gain the majority of their energetic resources on their summer 

foraging grounds (Hart 1940). For Quatsino Sound-spawning herring, which are 

considered a minor stock by fisheries management, those foraging grounds are likely the 

productive waters near the continental shelf break that lies just off the west coast of 

Vancouver Island and/or Queen Charlotte Sound. Herring gonads begin to develop in late 

summer (Hay 1985) and soon after, herring begin their migration towards overwintering 

grounds (Hay et al. 2001), with gonads maturing throughout the winter until the spring 

spawn. Because herring are also thought to fast or negligibly feed during their 

overwintering period (Wailes 1936), the resultant spatial subsidy generated by spawning 
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herring can be interpreted as the transfer of energy, nutrients and material generated in 

the seasonally productive offshore waters during the previous summer.  

 

Neither black bears nor Pacific herring are at any near risk of extinction, but for 

reasons that relate to anthropogenic influences on both marine and terrestrial ecosystems, 

these two species are likely far less interactive now than in the past. Population estimates 

of Pacific herring prior to commercial extraction that began in the 1870s (Taylor 1964) 

do not exist, but since that time, herring populations in BC have greatly fluctuated. 

Subject to extremely high fishing pressure in the earlier part of the 20th century, herring 

populations experienced a coast-wide population crash in the 1960’s (Hay et al. 2001). 

Causes for more recent population declines that resulted in the commercial fisheries 

closures of three of five major populations in BC remain highly speculative as do their 

subsequent lack of recovery in the following years (e.g. Schweigert et al. 2010). 

Regardless of the cause, less fish translates directly into fewer eggs and milt transported 

to the coast and a reduction in resource availability for predators. Using the poor 

Quatsino Sound spawn in 2010 as evidence, fewer eggs weakened the interaction with 

bears, who consumed negligible amounts of eggs and instead exploited another intertidal 

food source. The consequences of this weakened relationships to bears, including 

implications for fitness-related traits (e.g. mass gain), are unknown but warrant further 

study. 

 

However, even in locations where large aggregations of herring still spawn along many 

kilometres of coastline, bears may have limited to no access due to anthropogenic 

influences, including exclusion due to disturbance and habitat modification but also 

locally reduced or extirpated populations of black bears. For example, the largest 

population of BC herring spawns along the east coast of Vancouver Island. This region is 

heavily populated with extensively modified terrestrial habitat, including urban areas 

situated adjacent to spawning grounds. Although black bears are not likely to be entirely 

excluded from this area, their undisturbed access to intertidal zones with herring spawn is 

undoubtedly constrained.  
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Despite their status as the dominant forage fish and their known ecological importance 

to marine ecosystems, herring are managed without ecosystem-based considerations or 

conservation limits, mainly due to a lack of information (DFO 2012). Previous research 

into relationships between sea ducks and Pacific herring resulted in the recommendation 

that spawning herring habitat requires stronger protections, including year-round 

protection of habitat such as vulnerable eelgrass meadows, but also time-area closures 

that reduce human disturbance (e.g. marine traffic and active fishing vessels) to the 

aggregations of marine predators that consume spawn and fish (Anderson et al. 2009). 

Given the widespread coastal occurrence of American black bears in western North 

America coincident to the spawning areas of Pacific herring (Baja to Alaska), our study 

considerably broadens the scope of conservation concern, which now extends beyond 

marine ecosystems to include black bears and terrestrial ecosystems. 
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Table 3.1 Top three ranked models of daily black bear activity at 29 beaches in Quatsino 

Sound, British Columbia (2010-2012). Model-based selection was performed with negative 

binomial mixed models, ranked using Akaike’s Information Criterion (AIC). Of the models 

considered, the probability of a model being the best chosen is indicated by weight (ωi). 

Predictors include herring (Pacific herring egg dry mass), amphipod (Traskorchestia spp. 

dry mass), day (Julian day) and wolf (cumulative daily sum of gray wolves) at individual 

beaches.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Response 
Variable 

Model 
Rank 

Model Predictors AIC Δ 
AIC 

ωi 
 

black bear 
activity 

1 day, herring, amphipod, 
herring*amphipod 1269.3 0.0 0.99 

 2 day, herring 1280.3 11.0 0.00 
 3 day, herring, wolf 1282.0 12.7 0.00 
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Table 3.2 Parameter estimates and associated statistics for the best-supported black bear 

activity model using negative binomial mixed models ranked using AIC. Parameters include 

herring (Pacific herring egg dry mass), amphipod (Traskorchestia spp. amphipod dry mass) 

and day (Julian day). 

 
Response 
Variable 

Parameter Estimate Std. Error p value 

black bear activity     
 intercept -8.32 0.74 0.00 
 day 0.059 0.01 0.00 
 herring -0.27 0.17 0.11 
 amphipod -1.01 0.86 0.24 
 herring*amphipod 8.92 2.28 0.00 
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Table 3.3 Percent Frequency of Occurrence (FO), percent Faecal Volume (FV), percent 

Estimated Dietary Content (EDC) and percent Estimated Dietary Energy Content (EDEC) 

of dietary items in black bear scats collected in Quatsino Sound, British Columbia in 2010 

(n=35, 7 sites), 2011 (n=81, 11 sites) and 2012 (n=47, 11 sites).  Items constituting <0.5% are 

indicated with trace(tr.). Correction factors (CF) were applied to items judged to be 

energetically relevant under two scenarios, a and b (see methods).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  FO FV 
Taxa/Group Common Name 2010 2011 2012 2010 2011 2012 
Phaeophyta brown algae 48.6 53.1 95.7 2.9 12.6 38.6 

Macrocystis 
integrifolia 

giant kelp 2.9 32.1 72.3 0.6 8.6 25.0 

 Egregia 
menziesii 

feather boa kelp - - 46.8 - - 5.8 

Fucus spp. rockweed 17.1 18.5 46.8 tr. 0.6 1.8 
Laminariales      kelps 45.7 39.5 66.0 1.9 3.4 6.1 

Chlorophyta  green algae 2.9 21.0 10.6 tr. 0.7 tr. 
Rhodophyta  red algae - 21.0 42.6 - 0.5 0.6 
Arthropoda  invertebrates 74.3 39.5 44.7 25.1 7.8 5.5 
   Insecta insects - 1.23 - - tr. - 

   Coleoptera  beetles 31.4 7.4 19.1 tr. tr. tr. 
   Diptera  flies - 2.5 2.1 - tr. tr. 
   Formicidae    ants 2.9 - - tr. - - 

   Decapoda  crabs - 1.2 - - tr. - 
Hemigrapsus spp. purple shore crab 8.6 2.5 - tr. tr. - 

  Talitridae amphipods 65.7 35.8 51.1 24.5 7.8 5.4 
  Cirripedia barnacle 2.9 - - tr. - - 
    Lepas spp. pelagic gooseneck 

barnacle 
2.9 - - tr. - - 

Mollusca molluscs 5.7 8.6 8.5 tr. tr. tr. 
    Mollusca  5.7 4.9 6.4 tr. tr. tr. 
      Bivalvia clams & oysters - 1.2 2.1 - tr. tr. 
      Gastropoda snails - 3.7 - - tr. - 
Bryozoa marine bryozoans - 1.2 - - tr. - 
Chordata animals 5.7 21.0 34.0 tr. tr. 1.1 

 Clupea pallasii  Pacific herring eggs - 12.3 34.0 - tr. 1.1 
 Ursus 
americanus  

black bear hair 5.7 4.9 2.1 tr. tr. tr. 

Aves  feathers - 3.7 - - tr. - 
Streptophyta land plants 100 100 100 70.1 75.0 51.4 
    Zosteraceae surfgrass & eelgrass 48.5 58.0 97.9 9.8 18.7 39.5 
    Graminoids grasses & sedges 94.3 63.0 25.5 56.9 50.0 5.9 
    Trees & Shrubs needles & wood 77.1 70.3 97.9 1.4 5.4 4.9 
    Bryophyta mosses 2.9 11.1 2.1 tr. tr. tr. 
     Forbs  2.9 3.7 - 2.0 1.0 1.1 
Gravel  40.0 48.1 70.2 1.8 2.7 2.7 
Garbage & 
Styrofoam 

 8.6 4.9 4.3 tr. tr. tr. 
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Table 3.3 Continued. 

 

 

 

 

 

 

 

  EDCa EDECa 
Taxa/Group Common Name 2010 2011 2012 2010 2011 2012 
Phaeophyta brown algae       

Macrocystis 
integrifolia 

giant kelp       

 Egregia menziesii feather boa kelp       
Fucus spp. rockweed       
Laminariales      kelps       

Chlorophyta  green algae       
Rhodophyta  red algae       
Arthropoda  invertebrates 65.8 27.9 11.5 77.2 26.0 7.1 
   Insecta insects - tr. - - tr. - 

   Coleoptera  beetles 0.5 tr. tr. 0.7 tr. tr. 
   Diptera  flies - tr. tr. - tr. tr. 
   Formicidae    ants tr. - - tr. - - 

   Decapoda  crabs - tr. - - tr. - 
Hemigrapsus spp. purple shore crab 0.8 tr. - 1.0 tr. - 

  Talitridae amphipods 64.4 27.7 11.3 75.2 25.8 7.0 
  Cirripedia barnacle tr. - - tr. - - 
    Lepas spp. pelagic gooseneck 

barnacle 
tr. - - tr. - - 

Mollusca molluscs       
    Mollusca        
      Bivalvia clams & oysters       
      Gastropoda snails       
Bryozoa marine bryozoans       
Chordata animals - 32.4 85.3 - 52.3 91.7 

 Clupea pallasii  Pacific herring 
eggs 

- 32.4 85.3 - 52.3 91.7 

 Ursus americanus  black bear hair       
Aves  feathers       

Streptophyta land plants 33.9 39.7 3.2 23.4 21.8 1.2 
    Zosteraceae surfgrass & 

eelgrass 
      

    Graminoids grasses & sedges 33.2 39.2 2.7 22.3 21.1 1.0 
    Trees & Shrubs needles & wood       
    Bryophyta mosses       
     Forbs  1.2 0.8 0.5 1.1 0.6 tr. 
Gravel        
Garbage & Styrofoam        
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Table 3.3 Continued. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

  EDCb EDECb 
Taxa/Group Common Name 2010 2011 2012 2010 2011 2012 
Phaeophyta brown algae 1.3 8.6 13.2 1.8 9.1 10.3 

Macrocystis 
integrifolia 

giant kelp tr. 5.3 8.4 tr. 5.7 6.6 

 Egregia menziesii feather boa kelp - - 1.9 - - 1.5 
Fucus spp. rockweed - tr. 0.6 - tr. tr. 
Laminariales      kelps 1.0 2.1 2.0 1.4 2.2 1.6 

Chlorophyta  green algae - tr. - - 0.5 - 
Rhodophyta  red algae - tr. tr. - tr. tr. 
Arthropoda  invertebrates 61.7 22.2 8.4 68.4 19.5 5.4 
   Insecta insects - tr. - - tr. - 

   Coleoptera  beetles tr. tr. tr. 0.6 tr. tr. 
   Diptera  flies - tr. tr. - tr. tr. 
   Formicidae    ants tr. - - tr. - - 

   Decapoda  crabs - tr. - - tr. - 
Hemigrapsus spp. purple shore crab 0.7 tr. - 0.9 tr. - 

  Talitridae amphipods 60.2 22.1 8.3 66.6 19.3 5.4 
  Cirripedia barnacle tr. - - tr. - - 
    Lepas spp. pelagic gooseneck 

barnacle 
tr. - - tr. - - 

Mollusca molluscs       
    Mollusca        
      Bivalvia clams & oysters       
      Gastropoda snails       
Bryozoa marine bryozoans       
Chordata animals - 25.8 62.7 - 39.2 70.0 

 
 Clupea pallasii  Pacific herring eggs - 25.8 62.7 - 39.2 70.0 
 Ursus americanus  black bear hair       
Aves  feathers       

Streptophyta land plants 36.9 43.2 15.6 28.8 31.7 14.0 
    Zosteraceae surfgrass & eelgrass 5.3 11.6 13.3 9.1 15.8 13.3 
    Graminoids grasses & sedges 30.5 31.0 2.0 19.7 15.9 0.7 
    Trees & Shrubs needles & wood       
    Bryophyta mosses       
     Forbs  1.2 0.7 tr. 1.0 tr. tr. 
Gravel        
Garbage & Styrofoam        
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Figure 3.1 Location of study sites (remote camera, scat and beach survey sites) in Quatsino 

Sound, British Columbia, Canada (2010-2012). 
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Figure 3.2 Sum

m
ary of rem

ote cam
era trapped large m
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als in the intertidal in a) 2010 (n = 7 cam
eras, 422 days), b) 2011 (n = 

11 cam
eras, 545 days) and c) 2012 (n = 11 cam

eras, 500 days). C
am

eras w
ere located on beaches in Q

uatsino Sound, B
ritish 

C
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bia. C
ounts reflect activity as defined for black bears (based on ~30 m

in intertidal foraging bouts). For all other m
am

m
als, 

activity is based on binary presence/absence on an hourly basis, irrespective of the num
ber of individuals.
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Figure 3.3 Cumulative black bear activity in the intertidal as captured by remote cameras, 

on an (a) hourly basis and (b) by light level in Quatsino Sound, British Columbia (2010-

2012). Twilight is inclusive to both nautical and civil twilight, when the sun is 0º - 12º below 

the horizon. 
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Figure 3.4 Cumulative number of black bears per Julian day on Quatsino Sound, British 

Columbia beaches in (a) 2010 (n = 7 cameras), (b) 2011 (n = 11 cameras) and (c) 2012 (n = 

11 cameras), overlaid with the spawning period of Pacific herring. Dashed lines indicate no 

data. 
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Figure 3.5 Dry mass (kg/m) of Pacific herring eggs and amphipods (Traskorchestia spp.) on 

beaches in Quatsino Sound in (a) 2010, (b) 2011 and (c) 2012.  
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Figure 3.6 Total number of black bears per beach study site with potential predictors (a) 

Pacific herring egg mass (kg/m d.w.), (b) amphipod (Traskorchestia spp.) mass (kg/m d.w.), 

(c) interaction between Pacific herring eggs and amphipods and (d) total number of gray 

wolves per beach in Quatsino Sound, British Columbia (2010-2012). 
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Figure 3.7 Black bear and gray wolf cumulative activity per day at a single beach (kb) in 

Quatsino Sound, British Columbia (2012) with amphipod (Traskorchestia spp.) and Pacific 

herring egg (Clupea pallasii) dry mass (kg/m). Amphipod mass is an assumed constant. 
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Figure 3.8 Faecal Volume (FV) of select dietary items in black bear scats with and without 

Pacific herring eggs. Scats collected from Quatsino Sound, British Columbia (2010-2012). 
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Chapter 4: Influences of Salmon on sitka spruce tree rings 
 

Below follows a brief summary of: 

Fox, C.H., Reimchen, T.E. In Review. Within-watershed spatial and temporal 
influences of salmon on Sitka spruce growth and nitrogen isotope signatures. BMC 
Ecology. 
 

4.1 Chapter Summary 
 

Providing a substantial pulse of nutrients to receiving ecosystems, the spatial subsidy 

driven by the movement of anadromous salmon (Oncorhynchus spp.) ranks among best 

studied marine-terrestrial subsidies in the world. The ecological influences of this subsidy 

reach multiple trophic levels, but in terms of primary producers, responses include 

enhanced productivity, nitrogen levels and enriched isotopic signatures of conifers and 

other riparian vegetation. Despite being relatively well-studied, there remains a lack of 

understanding of the influence of salmon on tree growth and isotopic signatures, in part 

due to the confounding influences and spatial complexities of multiple watershed studies. 

At Bag Harbour, a small salmon-bearing watershed in Haida Gwaii, Canada, the 

distributional pattern of salmon carcass transfer into the riparian zone by black bears 

provided a basis for investigating the influence of salmon on Sitka spruce tree ring 

growth and nitrogen isotopic signatures (δ15N) across a gradient of salmon carcass 

densities in relation to salmon escapement. Annual growth was found to be highest in the 

high salmon carcass zone and δ15N signatures closely tracked the known distribution of 

salmon carcasses at distances into the forest and upstream. Tree diameter demonstrated a 

positive relationship with δ15N signatures for trees with and without salmon carcass 
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influence. We used an information theoretics approach and general linear mixed models 

(GLMMs) with potential predictors that included spatial and temporal variables (salmon 

abundance, precipitation, temperature distance into the forest and upstream) to explore 

the drivers of tree growth and δ15N. Salmon, temperature and the interaction terms 

salmon*temperature and salmon*forest best-predicted tree growth. In contrast, spatial 

predictors (distance into forest and upstream) and their interaction were the most 

important predictors of δ15N signatures. This study provides the first fine-detail 

evaluation of Sitka spruce growth and δ15N values in relation to salmon abundance and 

other temporal and spatial predictors, including within-watershed tree location. Although 

salmon abundance has been previously linked to annual conifer growth and δ15N levels, 

our approach demonstrates the need to incorporate additional predictors and furthers the 

use of tree growth and δ15N as proxies for historical salmon abundance.  
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Chapter 5: Conclusions 
 

The diverse ecosystems of the land-sea interface are interactively linked by spatial 

subsidies that flow across ecosystem boundaries. Many of these ecological linkages, 

however, remain poorly described. Despite being considered a dominant forage fish with 

high commercial, cultural and ecological importance, knowledge regarding Pacific 

herring cross-ecosystem spatial subsidies was, prior to this thesis, entirely lacking. In 

preceding chapters, we traced novel ecological linkages between spawning Pacific 

herring, intertidal invertebrate detritivores and black bears. We also demonstrated that 

even relatively small Pacific herring spawn events can provide a substantial spatial 

subsidy to coastal ecosystems. Wanting to trace the influence of herring directly into 

terrestrial ecosystems but finding conceptual and methodological challenges, we moved 

to the more intensively-studied spatial subsidy generated by anadromous Pacific salmon. 

By examining the spatiotemporal relationships between spawning Pacific salmon and 

Sitka spruce tree rings we furthered our understanding of Pacific salmon subsidies but 

also developed an extrapolative approach that could potentially be applied to terrestrial 

subsidies driven by Pacific herring. 

5.1 Intertidal Linkages 
 

Inhabiting a wide range of intertidal habitats, semi-terrestrial amphipods 

(Traskorchestia spp.)  are ecologically important and often highly abundant detritivores. 

They are also relatively understudied and, unlike close relatives, a quantitative 

assessment of their macrophyte wrack sources of production had not been previously 

undertaken. Using a natural experiment, we studied amphipods at five beaches in 

Quatsino Sound in periods before and after a Pacific herring spawn event. Using stable 

isotopes of carbon and nitrogen, stable isotope mixing models and polyunsaturated fatty 

(PUFA) acids, we (1) quantified macrophyte sources of production and (2) tested the 

hypothesis that Pacific herring resources provided a pulsed subsidy to amphipods.  
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In the absence of herring, results suggested that amphipods were highly reliant on 

wrack subsidies, particularly brown algae and seagrasses. On beaches that experience 

herring spawns, however, herring eggs can constitute a considerable proportion of their 

diet. On the highest density spawn beach, herring contributed an estimated 38% to the 

diet of amphipods, with smaller contributions on beaches with lower egg densities. 

Providing evidence that supported stable isotope results, significant differences in the 

proportion of biologically-valuable PUFAs were detected in amphipods at spawn 

beaches. Prior to herring spawns, docosahexaenoic acid (DHA) levels were low in 

amphipods and a minor wrack contributor (red algae) but negligible in all other potential 

wrack resources. Following the spawn, elevated DHA levels in post-spawn amphipods 

were attributed to herring, which is the only significant source of DHA. Given these 

negligible to low background levels of DHA in amphipods in the absence of herring and 

other wrack macrophytes, we consider DHA to be an indicator fatty acid (Kelly and 

Scheibling 2012) that traces the contribution of herring to amphipods, but potentially other 

intertidal organisms as well. 

 

This study represents one of the first efforts to describe the cross-ecosystem transfer of 

Pacific herring to intertidal ecosystems. Our findings link intertidal amphipods to 

nutrients, lipids and energy obtained by herring in their seasonally productive foraging 

grounds that lie off the coast of BC. Although Quatsino Sound herring spawns are 

relatively small, herring resources were estimated to be the largest dietary contributor on 

the high density spawn beach, but the contribution of herring could be even greater at 

larger spawn events. This research also identifies previously unknown linkages between 

herring and terrestrial ecosystems. Because a number of terrestrial consumers prey on 

amphipods, including bears (Ursus spp.; Ellis and Wilson 1981, Van Daele et al. 2012), 

these consumers are indirectly linked to offshore-derived herring resources but also 

nearshore macrophytes. 

5.2 Terrestrial Linkages 
 

Opportunistic and highly mobile, bears (Ursus spp.) are often relatively abundant in the 

wide range of coastal ecosystems they inhabit. Considered major terrestrial predators and 
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scavengers of Pacific salmon, they are also largely responsible for transferring salmon-

derived nutrients into adjacent terrestrial areas (Hilderbrand et al. 1999, Reimchen 2000, 

Helfield and Naiman 2006). Broadly influencing terrestrial ecosystems, from primary 

producers (Mathewson et al. 2003, Reimchen et al. 2003) to apex predators (Hilderbrand 

et al. 1999, Darimont et al. 2002, 2008), the seasonal pulse of salmon is considered to be 

a dominant marine subsidy to terrestrial ecosystems (Hocking and Reimchen 2006). 

Salmon, however, are only seasonally available to coastal bears, who continue to exert 

influence in the many ecosystems they inhabit. Just as bears aggregate on salmon streams 

and rivers in fall to exploit abundant, accessible and nutrient-rich salmon, their response 

to other large pulsed marine subsidies may be similarly aggregative, although this 

remains almost entirely unknown.  

 

Building on our experiences but also relying on the large body of scientific literature 

relating to salmon, wrack and other marine-terrestrial spatial subsidies, we predicted that 

Pacific herring, a highly abundant forage fish that spawns in nearshore subtidal and 

intertidal zones, provided a pulsed spatial subsidy to terrestrial ecosystems. Although 

black bears were identified as major consumers of herring eggs following a pilot study in 

Quatsino Sound (2009), prior to this observation, our knowledge regarding vectors of 

herring from intertidal to terrestrial ecosystems was restricted to several personal 

communications. Given the lack of knowledge regarding Pacific herring-terrestrial 

interactions, we used two independent but corroborative approaches. First, we relied on 

an information theoretics method to determine the best predictors of intertidal bear 

activity, which was measured using remote cameras at 29 beaches in Quatsino Sound 

(2010-2012). Predictors included Julian day, biomass of two dominant intertidal prey 

types (herring eggs and amphipods) at beaches, and presence of wolves, as a 

measurement of potential risk. Secondly, we collected 163 bears scats from the same 29 

beach locations and their adjacent terrestrial areas in order to assess the contribution of 

herring eggs and other resources to the diet of black bears. 

 

Black bears and gray wolves were the most abundant large mammals detected in the 

intertidal, with black bears exhibiting mainly diurnal activity. In terms of their diet, 
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herring egg consumption by bears ranged from negligible in 2010, when egg biomass was 

low, to constituting a major portion of the diet in 2011 and 2012, when egg biomass was 

higher. Bears consumed large quantities of amphipods in 2010, when amphipods were 

relatively abundant, with lower contributions in the following two years. Using negative 

binomial mixed models within an information theoretic framework, black bear activity in 

29 intertidal areas was best predicted by the biomass of herring eggs and amphipods, 

their interaction term and Julian day. The interaction between the two prey items had the 

largest positive influence on bear activity, with amphipods having greater influence on 

bear activity when egg biomass was low. The presence of wolves was found to be a 

relatively unimportant predictor of bear activity. 

 

Combined, the assessment of scats and predictors of intertidal black bear activity 

provided corroborative evidence that linked black bears to Pacific herring. A major 

contributor to their diet but also influencing their activity in the intertidal, the importance 

of Pacific herring to black bears was not previously known. Further, having established 

that herring contribute nutrients to Traskorchestia amphipods, particularly on higher 

density spawn beaches, the exploitation of amphipods by bears indirectly links these 

intertidal predators to herring. Considerably broadening the scope of inquiry in terms of 

the ecological reach of herring, this study also expands our understanding of the 

involvement of black bears with spatial subsidies that now includes both Pacific salmon 

and herring. Opportunities for future research are large, and similar to salmon subsidies, 

could involve questions relating to nitrogen redistribution by bears, fitness-related 

consequences for bears (e.g. mass gain), food web alteration and more. 

5.3 Salmon and Conifer Spatiotemporal Relationships 
 

As major vectors of salmon into terrestrial ecosystems, bears contribute significant 

quantities of salmon-derived nutrients, including nitrogen, to riparian areas (Hilderbrand 

et al. 1999, Reimchen 2000). Received by forests that are generally nitrogen-limited 

(Waring and Franklin 1979), annual pulses of salmon nutrients, including nitrogen, have 

significant implications for terrestrial vegetation, including elevated foliar nitrogen 

(Mathewson et al. 2003; Wilkinson et al. 2005), altered community structure (Hocking 
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and Reynolds 2011) and increased growth rates in plants (Helfield and Naiman 2001, 

Drake and Naiman 2007). Tree rings of conifers have been found to reflect past 

conditions, including environmental variables but also salmon abundance. These 

relationships have been exploited to reconstruct historical salmon runs with some success 

(Drake and Naiman 2007). Still uncertain however, is whether δ15N derived from salmon 

and subsequently laid down in annual tree rings provides an additional proxy for salmon 

abundance. 

 

Conceptually, knowledge regarding salmon, tree rings and historical reconstructions of 

past salmon abundance is not immediately transferable to tracing herring subsidies into 

terrestrial ecosystems for reasons that include a lack of herring subsidy knowledge but 

also limited fine-scale understanding of how salmon subsides influence tree growth.  Just 

as we borrowed heavily from literature relating to salmon spatial subsides to provide 

insight into herring spatial subsidies, we chose to expand the existing knowledge 

regarding the fine-scale spatiotemporal influences of salmon subsidies on Sitka spruce. 

By contributing knowledge to this ambiguous topic, we hope to enable better 

understanding of salmon influences that could be transferred to subsidies driven by other 

species, including herring. 

 

Prior to research presented in Chapter 4, a within-watershed investigation of the 

spatiotemporal influence of salmon on conifers had not been undertaken. At the small, 

salmon-bearing watershed of Bag Harbour, Haida Gwaii, the transfer of salmon carcasses 

into the riparian zone by black bears provided the spatial framework for investigating the 

influence of salmon on Sitka spruce tree ring growth and nitrogen isotopic signatures 

(δ15N) across a gradient of salmon carcass densities. Descriptive objectives included: (1) 

the examination of spatial trends in tree ring growth and nitrogen isotopes across salmon 

carcass density gradients and (2) temporal trends in tree ring growth and nitrogen 

isotopes in relation to salmon abundance (1947-2000 escapement). Using general linear 

mixed models (GLMMs), we also determined the best predictors of tree growth (indexed 

growth) and nitrogen isotopes using information theoretics. Potential predictors of growth 

and nitrogen isotopes (δ15N) included environmental (temperature, precipitation and 
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salmon abundance), spatial (distance into the forest and upstream) and total nitrogen as 

variables. 

 

Of the 36 trees that were sampled across gradients of salmon carcass densities, tree 

growth was highest in the high carcass zone adjacent to the major spawning salmon area. 

Nitrogen isotope signatures closely followed the spatial distribution of salmon carcasses, 

with declining δ15N signatures at increasing distances into the forest and upstream. 

Relying on an information theoretics approach with GLMMs, the best predictors of the 

tree growth index were found to be salmon abundance, mean temperature and the 

interaction terms salmon abundance*temperature and salmon abundance*distance into 

the forest. Spatial variables (distance into the forest and upstream) and their interaction 

were the best predictors  for δ15N signatures. 

 

Although salmon abundance has been previously shown to influence conifer growth 

and  δ15N signatures (Reimchen et al. 2003, Drake and Naiman 2007), this is the first 

fine-scale study that relies on multiple trees growing across gradients of known salmon 

loading. Further, the influences of temperature and interactions of salmon*temperature 

and salmon*distance into the forest are indicative of spatiotemporal variations that had 

not been previously described. In particular, the interaction between salmon and distance 

into the forest was interpreted as salmon abundance having a greater influence on tree 

growth with increasing distance, a relationship that we speculatively attribute to nitrogen 

saturation in the high carcass zone and a subsequent decoupling of the temporal 

relationship between salmon abundance and tree growth the following year. Confirming 

the importance of salmon to riparian forests, this study highlights the importance of tree 

selection but also the need to incorporate spatial and temporal variables that may interact 

with salmon abundance for future studies that involve historical salmon run 

reconstructions.  

 

In terms of transferable knowledge useful for tracing the spatiotemporal influence of 

herring into terrestrial areas via tree rings, several points emerge. First, although δ15N 

may track the spatial loading of herring-derived nutrients, its temporal use is likely to be 
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of limited value. Further, as an indicator of marine-derived nutrients, differentiation of 

δ15N derived from herring vs. other sources (e.g. amphipods) likely presents a 

confounding issue for terrestrial areas adjacent to intertidal zones. However, the spatial 

scale of the study and an incorporation of possible confounding issues (e.g. intertidal 

productivity, substrate type etc.) could potentially alleviate differentiation issues.   

Overall, tree ring growth shows promise as a metric for herring nutrient loading. 

However, current and historical herring spawn data differs greatly from salmon 

escapement data. Regardless of whether tree growth is strongly linked to herring loading, 

the relatively high inter-annual variability in spawn coverage at small scales (i.e. within a 

single beach) is not adequately captured by relatively coarse-grained spawn assessments. 

Further, although long-term spawn data is available, monitoring is often inconsistent and 

otherwise error-prone when used at fine-spatial scales. Combined, these issues do not 

necessarily represent fatal problems, however, they will need to be addressed.  

5.4 Implications  
 

With information gained from just three years of study at a small herring spawn, our 

ability to extrapolate findings to other spawn locations remains relatively speculative. 

However, there are several results that confer implications for spawns that occur coast 

wide. Further, information from long-term monitoring programs offers the opportunity to 

speculate on historic linkages. 

 

One of the immediate realizations made during three years of studying herring spawns 

in Quatsino Sound is that eggs are far more persistent in intertidal and supratidal zones 

than anticipated. To the best of our knowledge, the persistence of herring eggs had not 

been previously determined past egg hatch. Considered relatively short-lived, with eggs 

hatching within two to three weeks, we observed eggs from a single spawn event to 

persist on Quatsino Sound beaches for at least five weeks. Alone, this persistence is 

considerably longer than had been anticipated. However, herring may also spawn in 

waves separated by 10 days or more (Hay 1985), although this was not observed in 

Quatsino Sound. In the Strait of Georgia, herring may spawn in one to three waves, with 

the between-spawn period lasting up to 26 days (Ware and Tanasichuk 1989). Assuming 
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a maximal 26 days period between spawn and three waves of spawning herring, eggs 

could theoretically be available in intertidal and supratidal zones for at least three months.  

 

With this potential three month extension of spawn in coastal areas, the availability of 

Pacific herring spawn resources to coastal ecosystems rivals and, in many areas could 

exceed, the temporal availability of spawning salmon to coastal consumers. Of particular 

relevance is that spawning is often more drawn out in years with larger herring 

populations (Ware and Tanasichuk 1989). With spawner biomass currently judged to be 

too low to commercially fish in three of five major herring populations in BC and 

biomass estimates in the two stocks with open fisheries below known historical highs 

(data from DFO 2012), it is entirely plausible that temporal contractions in spawn 

availability have already occurred.  

 

Alongside temporal contractions that may coincide with reduced herring populations is 

a second and related inference gained from our studies of Quatsino Sound herring. 

Despite the small size of the spawns, we documented significant ecological linkages with 

intertidal detritivores and black bears. Spawns that are many orders of magnitude larger 

than Quatsino Sound continue to occur elsewhere along the Pacific coast, indicating that 

not only may similar relationships exist at other spawn locations but that these 

relationships involve far larger spatial subsidies and associated ecological consequences. 

 

Due to recent herring population declines, relationships between spawning herring and 

intertidal and terrestrial ecosystems may have been more historically widespread. 

However, the relationship between herring population size, often referred to as spawner 

biomass, and coastal spawn coverage is unclear. Systematic changes in spawn 

distribution have been described for herring in BC that appear unrelated to population 

size (Hay and McCarter 1999) and the relationships between herring population size and 

spawn coverage vary considerably with the spatial scale in question and are not 

necessarily positively correlated (Hay et al. 2009). However, moving beyond the 

uncertain and highly variable relationships between herring population sizes and 

subsequent spawn coverage, each gram of female herring is estimated to produce roughly 
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200 eggs per gram (Hay and Fulton 1983). Assuming an equal male:female sex ratio, one 

ton of spawning herring deposits roughly 108 herring eggs upon coastal substrates (Hay 

1985). Regardless of the pattern of spawn distribution and coastal coverage, with smaller 

herring populations, the cumulative delivery of fish, eggs and milt to coastal areas is 

similarly and unarguably reduced. 

 

Despite recent declines, herring biomass continues to outpace the combined biomass of 

the five species of anadromous Pacific salmon in BC. Although estimates for herring 

population biomass preceding commercial extraction in the late 1800’s are not known, 

the largest documented historic biomass high occurred in 1981 with an estimated 381, 

645 tons for the five major BC populations (1951-2005 data from Schweigert and Haist 

2007). An alternative approach, which derived estimates of ecosystem carrying capacity 

for Pacific herring, generated a cumulative total of 733 727 tons for the five major 

populations in BC (1951-2003; Perry and Schweigert 2008). These estimates are several 

orders of magnitude greater than at present. As it stands in 2012, the median estimate of 

cumulative spawning herring biomass for the five major and two minor stocks in BC is 

only 176 467 tons (DFO 2012).  In contrast, a recent biomass estimate for salmon (five 

species) in BC, considered a dominant marine spatial subsidy to terrestrial ecosystems 

(Hocking and Reimchen 2006), is approximately three times smaller than herring (~59 

312 tons) with pre-European estimates ranging from 122 940 to 263 442 tons (Gresh et 

al. 2000).  

 

As a dominant forage fish, it is perhaps not unexpected that Pacific herring biomass is 

roughly three orders of magnitude larger than higher trophic level Pacific salmon.  In 

terms of a pulsed subsidy to coastal ecosystems, the migratory movement of herring from 

offshore to nearshore ecosystems represents a subsidy that is also three-fold larger than 

delivered by salmon. However, salmon and herring have very different life histories that 

further modify subsidy magnitudes. Unlike semelparous salmon, which make a one-way 

return migration to spawn in the freshwater ecosystems of the coast, herring are 

iteroparous. Only a portion of the herring biomass that moves from productive offshore 

waters to spawn in nearshore subtidal and intertidal ecosystems is left as eggs, milt and a 
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proportion of adults that are consumed by predators or otherwise die at spawn events (e.g. 

fisheries catch). In the Strait of Georgia, an estimated 22% of the spawning herring 

biomass is left as milt and eggs (Hay and Fulton 1983). For the surviving adults, 

individuals will return to nearshore waters to spawn again the following year in the 

company of that year’s new recruits. 

 

In addition to the fluctuations and declines in Pacific herring populations that moderate 

the magnitude and delivery of herring subsidies, receiving ecosystem responses also vary. 

Already heavily influenced by anthropogenic pressures (e.g. Martínez et al. 2007), the 

ecosystem complexes that exist at the land-sea interface continue to face ongoing and 

often accelerating degradation, modification and loss. Intertidal and terrestrial ecosystems 

adjacent to spawns are no exception. Experiencing numerous anthropogenic changes, 

intertidal zones and terrestrial areas adjacent to spawn locations in BC are offered no 

additional protections against coastal change (e.g. piers and urban development) than are 

provided to low or generally spawn-free areas. Because many reliable herring spawns 

occur adjacent urban areas which grew from small First Nation villages (e.g. Winter 

Harbour, Nanaimo and Sitka), these areas may be particularly vulnerable. 

 

Shoreline modification has been demonstrated to influence Talitrid amphipods (e.g. 

beach grooming; Dugan et al. 2003 and beach armouring; Dugan et al. 2008, Toft 2009), 

but perhaps the best evidence of anthropogenically-altered terrestrial interactions relates 

to black bears. Black bear range has been considerably reduced in North America, mainly 

by large contractions in the south and southeastern portions of the United States 

(Wooding et al. 1994). Despite black bears remaining widespread and relatively abundant 

in BC, their habitat is shrinking as human settlements and other habitat modifications 

increase. In heavily settled coastal areas, such as large portions of southern BC (e.g. 

urban and rural areas of Vancouver) but also throughout the range of herring (e.g. San 

Francisco Bay, California and Sitka, Alaska), black bears experience localized 

extirpations, exclusion from spawning areas and exhibit altered activities (e.g. altered 

time budgets, shift to nocturnal activity and shorter denning period; Beckmann and 

Berger 2003) that undoubtedly influence bear-herring interactions.  
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Back casting in time, towards historical Pacific herring interconnections with coastal 

ecosystems that were far more intact, interactive and without the inflated anthropogenic 

burdens of the last two centuries, remains speculative. However, with substantial 

evidence from both terrestrial and marine ecosystems of degradation, decline and 

disturbance, there is support for the prediction that historical cross-ecosystem interactions 

involving herring were larger and more widely distributed than present day. Further, 

given the recent, well-quantified herring population declines in BC, the statement that 

Pacific herring spatial subsidies to coastal ecosystems were larger in magnitude prior to 

recent declines is unambiguous.  

5.5 Ongoing Research and Future Directions 
 

This thesis represents the tracing of Pacific herring linkages with relatively abundant 

species in intertidal and terrestrial ecosystems, but the ecological ramifications of these 

relationships remain unknown. Further, herring interactions with intertidal and terrestrial 

ecosystems are unlikely to be solely restricted to Traskorchestia amphipods and black 

bears. Opening up novel lines of inquiry, numerous related questions relating to the 

herring spatial subsidies and their ecological consequences to intertidal and terrestrial 

ecosystems are apparent.  

 

Following directly from the study of herring subsidies to intertidal amphipods (Chapter 

2) are questions regarding the persistence of herring lipids and nutrients in amphipods but 

also the ecological consequences of a herring subsidy (e.g. amphipod growth rates and 

biomass). More broadly, basic information relating to the nature of the subsidy to 

intertidal ecosystems remains entirely unknown. Questions relating to the number of taxa 

influenced, the trophic level(s) of subsidy entry, trophic interactions and community 

and/or ecosystem-level changes all represent viable future research avenues. 

 

Building on the successful application of stable isotopes to trace herring nutrients in 

Traskorchestia amphipods, we are in the process of determining the trophic level(s) or 

guilds at which herring enter intertidal ecosystems. By collecting isotopic signatures for 
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over 18 intertidal species at seven beaches in periods before and after a herring spawn, 

from primary producers to invertebrate predators, we hope to gain understanding of the 

nature of the subsidy but also the identity of the receivers of herring resources. Such 

knowledge is a base requirement for formulating future hypotheses relating to the 

influences and mechanisms of herring spatial subsidies. 

 

Dozens of scientific articles have been published on the subject of salmon and bear 

interactions. Still in the earliest stages of inquiry, there remains much to be learned about 

bear-herring relationships. Basic questions remain unanswered, including fitness-related 

influences of herring consumption for bears (e.g. mass gain and nutritional quality etc.) 

but also the redistribution of nitrogen by bears into terrestrial areas and the associated 

ecological consequences to terrestrial ecosystems. Further, just as amphipods are unlikely 

the only intertidal taxa influenced by herring spawns, numerous terrestrial relationships 

exist. Although not described in this thesis, gray wolves and a number of songbird 

species were also observed to consume herring eggs in Quatsino Sound, but to a far lesser 

extent than bears. We anticipate contributing these observations to the scientific literature 

in the near future. 

 

By expanding the geographic scope of herring and their cross-ecosystem spatial 

subsidies, future studies will most likely discover additional interactions. In particular, 

with study expansion comes opportunities to (1) study herring spawns across a diversity 

of ecosystems, including the adjacent terrestrial area (e.g. from temperate rainforest to 

tundra) and (2) better understand how the role of spawn timing influences the nature of 

the spatial subsidy and receiving ecosystems. For example, bears consuming herring eggs 

in Quatsino Sound are only recently emerged from winter dens. Bears living further 

south, where spawning occurs earlier, may entirely lose access to spawn events but for 

bears in northern parts of Alaska, herring spawn may be a late spring or summer 

resource. Consequences of spawn timing to predator biology and ecosystems remain 

unknown, but represent an interesting future research avenue that is particularly relevant 

due to herring population declines. 
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A major motivation for this research is conservation. Described as a second-order 

effect of the biodiversity crisis, the loss of species interactions goes hand in hand with the 

first-order effect, the loss of species (Soulé et al. 2003). Yet, just as species decline and 

go extinct without our knowledge (e.g. Carlton et al. 1991), species and ecosystem 

interactions are also unknowingly broken. Although black bears, Pacific herring and 

Traskorchestia amphipods are at no risk of extinction, their interactions have 

undoubtedly been weakened and in some areas, lost.  

 

Despite being a dominant forage fish and foundation species (sensu Soulé et al. 2003) 

in many coastal North Pacific Ocean ecosystems, conservation concern for Pacific 

herring is relatively low within both academic and management communities. Just as the 

multi-decadal scientific investigation of Pacific salmon spatial subsidies greatly expanded 

the scope of understanding to include a diversity of coastal ecosystems, this study 

represents an early step towards extending Pacific herring knowledge beyond marine 

ecosystems to include the intertidal and terrestrial. Currently managed without ecosystem 

considerations, even in marine systems, the ecological importance of Pacific herring 

warrants the inclusion of the herring-reliant species and ecosystems in any ecosystem-

based management scheme. Contributing novel ecological linkages, the research 

presented in this thesis underscores the need to advance understanding of Pacific herring 

in all the ecosystems they influence. 
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Abstract 
 

The bi-directional movements of materials, nutrients and energy across the land-sea 

interface result in a number of ecological consequences. Migratory animals that move 

across ecosystems drive a number of these spatial subsidies (e.g. anadromous salmon), 

but many of the world’s animal migrations are in decline. The cross-ecosystem reach of 

Pacific herring (Clupea pallasii), a migratory, iteroparous forage fish that spawns along 

the coastlines of the North Pacific Ocean, has never been studied. Spawn events represent 

large aggregations of biomass and energy, a portion of which is transferred to intertidal 

and supratidal zones. Using fatty acids and stable isotopic signatures of carbon and 
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nitrogen, we (1) traced the sources of production and (2) tested the hypothesis that 

herring subsidizes detritivorous, semi-terrestrial amphipods (Talitridae: Traskorchestia 

spp.), which are often abundant in intertidal and supratidal zones. Amphipods and likely 

dietary items (macrophytes and herring eggs) were collected from five beaches before 

and after herring spawned in Quatsino Sound, British Columbia. Combined with the use 

of mixing models, stable isotopes suggest that herring, in addition to brown algae and 

seagrass, are major sources of production during the study period. Fatty acid results 

suggest that brown algae is generally a major dietary resource for amphipods, but herring 

eggs provide important omega-3 fatty acids that are low in abundance prior to herring 

spawn events. Taken together, we provide corroborative evidence of a previously 

unknown cross-ecosystem spatial subsidy by Pacific herring. Further, because amphipods 

are prey for several terrestrial consumers, we also identify previously unknown marine-

terrestrial linkages.  

Introduction 
 

Ranging from estuaries to rocky shores, the dynamic land-sea interface (or coastal 

ecotone) stretches over 1.6 million kilometers (Burke et al. 2001). Known as spatial 

subsidies, bi-directional flows of nutrients, energy and material into and across this 

interface link marine, intertidal and terrestrial ecosystems, and are critical to biodiversity 

persistence and ecosystem function (Alvarez-Romero et al. 2011). Migratory animals 

routinely cross ecological boundaries, playing significant roles in subsidizing receiving 

ecosystems and influencing changes in ecosystem productivity, community structure and 

trophic cascades (Reimchen 2000, Helfield & Naiman 2001, Darimont et al. 2008, 

Hocking & Reynolds 2011 and others). Referred to as ‘endangered phenomena’ (Brower 

& Malcolm 1991), many of the world’s animal migrations have been greatly reduced in 

size, range or stopped altogether (e.g. Passenger Pigeons and plains bison; Wilcove & 

Wikelski 2008). Consequently, the ecological processes associated with migratory 

movements, including spatial subsidies, similarly diminish or cease.  

On the Pacific coast of North America, spatial subsidies generated by spawning 

anadromous Pacific salmon have been intensively studied (e.g. Reimchen 2000, 
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Darimont et al. 2008, Hocking and Reynolds 2011 and others) within the ecological 

context of high fisheries exploitation and declining populations (Darimont et al. 2010). 

But the movement of animals, nutrients and material across habitats and ecosystems is 

ubiquitous (Polis et al. 1997) and there are other spatial subsidies at the land-sea interface 

that are understudied. Here we identify nearshore and intertidal spawning Pacific herring 

(Clupea pallasii, Valenciennes in Cuvier and Valenciennes, 1847) as a provider of spatial 

subsidies to intertidal and possibly terrestrial ecosystems. Their sister species, Atlantic 

herring, is responsible for the largest known single population energy flux on the planet 

(Norwegian spring-spawning Atlantic herring; Varpe et al. 2005) and several species of 

anadromous Atlantic clupeids subsidize freshwater ecosystems (e.g. Garman & Macko 

1998, Walters et al. 2009). Despite suggestions in the literature that Pacific herring, an 

inshore spawning forage fish, may be important prey for terrestrial consumers and act to 

subsidize terrestrial systems (Willson et al. 1998), Pacific herring have never been 

investigated for their cross-ecosystem interactions, apart from their relationship with the 

haul-out locations of Steller sea lions (Womble et al. 2008). 

 

Pacific herring is a highly abundant, cornerstone species in the coastal foodwebs where 

they occur (sensu Willson et al. 1998). Each year, fish migrate to shallow subtidal and 

intertidal zones to spawn, with most Pacific herring spawning from February to April in 

British Columbia (BC). At spawn events, aggregations of iteroparous adult fish broadcast 

milt into the water column and deposit adhesive eggs onto subtidal and intertidal 

substrates. Combined, adult spawners and spawn products represent a pulsed subsidy to 

coastal ecosystems (Willson & Womble 2006) that is important for a diversity of species, 

including intertidal and potentially terrestrial organisms.  

 

Intertidal and supratidal zones receive a variety of spatial subsidies and those with low 

in situ productivity are often reliant on allochthonous sources of production (Colombini 

et al. 2003). From productive coastal marine ecosystems, shorelines receive wrack (drift 

macrophytes) in quantities that range from tens to thousands of kg/m2 each year (Polis & 

Hurd 1996) that washes up on a variable but relatively continuous basis. Other subsidies, 

including animal drift such as pinniped carcasses (Polis & Hurd 1996) and the products 
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of beach spawning fishes (mainly eggs), including capelin (DeBlois and Leggett 1993) 

and likely Pacific herring, represent more spatiotemporally constrained or ‘pulsed’ 

subsidies to intertidal and supratidal zones. Receiving these subsidies of wrack, carrion 

and fish eggs is a large community of intertidal and supratidal predators, scavengers and 

detritivores, including amphipods (Polis et al. 2004). Talitrid amphipods, commonly 

known as sand hoppers or beach fleas, are abundant semi-terrestrial detritivores (Koch 

1990). As major consumers of wrack in intertidal ecosystems (Griffiths et al. 1983, Lewis 

et al. 2007), amphipods can play a significant role in the conversion of energy and 

material. In turn, amphipods are prey for a diversity of intertidal (e.g. shore crabs; Lewis 

et al. 2007) and terrestrial predators (e.g. black bears; Ellis & Wilson 1981). 

Consequently, they represent a potential indirect trophic link between wrack, Pacific 

herring and terrestrial ecosystems.  

 

Across five low in situ productivity beaches that receive variable Pacific herring 

spawn, we used fatty acids and stable isotopes to investigate how the sources of 

production supporting talitrid amphipods (Traskorchestia traskiana, Stimpson, 1857 and 

T. georgiana, Bousfield, 1958) varied in response to herring spawn in Quatsino sound, 

BC, Canada. Because differences in the isotopic composition of the diet are typically 

assimilated in the tissues of consumers, stable isotopes are commonly used in the study of 

spatial subsidies (Fry 2006). As few animals can synthesize polyunsaturated fatty acids 

(PUFAs) de novo and the majority are acquired from dietary sources (Brett & Muller-

Navarra 1997), PUFAs are increasingly used in dietary studies, both qualitatively and 

quantitatively as trophic tracers (Budge et al. 2006). Previously used to trace the 

contribution of wrack to amphipods (Crawley et al. 2009) and Pacific herring in the diets 

of White-winged and Surf Scoters (Anderson et al. 2009), the combined approach of fatty 

acids and stable isotopes as trophic tracers provides an opportunity to independently 

assess dietary contributions. In this study, fatty acids and stable isotopes of nitrogen 

(δ
15

N) and carbon (δ
13

C) were used to (1) trace sources of production and (2) test the 

hypothesis that Pacific herring spawn provides a spatial subsidy to semi-terrestrial 

amphipods. 
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Methods 

Study area 
Quatsino Sound, located off the northwestern tip of Vancouver Island, BC, Canada was 

selected as a study region due to the presence of a small but reliable Pacific herring 

spawn and somewhat intact coastal ecosystems, with fragmented old-growth forests and 

large Macrocystis forests and seagrass meadows in the nearshore. Study sites consisted of 

five beaches (100 m width) located in Quatsino Sound, which were classified based on 

the presence and relative density of Pacific herring eggs (high, medium and low egg 

densities; control 1 and control 2 (without eggs); Figures 1 and 2). Substrates on all 

beaches were mixed, consisting of sand, gravel, cobble and boulder. Four out of five 

beaches were exposed to open-ocean swell. With one exception (medium beach), 

Macrocystis integrifolia sporophytes formed large forests in the nearshore. At all 

beaches, large Phyllospadix serrulatus meadows grew in the nearshore subtidal and low 

intertidal. Mid and high intertidal zones at all beaches were characterized by relatively 

low in situ productivity (i.e. low macrophyte cover and densities of macroinvertebrates), 

with the exception of one boulder beach, where Fucus spp. was dominant in the mid 

intertidal zone. In the high and supratidal zones, variable quantities of wrack macrophytes 

support a diverse, wrack-reliant community. At our five sites, Traskorchestia traskiana 

and T. georgiana were the most abundant wrack-inhabiting taxa, with a mean dry 

biomass of 27.7 g/m2 ± 10.9 SE in the high (3-4 m) and supratidal (4+ m) zones (C.H. 

Fox, unpublished data). 

 

Pacific herring spawn annually in Quatsino Sound in March or April. In 2011, roughly 

1000 metric tons of Pacific herring spawned in the nearshore subtidal and intertidal zones 

(Fisheries & Oceans Canada, 2011). However, yearly monitoring is incomplete in this 

region and estimates of adult spawner biomass are not intended for quantitative use. 

Spawning at study sites began on March 21 and continued until at least March 23; no milt 

was observed at any study sites after this date (C. H. Fox, Pers. Obs.).  

Sampling  
Presence of spawn on beaches was assessed by visual inspection of the water for milt, 

aggregations of Pacific herring and attached eggs on nearshore and intertidal substrates, 
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including blades of Macrocystis, Phyllospadix and other macrophytes. Intertidal zones 

were searched on foot. Beaches where eggs were found or where milt had been observed 

were surveyed using quadrats. Along a 100 m portion of beach, egg density was 

measured using 25 randomly distributed 0.25 m2 quadrats on March 29 and 31, 2011. 

Along five perpendicular transects, five quadrats were randomly assigned to stratified 

tidal heights in the low (1-2 m), mid (2-3 m) and high (3-4 m) intertidal, in addition to 

two quadrats laid along the fresh (within the 3-4 m zone) and older, degraded supratidal 

wrack lines (above 4 m, LLW). Percent cover of eggs was visually estimated and 

converted to number of eggs using a standard egg radius (r = 0.74 mm; Alderdice and 

Hourston 1985). Egg depth (number of layers) was randomly counted at five locations 

per quadrat and the resulting average used as a multiplication factor for percent egg 

cover, to estimate total eggs per quadrat.  

 

Fresh wrack biomass was measured at all five locations on May 2, 3 and 5, 2011, 0-3 

days following a moderate storm. Although wrack is continuously washed onto beaches, 

storm events often load beaches with significant quantities. On each beach, all wrack 

found within three randomly distributed 0.25m2 quadrats in the fresh wrack line was 

sorted and identified to the lowest possible taxonomic group. Wrack was immersed in 

seawater, shaken and weighed. Dry weights of a subset of all species and groups were 

collected after drying at 60˚C for 24 hrs and the ratio of wet:dry mass was used to 

generate dry mass estimates for all samples.  

Stable Isotopes 
Samples for stable isotope analysis were collected within a 100 m horizontal stretch of 

beach study site, from the subtidal through to the high intertidal zone. Depending on the 

species, samples were collected from a restricted 1 m tidal height width that represented 

the highest concentration of that species. Macrophyte tissues from live, intact attached 

plants in the nearshore and intertidal were collected with three blades from three plants 

growing nearby, constituting one sample (n=5 samples per beach, per sampling period). 

Macrophyte species collected were those considered to be major components of the 

wrack and likely sources of production for amphipods (Phyllospadix serrulatus, 

Macrocyctis integrifolia, Fucus spp., Callithamnion spp., and Ulva lactuca when 



 102 
available). Macrophytes were scraped with a razor blade or combed with tweezers if 

foliose, rinsed with distilled water and frozen at -20˚C. Live amphipods, consisting of a 

mix of Traskorchestia georgiana and T. traskiana, were collected using a 10 cm sand 

core in the fresh wrack line, kept cool during 1-2 hrs of transport, and rinsed with 

distilled water. Multiple individuals (~4-8) from one sand core were pooled per sample 

(n=10 per beach, per sampling period) before being frozen at -20˚C. All samples were 

collected before and after the Pacific herring spawn, in March (7, 8, 13, 16, 17 and 20) 

and April (11, 12, 13, 15, 16) 2011, with exception of the eggs of Pacific herring, which 

were collected from two of the three spawn beaches on March 29. Eggs from the third 

beach were heavily fouled and were not collected. Eggs were processed using the same 

methods as amphipods. 

 

Samples were dried for 48 hrs at 60˚C and were then ground into a fine powder using a 

Wig-L-Bug amalgamator. Sub-samples (~1-3 mg) were packaged in tin capsules and 

analyzed for total and isotopes of nitrogen and carbon at the University of California 

Davis Stable Isotope Facility using a PDZ Europa ANCA-GSL elemental analyzer 

interfaced to a PDZ Europa 20-20 isotope ratio mass spectrophotometer (Sercon Ltd., 

Cheshire, UK). Natural abundances of 15N (δ15N) and 13C (δ13C) are expressed as 

deviation from the standards (atmospheric N2 and Pee Dee Belemnite) in parts per 

thousand (‰) calculated by: 

(Rsample/Rstandard - 1) x 1000 

 

R is the ratio of the heavy to light isotope. Higher values of δ15N and more positive 

values of δ13C contain higher proportions of the heavy isotope relative to lighter isotopes. 

Post-hoc lipid corrections were applied to δ13C animal tissue samples (Pacific herring 

eggs and amphipods) using C:N ratios, following Post et al. (2007).  

Fatty Acids 
Concurrent with stable isotope sampling dates, three amphipod samples (~10 

individuals each) were collected from each beach in periods before and after the spawn. 

Herring eggs were collected from the high-density spawn beach (n=3) and macrophytes 

were sampled from high, medium and low beaches in the pre-spawn period, in part due to 
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accessibility and availability of unfouled sporophytes. Given the qualitative FA 

macrophyte analysis but also the previous finding of low macrophyte FA variation at 

spatial scales (Crawley et al. 2009) greater than this study, there was little rationale for 

sampling macrophytes more extensively. After collection, all samples were kept cool 

during 1-2 hr transport. Macrophytes were scraped with razor blades or combed with 

tweezers before all samples, including amphipods and herring eggs (1 g w.w.), were 

rinsed three times with distilled water and immersed in HPLC-grade chloroform with 

0.01% butylated hydroxytoluene (BHT) as an antioxidant (Budge et al. 2006). Samples 

were sealed with Teflon tape and frozen at -20˚C for 1-2 months until being transported 

to the lab. Once in the lab, samples were flushed with N2, re-sealed with Teflon tape and 

frozen at -80˚C until fatty acid analysis.  

 

Fatty acids were extracted following established protocols (Parrish 1999, Kainz et al. 

2004). Briefly, samples were sonicated, vortexed and centrifuged three times in a 4:2:1 

chloroform:methanol:distilled water solution that took place on ice and under N2 gas. 

Organic layers were pooled after each extraction round, their volume standardized, 

flushed with N2 and stored at -80˚C. Fatty acids were esterified to methyl esters using 

14% BF3-CH3OH at 85˚C for 1 hr and analyzed using a gas chromatograph (Varian CP-

3800) supplied with a Supelco 2560 capillary column (100 m, 0.25 mm inside diameter, 

0.2 µm thickness) and a flame ionization detector. We identified individual methyl esters 

by comparing retention times against a commercial standard (37-component FAME mix 

(Suppleco 47885-U and Nu-Chek Prep GLC standard 487). Unmethylated tricosonic acid 

(23:00) was used as an internal standard to assess the efficiency of fatty acid extraction 

and esterification and total fatty acid yields were adjusted accordingly. Fatty acids are 

expressed in X:Yn-Z notation where X is the number of carbon atoms, Y is the number of 

double bonds, and Z is the location of the bond from the methyl terminus of the molecule.  

The bulk of the fatty acid analysis focuses on PUFAs. Marine fish contain high 

proportions of essential “omega-3” PUFAs such as docosahexaenoic acid (DHA; 22:6n-

3) and eicosapentaenoic acid (EPA; 20:5n-3) because their food webs are ultimately 

supported by phytoplankton, which synthesize these PUFA in high concentrations 

(Dalsgaard et al. 2003). In contrast, macroalgae contain lower proportions of PUFA than 
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secondary consumers, and are expected to be more enriched in 18-Carbon PUFA such as 

18:2n-6 (Alfaro et al. 2006). Differences in the sources of production (herring eggs vs. 

wrack) are therefore expected to change the composition and overall proportions of 

PUFA in amphipods. In contrast, saturated fatty acids (SFA) and monounsaturated fatty 

acids (MUFA) are less likely to be informative as trophic tracers in this particular system 

because all animals synthesize them, and dietary signatures can be obscured by 

differences in de novo synthesis between animals and their prey (Dalsgaard et al. 2003).  

Statistical Analysis  
Analysis of percent fatty acid information was performed on PUFAs expressed as 

percent of total fatty acids. Using PRIMER V6.0 we constructed two Bray-Curtis 

dissimilarity matrixes (Bray & Curtis 1957) and visualized these matrixes using non-

metric multidimensional scaling (NMDS). The dissimilarity matrixes and NMDS were 

separately conducted using (1) PUFAs of amphipods and potential sources of production 

and (2) PUFAs of amphipods at beaches before and after the spawn. Ordination stress 

values between 0 and 1 indicate goodness-of-fit, with lower values indicating better fit. 

An analysis of similarities (ANOSIM) was performed on PUFAs of amphipods to test for 

significant differences between clusters identified using NMDS. A similarity percentage 

(SIMPER) analysis was used to identify the individual PUFAs that contributed to the 

observed groupings. Once identified, we performed two related analyses on two 

individual PUFAs (EPA and DHA), expressed as a percent of total fatty acids (after 

arcsine transformation) and raw concentration (mg/g w.w.). A General Linear Mixed 

Model (GLMM) specified with a repeated measures design (before/after), beach site as 

random effect, herring egg presence (binary presence or absence) as a fixed effect was 

used to determine whether the presence of herring had a significant influence on percent 

total fatty acids and raw concentrations of EPA and DHA. This analysis was followed by 

paired one-way ANOVAs that afforded the ability to examine within-beach differences 

before and after the spawn.  

 

For amphipod stable isotopes, we used a similar approach with GLMMs (repeated 

measures design and beach site as a random effect) to determine whether the presence of 

herring eggs (fixed effect) influenced δ13C and δ15N values followed by paired one-way 
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ANOVAs to compare differences in mean isotopic values at beaches in periods before 

and after the spawn using SPSS V20. We also used a Bayesian mixing model (MixSIR 

V1.0, Semmens & Moore 2008) to estimate the probability distributions for the 

proportional contribution of each source of production to amphipods on all five beaches 

in periods before and after the spawn. Informative priors were not specified. Stable 

isotope signatures of a consumer relative to its diet can differ due to differential digestion 

and fractionation by the consumer (McCutchan et al. 2003). MixSIR, like other mixing 

models, requires specification of enrichment factors, sometimes referred to as consumer-

diet discrimination values. Model outcomes have been shown to be sensitive to the 

enrichment factor used and the use of generalized enrichment factors has been questioned 

(Mancinelli et al. 2012 and others). For the MixSIR models, we used generalized isotopic 

enrichment factors from McCutchan et al. (2003) for aquatic consumers (δ13C; +0.40 ± 

1.20 SD, δ15N; +2.30 ± 1.61 SD) modified for standard deviation reporting as required by 

MixSIR for all but two species. We acknowledge that these generalized enrichment 

factors have not been demonstrated for Traskorchestia spp.  

 

Isotopic enrichment factors for Macrocystis and Pacific herring eggs were determined 

during a two-week, lab-based amphipod feeding trial. In two self-draining tanks with 

dripping seawater and a daily wash with freshwater (to rinse salt build up away and 

provide freshwater for amphipods), a mix of clean beach gravel and sand was used as 

habitat for ~200 amphipods (mix of T. traskorchestia and georgiana) per tank. Either 

fresh Macrocystis blades or herring eggs were placed into each tank and left to be 

consumed and/or degrade. Algae and eggs were periodically added at a rate that 

minimized rot but also allowed unrestricted consumption by amphipods. Dead amphipods 

were removed daily. By comparing δ13C and δ15N levels in amphipods sampled prior to 

the experiment and after two weeks, we generated δ13C and δ15N isotopic enrichment 

factors for amphipods fed Macrocystis (+2.58 ± 1.21 SD and +4.34 ± 0.65 SD 

respectively) and for amphipods fed Pacific herring eggs (+3.90 ± 0.38 SD and -1.91 ± 

0.38 SD respectively). We recognize that these values differ from McCutchan et al. 

(2003) and others (e.g. Vander Zanden & Rasmussen 2001) and interpret MixSIR model 

output cautiously, given that we have used a combination of generalized and consumer-
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specific enrichment factors. Further, given the length of the feeding trial, it is unlikely 

that Traskorchestia spp. reached equilibrium with their resource; however, this two-week 

period approximates the time frame for Traskorchestia spp. to have access to herring 

eggs in the wild. 

 

In three instances, we used stable isotope values from proximal beaches as dietary 

sources in the MixSIR models. At one beach (low), eggs were fouled and we used the 

average stable isotopic values from the remaining two spawn beaches for model input. 

Few macrophyte species grow at the medium spawn beach and two macrophyte species 

were not present. Two adjacent beaches with large Macrocystis forests and high densities 

of Fucus were likely sources of wrack; average stable isotopic values from the high and 

low spawn beaches were used as model input for Macrocystis and Fucus on the medium 

spawn beach. 

Results 
Pacific herring spawned on three of five beaches resulting in intertidal egg densities 

that were categorized as high, medium and low; mean densities ranged from 1.07, 0.30 

and 0.02 million eggs/m2 in the fresh wrack line (3-4 m zone) respectively (Figure 2), 

where amphipod densities tend to be highest. On each beach, eggs had a bi-modal 

distribution, with highest densities in the low (1-2 m) and the fresh wrack line (Figure 2).  

 

Wrack loading and composition at the five beaches were variable, but overall, 

seagrasses, Macrocystis and Fucus were dominant components of the wrack (Figure 3). 

For seagrasses, we could not readily distinguish between Zostera marina and 

Phyllospadix serrulatus due to the occasional longitudinal tearing of Zostera blades and 

the poor condition of specimens that washed up following the storm event. However, 

Zostera is not present in at our study sites or adjacent areas, instead growing in more 

sheltered waters several kilometers away. Phyllospadix serr. is a dominant macrophyte at 

our study beaches and throughout the region; we conservatively estimate from 

identifiable subsamples that most (>75%) seagrass wrack was Phyllospadix serr.  
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Fatty Acids 

In amphipods, 20:4n-6, 20:5n-3 and 22:6n-3 were the most abundant PUFAs (Table 1). 

The two brown algae (Macrocystis and Fucus) were characterized by high relative 

amounts of 20:4n-6 (12.2 ± 0.8 and 11.5 ± 0.8) and 16:0 (12.3 ± 1.0 and 14.2 ± 0.3). 

Relative to other sources, Phyllospadix was characterized by high relative amounts of 

18:3n-3 (47.4 ± 1.4), 20:0 (2.8 ± 0.4) and 22:0 (6.2 ± 0.7), Ulva by high 18:2n-6 (13.2 ± 

3.6) and low 20:5n-3 (3.4 ± 0.7) and Callithamnion by high 16:1n-7 (6.7 ± 1.3), 20:5n-3 

(40.1 ± 1.0) and, unlike other macrophytes that all had trace quantities of 22:6n-3, by a 

small amount of 22:6n-3 (2.0 ± 1.0; Table 2).  Unlike macrophytes, Pacific herring eggs 

were characterized by high relative amounts of 16:0 (39.5 ± 0.5), 22:6n-3 (16.2 ± 1.2) 

and low 20:2n-6 (trace) (Table 2). 18:3n-3, an abundant PUFA in Phyllospadix was 

present in very low amounts in amphipods (Tables 1 and 2). The amount of 22:6n-3 was 

relatively low but significantly variable on certain beaches in periods before and after the 

spawn in amphipods and is a characteristic PUFA of Pacific herring eggs. 

 

Using NMDS ordination to semi-quantitatively examine dissimilarities in consumer 

and food source, PUFAs revealed that most food items and consumers clustered 

separately.  Amphipods were distinct from their food sources and demonstrated a high 

similarity to brown algae (Macrocystis and Fucus), which were closely clustered (Figure 

4). Other food sources were individually clustered along the y-axis, with Pacific herring 

eggs and Phyllospadix being the most dissimilar (Figure 4).  

 

A second NMDS ordination was used to further examine the relationships between 

PUFAs of amphipods on all beaches in periods before and after a spawn resolved two 

clusters; one cluster consisted of amphipods from high and medium spawn beaches in the 

post spawn period only and the second cluster consisted of all remaining beaches (Figure 

5). Differences between the two clusters were significant (ANOSIM; R=0.61, p=0.001) 

and average dissimilarity between the two groups was moderate (Simper; average 

dissimilarity = 19.8%). The top six fatty acids contributing to this dissimilarity, in 

decreasing order were: 20:5n-3 (29.7%), 22:6n-3 (25.5%), 20:4n-6 (19.2%), 18:3n-3 

(9.5%), 18:2n-6 (5.8%) and 20:3n-3 (3.8%). 
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EPA (20:5n-3) and DHA (22:6n-3) contributed the most to the observed differences 

between the two clusters (Figure 5). DHA is the most abundant PUFA in eggs of Pacific 

herring (16.2 ± 1.2 %) and with the exception of low amounts in Callithamnion (2.0 ± 0.2 

%; Table 2), was only found in trace concentrations in macrophytes and pre-spawn 

amphipods (Tables 2 and 3). Using GLMMs, the presence of herring eggs was found to 

have a significant influence on mean percent (df=14.0, F=18.8, p=0.002) and raw 

(df=14.0, F=6.4, p=0.024) DHA concentrations. Differences in the mean percent DHA in 

amphipods in periods before and after the spawn were significant on high, medium, low 

and control 2 beaches but not control 1 (ANOVA, p<0.05, Table 3, Figure 6A). However, 

greater mean percent DHA was notable at the post-spawn high and medium spawn 

beaches whereas differences on the low and control 2 beaches were marginal and largely 

attributable to abundance changes in other fatty acid proportions, as evidenced by a lack 

of significant difference in raw DHA concentration (Table 3, Figure 6A, B). Significantly 

larger raw DHA concentrations were only detected on the high and medium density post-

spawn beaches (ANOVA, p<0.05; Table 3, Figure 6B).  

 

Using a GLMM, the presence of herring eggs was found to have a significant influence 

on mean percent EPA (df=14.0, F=21.2, p=0.000) but not raw EPA concentrations 

(df=14.0, F=2.2, p=0.160). Using one-way ANOVAs to compare between beach 

differences before and after the herring spawn, significant increases in mean percent EPA 

were detected on the high and medium spawn beaches in addition to the control 2 

(ANOVA, p<0.05; Table 3, Fig. 7A). However, significant increases in raw EPA 

concentrations (mg/g w.w.) were only detected on the high beach (ANOVA, p<0.05) and 

not control 2 (ANOVA, p>0.05), indicating that this difference is attributable to 

decreases in other FAs and not changes in EPA  (Figure 7B, Table 3). 

Stable Isotopes 
The presence of herring also significantly influenced δ13C of amphipods (GLMM; 

df=49.6, F=11.2, p=0.002). Using paired one-way ANOVAs, only amphipods from the 

high and medium spawn beaches demonstrated significant increases in their δ13C 

signatures (ANOVA, p<0.05) and no significant changes were detected between before 
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and after the spawn period on any other beaches for δ13C (ANOVA, p>0.05; Table 3, 

Figure 8). The δ13C of amphipods declined in the post spawn period, becoming more 

similar to the depleted δ13C Pacific herring eggs. In contrast, almost all macrophytes 

increased in δ13C in the post spawn period (Figure 9). Although paired one-way 

ANOVAs detected no significant differences on individual beaches before and after 

spawn periods (p>0.05; Table 3, Figure 8), the general trend was of increasing δ15N 

values and a GLMM determined that cumulatively, the presence of herring had a 

significant influence on δ15N values (df=52.2, F=5.1, p=0.028).    

 

The use of MixSIR suggested that amphipods were heavily reliant on wrack subsidies 

and that eggs of Pacific herring were the dominant source of production on the high 

density spawn beach (estimated contribution of 0.38 ± 0.12-0.58 CI) with smaller 

contributions to amphipods in medium (0.07 ± 0.01-0.25 CI) and low (0.17 ± 0.02-0.35 

CI) spawn beaches (Figure 9). Typically, Phyllospadix and Macrocystis were major 

sources of production on all beaches and Fucus contributed variably to amphipods across 

beaches and sampling periods, ranging from a minor contributor to a maximum of 0.26 ± 

0.02-0.38 CI of the diet (Figure 9). Callithamnion and Ulva, when present, constituted 

minor wrack components and contributed little to the estimated diets of amphipods (Fig. 

3 and 9).  

Discussion 
Our study traces the allochthonous input of macrophyte wrack and Pacific herring eggs 

to semi-terrestrial talitrid amphipods. Living mainly in the high intertidal and supratidal 

zones, amphipods are important beach detritivores (Koch 1990), agents of nutrient 

cycling and often highly abundant prey for terrestrial consumers (Orr et al. 2005). As 

likely consumers of both dead and live eggs, their feeding strategy in this study is better 

described as omnivorous. Although a number of previous studies have focused on the 

link between amphipods and macrophyte wrack (e.g. Talitrids; Lastra et al. 2008), the 

role of Pacific herring eggs as a source of production and a cross-ecosystem spatial 

subsidy to semi-terrestrial amphipods had never been previously explored. 
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Our broadest objective was to describe the major sources of production for 

Traskorchestia spp. Analysis of PUFAs of amphipods and their sources of production 

suggested that brown alga, represented here by wrack-dominant nearshore, canopy-

forming Macrocystis and abundant intertidal Fucus, were a major dietary resource. Stable 

isotope mixing models largely confirmed the importance of brown algae to the diet of 

amphipods and identified Macrocystis as the major brown algal source. However, unlike 

PUFAs, stable isotope mixing models suggested that a major dietary component for 

amphipods is also the seagrass Phyllospadix. Similar results have been found in an 

Australian surf zone amphipod (Allorchestes compressa), where stable isotope mixing 

models identified both brown algae and seagrasses as feasible carbon sources and PUFAs 

suggested that brown algae was a dominant dietary component (Crawley et al. 2009).  

 

Previous research on wrack turnover and talitrid feeding rates have found that brown 

macroalgae is removed at high rates but feeding is low to negligible on seagrasses (Mews 

et al 2006, Lastra et al. 2008), which corroborates our own observations (C. H. Fox) of 

the relatively rapid consumption of Macrocystis by consumers and the long ‘wrack life’ 

of Phyllospadix. Taken together, evidence suggests that Macrocystis is a major resource 

for amphipods with contributions from Phyllospadix. Red and green algae, which are 

minor wrack components at our study sites, appear to provide negligible amounts to the 

diet of amphipods, as evidenced from both PUFA and stable isotope results. However, we 

note that our choice of enrichment factors in the stable isotope mixing models 

undoubtedly influenced the estimated contributions of macrophytes and herring eggs in 

diets of Traskorchestia spp. 

 

Unlike wrack, which is available to intertidal and supratidal zone consumers on a fairly 

regular basis, the discrete nature of herring spawn events provide the opportunity to test 

the hypothesis that herring spawn resources provide a spatial subsidy to amphipods. 

GLMMs indicated that both δ13C and δ15N levels were significantly influenced by the 

binary presence/absence of herring spawn. On a paired, within beach-basis, significant 

differences in δ13C on the high and medium beaches and a directional change for 

increasing similarity with herring eggs, stable isotopes of carbon provided clear evidence 
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for the uptake of herring-derived nutrients by amphipods. In addition to identifying 

Macrocystis and Phyllospadix, the eggs of Pacific herring were identified by mixing 

models as the dominant source of production on the high spawn beach with smaller 

contributions of beaches with lower egg availability. 

 

Similar to stable isotope findings, NMDS ordination of amphipod PUFAs from all five 

beaches before and after the spawn revealed two significantly different groups, one 

consisting of amphipods from the high and medium beaches in the post spawn period and 

the other group consisting of all remaining amphipods. Leading the PUFAs in 

contributing to these differences were DHA and EPA. EPA contributed the most to 

discriminating between the two amphipod clusters and although not as strong as DHA in 

supporting the hypothesis that herring spawn events subsidize amphipods, EPA provided 

corroborative evidence.  

 

The presence of significantly elevated DHA, as measured using either relative 

proportions or raw concentrations, in amphipods on the post-spawn high and medium 

beaches provided the strongest lipid-derived evidence of herring uptake. In the absence of 

herring, DHA proportions in amphipods are generally less than 1% and DHA is present at 

low to trace levels in the wrack species examined. Because DHA is present in low levels 

in red algae and amphipods without spawn, its elevated presence in post-spawn 

amphipods cannot be considered a lipid marker for Pacific herring. Instead, we suggest 

that in this system, DHA has the potential for use as an indicator FA, where 

concentrations are elevated in certain sources (Pacific herring) and low to negligible in 

others (Kelly & Scheibling 2012). In light of a recent feeding-trial study, where no 

consistent relationship between the FAs of an intertidal amphipod (Bellorchestia 

quoyana) and FAs from dietary macroalgae was found (McLeod et al. 2013), more 

research into this subject is warranted.  

 

Beyond the use of stable isotopes, fatty acids and issues relating to a rapidly evolving 

field of study, additional questions arise that relate to the timing of the spawn, the size of 

the spawn and how these issues influence amphipods and the wider intertidal ecosystem. 
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In addition, what are the consequences of nutritionally valuable PUFAs to amphipods and 

their predators (e.g. growth rates and demography) and how long does it last? Amphipods 

were sampled from beaches that experienced herring spawn the previous year, but no 

obvious stable isotopic or fatty acid differences were observed in the spawn vs. control 

beaches in the pre-spawn period, suggesting that this effect lasts less than a year. Post 

spawn sampling occurred approximately one week after egg hatch, meaning that this 

effect lasts at least one week following hatch, a time when the spawn is traditionally 

considered ‘over’. However, significant quantities of dead eggs and egg casings were 

observed to remain on beaches for several weeks following the hatch and we speculate 

that the influence of herring spawn persists over time scales that range from several 

weeks to possibly months.  

 

Given the life history of Pacific herring and knowledge of how lipids are obtained, the 

Pacific herring subsidy to amphipods can be traced in greater detail than provided by 

PUFAs and stable isotopes alone. In BC, most Pacific herring spawn from February to 

April, after which they migrate to summer foraging grounds in productive coastal waters 

(Hay et al. 2001), where they forage from late spring to early fall. During this time, they 

increase in length, mass and sequester important lipids (Hart et al. 1940) including DHA, 

EPA and other essential FAs (Huynh et al. 2007). Rich in DHA (Saito et al. 2002, El-

Sabaawi et al. 2009), euphausiids and copepods are dominant prey items (Hay et al. 

2001, Wailes 1936) and likely major sources of DHA for Pacific herring. In fall, herring 

move eastwards, towards more sheltered wintering grounds (Hay et al. 2001), a migration 

that coincides with or, depending on timing, is followed by the onset of fasting/negligible 

feeding (e.g. Wailes 1936) and a declining growth rate (Outram & Station 1981). The 

following spring, the spawning of Pacific herring can thus be interpreted as the transfer of 

resources gained in productive offshore waters during the previous year to nearshore and 

intertidal zones at a time when primary production is low. 

 

The federal management body for Pacific herring, Fisheries and Oceans Canada, 

considers Quatsino Sound Pacific herring a minor stock and limited monitoring in this 

region results in comparatively poor understanding of their population size and dynamics. 
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However, commercial fishing has been closed for three of the five major meta-

populations of BC Pacific herring due to low adult biomass, including the nearby West 

Coast Vancouver Island meta-population. In Quatsino Sound, it is highly likely that fewer 

fish return to spawn than they did historically. The reason(s) for widespread declines in 

BC Pacific herring populations and subsequent lack of recovery following 5-10 years of 

fisheries closures remain largely unknown (see review by Schweigert et al. 2010) as are 

the ecological consequences of this declining cornerstone (sensu Willson et al. 1998) 

species. 

 

In particular, the ecological relationships between Pacific herring and intertidal and 

terrestrial ecosystems remain almost completely undescribed. In addition to tracing the 

macrophyte sources of production, this study represents the first evidence of a cross-

ecosystem transfer of Pacific herring and links the lipids and nutrients gained by Pacific 

herring in seasonally productive coastal waters to semi-terrestrial invertebrates that 

inhabit intertidal and supratidal zones. Because amphipods are prey for a diversity of 

species, including terrestrial consumers, they represent a previously undocumented, 

indirect link between Pacific herring, intertidal and terrestrial ecosystems and may 

prolong access to herring spawn resources that are traditionally considered short-lived. 

Parallel to this study, research into the importance of amphipods in the springtime diets 

of intertidally-foraging black bears (U. americanus) has revealed that amphipods, 

including those inhabiting beaches that experience herring spawns, constitute a 

significant but annually variable food source for bears (Fox et al. In Prep.). Currently, our 

understanding of coastal ecosystem interactions and consequences of anthropogenic 

pressures lack any meaningful Pacific herring subsidy context, despite substantial, long-

term declines in this important but overlooked species. 
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Table 1. Fatty acid com
position (m

ean percent total fatty acids ± SE) of am
phipods (Traskorchestia spp.) at five beaches in 

Forw
ard Inlet, Q

uatsino Sound, B
ritish C

olum
bia, in periods before and after a Pacific herring (C

lupea pallasii) spaw
n in 

2011. Fatty acids detected at 0.0 are given the sym
bol (-), as these values are below

 the lim
its of detection. 

                        

 
H

igh 
M

edium
 

Low
 

C
ontrol 1 

C
ontrol 2 

Fatty 
A

cid 
B

efore 
A

fter 
B

efore 
A

fter 
B

efore 
A

fter 
B

efore 
 

A
fter 

  B
efore 

    B
efore 

A
fter 

14:0 
11.1 ± 0.5 

10.1 ± 0.3 
9.9 ± 0.7 

9.7 ± 1.1 
10.9 ± 0.3 

10.7 ± 0.1 
10.5 ± 0.2 

9.3 ± 0.8 
9.4 ± 0.2 

8.1 ± 0.4 
14:1 

12.0 ± 0.6 
9.4 ± 0.2 

12.6 ± 0.4 
10.1 ± 0.9 

13.5 ± 0.6 
11.9 ± 0.2 

11.5 ± 0.3 
10.3 ± 1.0 

10.3 ± 0.6 
7.4 ± 0.3 

15:0 
- 

- 
- 

- 
- 

- 
- 

- 
- 

- 
15:1 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

16:0 
16.7 ± 0.3 

16.5 ± 0.0 
16.2 ± 0.5 

17.2 ± 0.5 
16.6 ± 0.1 

17.4 ± 0.1 
16.2 ± 0.0 

16.3 ± 0.5 
16.8 ± 0.4 

16.0 ± 0.3 
16:1n-7 

15.8 ± 0.8 
13.0 ± 0.3 

16.9 ± 0.1 
14.5 ± 0.8 

17.9 ± 0.3 
16.8 ± 0.7 

14.5 ± 0.1 
14.6 ± 0.4 

15.5 ± 0.4 
12.3 ± 0.2 

17:0 
0.1 ± 0.0 

0.1 ± 0.0 
- 

- 
0.1 ± 0.0 

0.1 ± 0.0 
0.1 ± 0.0 

0.1 ± 0.0 
0.1 ± 0.0 

0.1 ± 0.0 
17:1 

0.1 ± 0.0 
0.1 ± 0.0 

- 
- 

0.1 ± 0.0 
- 

- 
- 

0.1 ± 0.0 
- 

18:0 
1.2 ± 0.0 

1.4 ± 0.1 
1.4 ± 0.1 

1.5 ± 0.1 
1.4 ± 0.1 

1.5 ± 0.0 
1.4 ± 0.1 

1.5 ± 0.1 
1.6 ± 0.0 

1.7 ± 0.1 
18:1n-9 

26.9 ± 1.3 
30.3 ± 0.3 

28.8 ± 2.2 
28.7 ± 2.0 

26.2 ± 0.6 
27.9 ± 1.4 

29.6 ± 0.5 
31.1 ± 1.0 

29.7 ± 1.7 
33.4 ± 1.1 

18:2n-6 
1.6 ± 0.1 

1.5 ± 0.1 
1.4 ± 0.1 

1.5 ± 0.0 
1.1 ± 0.0 

1.1 ± 0.0 
1.8 ± 0.1 

1.7 ± 0.1 
1.9 ± 0.1 

1.9 ± 0.1 
20:0 

0.1 ± 0.0 
0.1 ± 0.0 

0.1 ± 0.1 
0.2 ± 0.0 

0.1 ± 0.0 
0.2 ± 0.0 

0.2 ± 0.0 
0.2 ± 0.0 

0.2 ± 0.0 
0.2 ± 0.0 

18:3n-6 
0.2 ± 0.0 

0.2 ± 0.0 
0.2 ± 0.0 

0.1 ± 0.1 
0.2 ± 0.0 

0.2 ± 0.0 
0.2 ± 0.0 

0.2 ± 0.0 
0.2 ± 0.0 

0.2 ± 0.1 
20:1 

1.4 ± 0.0 
1.5 ± 0.0 

1.5 ± 0.1 
1.7 ± 0.1 

1.2 ± 0.0 
1.3 ± 0.0 

1.3 ± 0.0 
1.4 ± 0.2 

1.5 ± 0.1 
2.1 ± 0.1 

18:3n-3 
1.8 ± 0.0 

1.9 ± 0.1 
0.9 ± 0.1 

0.9 ± 0.1 
1.5 ± 0.1 

1.4 ± 0.1 
1.8 ± 0.1 

1.5 ± 0.2 
1.2 ± 0.0 

1.3 ± 0.1 
21:0 

- 
- 

- 
0.5 ± 0.3 

- 
- 

- 
- 

- 
- 

20:2n-6 
0.6 ± 0.2 

0.5 ± 0.0 
0.6 ± 0.2 

0.5 ± 0.2 
0.5 ± 0.1 

0.3 ± 0.1 
1.2 ± 0.1 

0.5 ± 0.1 
0.7 ± 0.1 

0.9 ± 0.1 
          22:0 

- 
0.1 ± 0.0 

- 
0.1 ± 0.0 

- 
- 

- 
- 

- 
0.1 ± 0.0 

20:3n-6 
0.2 ± 0.0 

0.1 ± 0.0 
0.1 ± 0.0 

0.1 ± 0.0 
0.1 ± 0.0 

0.1 ± 0.0 
0.1 ± 0.0 

0.2 ± 0.0 
0.2 ± 0.0 

0.2 ± 0.0 
22:1n-9 

0.1 ± 0.1 
0.1 ± 0.0 

- 
0.2 ± 0.1 

0.1 ± 0.0 
0.1 ± 0.0 

0.1 ± 0.0 
0.1 ± 0.1 

0.1 ± 0.1 
0.2 ± 0.1 

20:3n-3 
0.3 ± 0.2 

0.3 ± 0.0 
- 

- 
0.1 ± 0.1 

0.1 ± 0.1 
0.4 ± 0.1 

0.5 ± 0.0 
0.2 ± 0.1 

0.1 ± 0.1 
23:0 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

20:4n-6 
6.6 ± 0.1 

6.0 ± 0.3 
6.2 ± 0.5 

6.8 ± 0.7 
5.9 ± 0.2 

6.1 ± 0.2 
5.8 ± 0.2 

6.9 ± 0.7 
6.9 ± 0.1 

9.2 ± 0.5 
22:2n-6 

0.2 ± 0.0 
0.2 ± 0.0 

0.1 ± 0.0 
0.1 ± 0.1 

0.1 ± 0.0 
0.2 ± 0.0 

0.2 ± 0.0 
0.2 ± 0.0 

0.2 ± 0.0 
0.1 ± 0.1 

24:0 
- 

- 
- 

- 
- 

- 
- 

- 
- 

- 
20:5n-3 

2.5 ± 0.1 
4.3 ± 0.1 

2.6 ± 0.2 
4.2 ± 0.4 

2.0 ± 0.2 
2.2 ± 0.2 

2.8 ± 0.1 
3.0 ± 0.3 

2.8 ± 0.1 
4.0 ± 0.3 

24:1n-9 
0.1 ± 0.0 

- 
- 

0.1 ± 0.0 
0.1 ± 0.0 

- 
- 

- 
- 

0.1 ± 0.0 
22:6n-3  

0.4 ± 0.0 
2.1 ± 0.3 

0.4 ± 0.2 
1.5 ± 0.2 

0.3 ± 0.0 
0.4 ± 0.0 

0.4 ± 0.0 
0.4 ± 0.1 

0.4 ± 0.0 
0.6 ± 0.0 
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Table 2. Fatty acid com
position (m

ean percent of total fatty acids ± SE) of potential food sources for talitrid am
phipods 

(Traskorchestia spp.). Sam
ples w

ere collected from
 three beach sites in Q

uatsino Sound, B
ritish C

olum
bia in 2011. Fatty acids 

detected as 0.0 are give the sym
bol (-), as these values are below

 the lim
its of detection. 

  
       

 
M

agnoliophyta 
Phaeophyta 

R
hodophyta 

C
hlorophyta 

C
hordata 

 
Potam

ogetonales 
Lam

inariales 
Fucales 

C
eram

iales 
U

lvales 
C

lupeiform
es 

Fatty 
A

cid 
Phyllospadix  

serrulatus 
M

acrocystis 
integrifolia 

Fucus spp. 
C

allitham
nion 

spp. 
U

lva lactuca 
C

lupea pallasii 
(eggs) 

14:0 
0.5 ± 0.2 

2.7 ± 0.6 
7.1 ± 0.9 

3.6 ± 0.3 
1.0 ± 0.2 

0.2 ± 0.2 
14:1 

0.3 ± 0.3 
- 

- 
- 

- 
- 

15:0 
0.4 ± 0.0 

- 
0.1 ± 0.1 

0.2 ± 0.0 
- 

- 
15:1 

- 
- 

0.1 ± 0.1 
- 

- 
- 

16:0 
17.1 ± 1.4 

12.3 ± 1.0 
14.2 ± 0.3 

17.9 ± 1.6 
24.7 ± 2.6 

39.5 ± 0.5 
16:1n-7 

1.9 ± 0.5 
1.7 ± 0.4 

1.4 ±0.1 
6.7 ± 1.3 

1.7 ± 0.3 
4.3 ± 0.3 

17:0 
0.5 ± 0.3 

1.6 ± 0.3 
2.1 ± 0.2 

0.7 ± 0.2 
- 

- 
17:1 

- 
0.1 ± 0.2 

0.7 ± 0.7 
0.3 ± 0.3 

0.3 ± 0.2 
- 

18:0 
2.1 ± 0.3 

1.3 ± 0.5 
0.9 ± 0.1 

1.9 ± 0.4 
1.0 ± 0.2 

4.9 ± 0.2 
18:1n-9 

6.1 ± 2.1 
5.5 ± 0.3 

11.7 ± 0.2 
10.9 ± 2.4 

9.0 ± 4.0 
14.4 ± 2.4 

18:2n-6 
6.3 ± 0.2 

5.4 ± 0.2 
9.2 ± 0.5 

5.2 ± 0.8 
13.2 ± 3.6 

3.4 ± 2.9 
20:0 

2.8 ± 0.4 
- 

0.1 ± 0.1 
0.1 ± 0.0 

- 
- 

18:3n-6 
0.1 ± 0.1 

0.7 ± 0.6 
1.0 ± 0.0 

0.5 ± 0.0 
1.7 ± 0.3 

- 
20:1 

- 
- 

0.4 ± 0.2 
0.2 ± 0.1 

- 
- 

18:3n-3 
47.4 ± 1.4 

10.0 ± 0.5 
6.8 ± 0.5 

1.2 ± 0.2 
24.3 ± 1.4 

1.6 ± 0.6 
21:0 

- 
- 

- 
- 

- 
- 

20:2n-6 
1.0 ± 0.3 

26.2 ± 3.0 
14.5 ± 1.2 

2.5 ± 0.4 
18.1 ± 2.6  

- 
22:02       22:0 

6.2 ± 0.7 
- 

0.0 ± 0.1 
0.1 ± 0.1 

0.2 ± 0.2 
- 

20:3n-6 
- 

0.2 ± 0.2 
1.0 ± 0.1 

0.8 ± 0.2 
0.1 ± 0.1 

- 
22:1n-9 

- 
0.2 ± 0.1 

0.4 ± 0.3 
0.2 ± 0.1 

0.1 ± 0.1 
0.9 ± 0.5 

20:3n-3 
- 

- 
0.1 ± 0.1 

0.1 ± 0.1 
0.1 ± 0.1 

- 
23:0 

- 
- 

- 
- 

- 
- 

20:4n-6 
0.2 ± 0.2 

12.2 ± 0.8 
11.5 ± 0.8 

4.1 ± 0.5 
0.5 ± 0.1 

0.3 ± 0.3 
22:2n-6 

- 
0.6 ± 0.3 

0.7 ± 0.1 
0.5 ± 0.1 

0.8 ± 0.1 
- 

24:0 
2.5 ± 0.3 

- 
- 

0.2 ± 0.0 
- 

- 
20:5n-3  

4.7 ± 1.1 
19.2 ± 0.6 

15.2 ± 0.8 
40.1 ± 1.0 

3.4 ± 0.7 
14.3 ± 0.4 

24:1n-9 
- 

- 
0.6 ± 0.3 

- 
- 

- 
22:6n-3  

- 
- 

- 
2.0 ± 0.1 

- 
16.2 ± 1.2 
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   Table 3. Statistical results from
 one-w

ay A
N

O
V

A
s on five beaches in periods before and after a Pacific herring spaw

n for 
proportional (arcsine-transform

ed percent total fatty acid) 22:6n-3 (docosahexaenoic acid; D
H

A
), total 22:6n-3 (m

g/g w
.w

.), 
δ

15N
 and δ

13C
 for talitrid am

phipods (Traskorchestia spp.) on five beaches in Q
uatsino Sound, B

ritish C
olum

bia. B
old 

indicates significance (p<0.05).  
  

Percent Total 
22:6n-3 (%

) 
Total 22:6n-3 
(m

g/g w
.w

.) 
Percent Total 
20:5n-3 (%

) 
 

Total 20:5n-3 
(m

g/g w
.w

.) 
δ

15N
 

δ
13C

 

B
each 

df 
F 

p 
df 

F 
p 

df 
F 

p 
df 

F 
p 

df 
F 

p 
df 

F 
p 

  H
igh   

5 
61.1 

0.001 
5 

16.8 
0.015 

5 
94.7 

0.001 
5 

21.8 
0.010 

19 
1.6 
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Figure 1. Study sites in Quatsino Sound, British Columbia. Site names refer to spawning 
density of Pacific herring. Beaches were sampled before (March) and after (April) Pacific 
herring spawn events in 2011. 
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Figure 2.  Density of Pacific herring (Clupea pallasii) eggs on three beaches in Quatsino 
Sound, British Columbia (March 29 and 31, 2011). Random stratified quadrat sampling 
was in the 1-2, 2-3 and 3-4 m tidal height zones, in addition to the fresh (3 wrack) and 
older wrack lines (4 wrack).  
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Figure 3. Mean dry mass (g) composition of fresh wrack macrophytes and other (e.g. 
Bryozoa and Porifera) at five beaches in Quatsino Sound, British Columbia, excluding 
woody debris. Samples were collected 0-3 days following a moderate storm on May 2 
2011.  
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Figure 4. NMDS ordination of polyunsaturated fatty acids of talitrid amphipods 
(Traskorchestia spp.) and potential sources of production from five beaches in Quatsino 
Sound, British Columbia in 2011. Stress values below 0.1 indicate excellent 
representation of the data. 
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Figure 5. NMDS ordination of polyunsaturated fatty acids of talitrid amphipods 
(Traskorchestia spp.) in periods before (0) and after (1) a Pacific herring (Clupea 
pallasii) spawn at five beaches (high, medium, low spawn and two controls) in Quatsino 
Sound, British Columbia in 2011 (n=3 per beach). Ovals represent visually identified 
clusters. Stress values between 0.1 and 0.2 indicate acceptable representation of the data 
with some possibility of false inferences. 
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Figure 6. (A) Mean percent 22:6n-3 (docosahexaenoic acid; DHA) and (B) mean total 
22:6n-3 (mg/g wet weight) in talitrid amphipods (Traskorchestia spp.) at five beaches 
locations in Quatsino Sound, British Columbia, in periods before and after a Pacific 
herring (Clupea pallasii) spawn in March and April, 2011. Symbols * and ** represent 
statistical significance (ANOVA) between pairs of p<0.05 and p<0.01, respectively. 
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Figure 7. A) Mean percent 20:5n-3 (eicosapentanoic acid; EPA) and (B) mean total 
20:5n-3 (mg/g wet weight) in talitrid amphipods (Traskorchestia spp.) at five beaches 
locations in Quatsino Sound, British Columbia, in periods before and after a Pacific 
herring (Clupea pallasii) spawn in March and April, 2011. Symbols *, ** and *** 
represent statistical significance (ANOVA) between pairs of p<0.05, p<0.01 and 
p<0.001, respectively 
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Figure 8. Mean δ15N and δ13C ± SE isotopic values for talitrid amphipods (Traskorchestia 
spp.) on five beach locations [High (H, black diamond); Medium (M, white diamond); 
Low (L, grey diamond) spawn densities; two controls (C1, white circle and C2, black 
circle)] in Quatsino Sound, British Columbia in periods before and after the Pacific 
herring spawn event. Not displayed above, isotopic signatures for Pacific herring eggs lie 
at -18.3 ± 0.1 SE (δ13C) and 14.5 ± 0.1 SE (δ15N). * indicates statistical significance in 
mean δ13C values at one location before and after the spawn (ANOVA, p<0.05). 
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Figure 9. (A) Mean δ15N and δ13C ± SE isotopic signatures of potential sources of 
production for talitrid amphipods  (Traskorchestia spp.) at five beaches (High (H), 
Medium (M), Low (L) spawn densities and two controls (C1 and C2)) in Quatsino Sound, 
British Columbia in 2011. Sources of production are Phyllospadix serrulatus (■), 
Macrocystis integrifolia (!), Fucus spp. (◇), Callithamnion spp. (□), Ulva lactuca (▲), 
eggs of Clupea pallasii (×) and the detritivore consumers, Traskorchestia spp. (●). (B) 
MixSIR estimates of the proportional contribution to the diet of talitrid amphipods 
(Traskorchesta spp.) by potential sources of production, including the eggs of C. pallasii, 
in periods before and after the spawn. For beaches where all sources of production could 
not be sampled (low and medium), stable isotopic averages were used from the two 
closest beaches (see methods). 
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Abstract 

Background  
The marine-terrestrial transfer of salmon (Oncorhynchus spp.) provides a substantial 

pulse of nutrients to receiving ecosystems along the Pacific coast of North America and 

has been shown to enhance productivity and isotopic signatures of conifers and other 

riparian vegetation. An explicitly spatial, within-watershed investigation of the influence 

of salmon on conifers has never been previously investigated. In a small salmon-bearing 

watershed in Haida Gwaii, Canada, the transfer and distributional pattern of salmon 

carcasses into the riparian zone by black bears provided a spatial basis for investigating 

the influence of salmon on Sitka spruce tree ring growth and nitrogen isotopic signatures 

(δ15N) across a gradient of salmon carcass densities in relation to salmon escapement.  

Results 
Annual growth was found to be highest in the high salmon carcass zone and δ15N 

signatures closely tracked the known distribution of salmon carcasses at distances into the 

forest and upstream. Tree diameter demonstrated a positive relationship with δ15N 

signatures for trees with and without salmon carcass influence. Using an information 

theoretics approach with general linear mixed models (GLMMs), we show that salmon 

abundance, mean annual temperature and the interaction terms salmon 

abundance*temperature and salmon abundance*distance into the forest best predict tree 

growth. In addition, spatial variables (distance into forest and upstream) and their 

interaction are the strongest predictors of δ15N signatures. However patterns observed in 

individual trees, particularly those at increased distance into the forest, suggest positive 

relationships with historical salmon abundance. 

Conclusions 
Using a replicated spatial sampling design across a sharp gradient in salmon nutrient 

loading, our study provides clear evidence that the temporal pattern in an allochthonous 

nutrient source and an interaction with temperature and spatial location influences conifer 

growth.  Although salmon abundance has been previously linked to annual conifer 

growth and δ15N levels, our approach demonstrates the need to incorporate additional 



 

 

136 
predictors including tree size and opens up the prospect of their dual use as historical 

proxies for salmon abundance. 

 

Keywords: Spatial subsidy, Salmon, Nitrogen, Sitka spruce, Conifer, Riparian, Stable 

isotope 
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Background 
Ecological linkages between marine and terrestrial communities are important 

processes structuring coastal ecosystems. One of the most geographically broad linkages 

that has received increased attention in recent decades is the role of migrating salmon 

(Oncorhynchus spp.) to coastal watersheds (1). In addition to the contribution of salmon 

carcasses to primary productivity in lakes and streams (2, 3), salmon also comprise a 

substantial component of the diet in a diversity of marine and terrestrial taxa including 

pinnipeds and bears as well as an extensive history of use by First Nations (4). Despite 

the increased attention and numerous publications, there remains ambiguity and large 

knowledge gaps regarding the relationship between salmon and receiving ecosystems. 

 

During an investigation from 1992 to 1994 at Bag Harbour, an intact salmon watershed 

on the southern reaches of Haida Gwaii, western Canada, it became evident that foraging 

black bears (Ursus americanus) transfer large numbers of salmon from the stream into 

the riparian zone and uneaten remnants of the carcasses accumulate on the forest floor 

throughout the spawning period (5). These carcass remnants were widely distributed but 

the majority occurred within 50 m of the stream with densities averaging 0.2 carcasses/m2 

adjacent to the spawning zones. Multiple scavengers including flocks of corvids and 

dipteran larvae utilized and further dispersed these nutrients (6). Subsequent 

investigations in other watersheds of coastal British Columbia confirmed widespread 

transfer of salmon nutrients to the riparian zone by bears (7) as well as a utilization of 

these nutrients by riparian vegetation (8,9,10), insects (11,12) and songbirds (13). Studies 

in Alaskan watersheds have identified both flooding and hyporheic movement as well as 

predator activity as a source for uploading of salmon nutrients (14,15,16). 

 

The ecological consequences of salmon-derived nutrients to riparian vegetation include 

increased plant growth rates (17,18), enrichment of foliar nitrogen (8,10,14) and altered 

plant community diversity (8,10,19). Because nitrogen is often a limiting nutrient in 

temperate forests of the Pacific Northwest (20), it is possible that short and/or long term 

differences in salmon returns to spawning rivers would co-vary with primary productivity 

in the riparian zone and if so, annual growth rings of these old-growth trees might contain 
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historical information on relative abundance of salmon. The recent identification of 

nitrogen isotopes in small quantities of wood from individual tree rings (9) offers an 

additional direct assessment of the isotopic enrichment of marine-derived nutrients over 

time (21). 

 

We extend the investigation at Bag Harbour and examine the potential influences of 

salmon nutrients on yearly growth in Sitka Spruce, a dominant riparian conifer, through 

analyses of tree  rings. Recent studies suggest that there is limited potential of tree rings 

for interpreting historical trends in salmon abundance due to the complexity of edaphic 

and climatic processes influencing tree growth, the extent of nitrogen uptake and 

translocation among rings as well as stable isotope fractionation (18,22,23,24,25). 

However, the distribution of carcasses has not been quantified in previous studies of 

riparian growth nor has a fine-scale (within watershed) examination of both tree growth 

and δ15N in relation to salmon been previously undertaken. Recently, Drake and Naiman 

(18) provide comparisons across multiple watersheds yet control sites were for 2 to 25 

km distance from salmon sites with no exploration of spatial or temporal within-stand 

relationships to salmon abundance. We established a sampling grid adjacent to Bag 

Harbour stream between the estuary and the headwater lake that encompassed the 

previously identified distribution of salmon carcasses (5,6). Thirty-six of the largest Sitka 

Spruce (Picea sitchensis) located over a range of carcass densities throughout this grid 

were cored and subsequently quantified for yearly radial growth. Yearly abundance of 

salmon in this watershed has been recorded (Department of Fisheries and Oceans 

Canada) from 1947 through to the present and varies by more than an order of magnitude 

among years (range 400-35,000) and consequently, our results and analyses are restricted 

to this time period.  

 

In this study, our objectives are to: 1) characterize the spatial pattern of annual growth 

(tree ring width) and nitrogen isotopic signatures (δ15N) in trees across replicated 

gradients of salmon carcass densities, 2) identify the temporal signatures (1947-2000) of 

radial growth and nitrogen isotope signatures in relation to known yearly salmon 

escapement and 3) assess the predictors of both tree ring growth (index) and δ15N levels 
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using an information theoretics approach that relies on general linear mixed models 

(GLMMs). Potential predictors of growth and δ15N values in annual tree rings included 

environmental (temperature, precipitation and salmon abundance), spatial (distance into 

forest and distance upstream) and total nitrogen as variables. Our replicated transects 

perpendicular to the stream channel across sharp gradients in carcasses and throughout 

the length of the stream along a broad range of salmon spawning densities allowed 

multiple paired comparisons of growth and nitrogen isotope signatures of trees. Although 

not directly exploring the use of tree ring data as a proxy for historical salmon abundance 

in this study, our results are useful for evaluating tree ring growth and δ15N values as 

potential proxies. 

Methods  

Study Area 
Bag Harbour watershed (52˚20’40 N, 131˚22’15 W), located in southeastern Haida 

Gwaii, British Columbia, Canada (Figure 1), is largely composed of old-growth forest, 

mainly Sitka spruce (Picea sitchensis), Western hemlock (Tsuga heterophylla) and 

western redcedar (Thuja plicata).  Alder (Alnus spp) are uncommon in the riparian zone 

of this watershed. One salmon-bearing stream, which ranges from 5 to 20 m in width and 

usually less than 0.5 m depth, is fed by a small lake, located ~1.2 km upstream from the 

estuary. The majority of salmon spawn in gravel beds located between 100 m and 800 m 

upstream, with limited spawning occurring above 800 m. Chum (Oncorhynchus keta) 

make up the majority (>90%) of spawning salmon, although smaller numbers of coho (O. 

gorbuscha) and pink (O. kisutch) salmon are also present (data from Fisheries and 

Oceans Canada). Black bears (Ursus americanus) are the dominant vector of salmon 

from the stream to the forest floor and a diversity of species utilize the abandoned 

carcasses (6).  

Field Methods  
In fall 2000, a riparian sampling grid was established across a previously documented 

gradient of high to zero salmon carcass densities and extending in a 100 m band along the 

stream from the estuary to the lake (5, 6; Figure 2). At each of 15 sites along the length of 

the stream, separated by approximately 100 m, the largest Sitka spruce closest to the 
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stream (usually within 10 m) was chosen for coring. At 11 of these sites, one or two 

additional of the largest spruce were cored along a perpendicular transect into the forest, 

the first near the outer edge of the distribution of salmon carcasses (~50 m) and the 

second, when present, approximately twice the distance from the stream and typically 

comprising the most distant spruce identified from the stream. Spruce were less abundant 

above the spawning reaches of the stream and when present were close to the stream 

channel. We used the presence or absence of salmon carcasses as a general proxy for the 

spatial input of salmon nutrients into the forest. We refer to trees located at sites without 

evidence of carcasses (i.e. those above the spawning reaches and those located most 

distant into the forest) as 'control or reference'  trees. These trees reflect low to trace 

salmon-nutrient loading.    

Tree Core Sampling and Growth Index 
Each spruce was cored at breast height using a 1.2 cm X 40 cm increment borer, 

measured for diameter at breast height (dbh) and distance from the stream and distance 

upstream from the estuary. Presence or absence of salmon carcass remnants around the 

base of the tree (~ 5m radius) was recorded. Cores were oven dried at 60oC for at least 

four weeks, mounted on plastic sheaths, sanded with fine-grade sandpaper and digitally 

scanned. Images of cores were used to individually measure tree ring widths to the 

nearest 0.001 mm using Coorecorder (www.cybis.se) with problematic rings visually 

assessed under a dissecting microscope. Tree ring series were crosschecked for accuracy 

using default settings in COFECHA (26). Individual tree ring series were then fitted to a 

single smoothing spline with a 50% frequency cutoff of 100 years, a procedure that 

removes age-related growth trends in individual series, using the program ARSTAN (27). 

The use of a 100-year spline as opposed to the default 32-year spline is that mid to high 

frequency variations are retained in trends less than 100 years and long-term growth 

related trends are removed (e.g. [18]). We refer to this metric as the ARSTAN-modified 

growth index or growth index in subsequent analyses. 

Stable Isotopes 
Stable isotope samples were collected by excising individual tree rings from dried 

cores using a scalpel blade. When rings were very small (<0.5 mm) and there was 
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insufficient mass for analyses, samples from two or more sequential years were 

combined. We analyzed a relatively complete ring series (1947-2000) on 14 of the trees 

comprising six paired comparisons (carcass vs control) at different positions (Figure 1) 

along the length of the stream channel (#18&20, 15&17, 12&13, 9&11, 6&8, 4&5) and 

two additional control trees (30&28) at 500 and 700 m above the upper reaches of the 

spawning zones. In addition, we analysed 10 rings from each of 11 additional trees 

distributed from the estuary to the headwater lake (#24,25,23,19,16,36,2,31,34,29)  

comprising two time periods (1950-1954, 1975-1979). These two periods were chosen as 

part of a coastwide assessment of nitrogen isotope signatures in conifer tree rings and 

characterize the earliest period (50-54) where salmon abundance is known for most 

watersheds and a recent period (75-79) that largely excludes use of more recent sapwood 

rings. Tree ring samples were ground for five minutes using a Wig-L-Bug Amalgamator. 

Samples (30 mg) were packaged in tin capsules and analyzed for total nitrogen and 

isotopes of nitrogen at the University of California Davis Stable Isotope Facility using a 

PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope 

ratio mass spectrophotometer (Sercon Ltd., Cheshire, UK). Nitrogen isotope results are 

reported in δ notation (δ15N) relative to the international standard of atmospheric N2, in 

parts per thousand. Isotopic abundances are calculated by:  

 

                                 δ15N = Rsample/Rstandard - 1 

 

where R equals the ratio of 15N/14N stable isotopes. Reproducibility of δ15N values on 

replicated wood samples averaged  +/- 1.0‰. 

Environmental Data 
Temporal data included salmon abundance (escapement) data for Bag Harbour (1947-

2000; Fisheries and Oceans Canada) modified using a three-year running average from 

the previous three years. This three-year average with a one-year lag (28) was used as a 

conservative temporal estimate of potential salmon nutrient input. Precipitation and 

temperature data were obtained from nearby Sandspit for the majority of years, with data 

from Tlell or alternatively Masset used when Sandspit data were not available 

(Environment Canada National Climate Data and Information Archive, 
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www.climate.weatheroffice.gc.ca). Total precipitation and mean maximum monthly 

temperature data were generated from September in the previous growth year to October 

of the growth year for any given tree ring, as these periods more closely reflect the 

biological year (29,30).  

Generalized Linear Mixed Models 
We assessed the influence of salmon abundance and other potential predictors on tree 

growth using the ARSTAN-modified growth index and δ15N isotopic enrichment 

separately, using an information theoretics approach. Predictors were selected due to their 

availability but most importantly, their possible influence on tree growth and δ15N values. 

For both model sets, response variables were first examined with all potential predictor 

variables to determine the nature of the potential relationship. Predictor variables were 

also examined for collinearity. Statistical analyses were performed using SPSS v.20 

(IBM, USA).  

 

Predictors of the growth index were assessed using General Linear Mixed Models 

(GLMMs) for the period 1948-2000. Individual trees (n = 36) were specified as random 

factor subjects with year as the repeated measure. Covariance was specified as AR1 in 

order to account for the autoregressive nature of the data. Growth index, the response 

variable, was transformed closer to normality using a Box-Cox transformation and 

salmon abundance, precipitation and temperature were log transformed. Thirty-two 

biologically feasible models were constructed using the predictor variables salmon 

abundance, precipitation, temperature and the interaction with distance upstream 

(upstream) and distance into the forest (forest). Spatial predictors were only included as 

interaction terms due to the consequence of ARSTAN growth index, which standardizes 

tree series, thus removing the main spatial effects of growth, along with age-related 

trends. The null model (intercept only) was also included. Models were ranked using 

Aikaike’s Information Criteria for finite sample sizes (AICc). Where more than one 

model was ranked with an AIC value of >2, model averaging of the confidence set of 

candidate models was performed on parameter estimates and variances. The confidence 

set of candidate models was based on those with a cumulative sum of >95% AICc 

weight. 
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Predictors of δ15N isotopic enrichment for individual tree rings were also assessed 

using multiple General Linear Mixed Models (GLMMs) for the period 1948-1989 (n = 25 

tree cores, n = 681 rings). Tree ring isotopic signatures obtained in years more recent than 

1989 were excluded due to elevated total nitrogen and variable δ15N isotopic values in the 

biologically active sapwood (Reimchen and Fox, unpublished data).. Individual trees 

were specified as random factor subjects with year as the repeated measure. Covariance 

was specified as autoregressive (AR1) in order to account for the autoregressive nature of 

the data. Distance into the forest and tree dbh demonstrated an unacceptably high level of 

collinearity. As there was a strong relationship between δ15N and tree dbh, we adjusted 

δ15N isotopic enrichment values based on a dbh correction function generated using a 

linear regression of dbh and the δ15N values of all trees: 

 

                        log Y'ij = [log Yij - (vj(log xi - log x)] 

 

where Y'ij is the adjusted value of δ15N for year i, Yij  is the original δ15N value, vj is the 

regression slope, xi is the annual radial growth of year i and x the δ15N signature for the 

year 2000. We present data for both unadjusted and dbh-adjusted isotopic signatures but 

only use the latter for analysis using GLMMs. 

 

Dbh-adjusted δ15N isotopic signature, the response variable, was transformed closer to 

normality using a Box-Cox transformation, growth index was log transformed and 

distance upstream (upstream) was converted to a categorical value (above and below 800 

m) due to a non-linear relationship with the response variable. Twenty-three biologically 

feasible models were constructed using the predictor variables salmon abundance (1 year 

lag), growth index, percent nitrogen, categorical distance upstream (upstream), distance 

into the forest (forest) and interaction terms. Interaction terms involving spatial predictors 

and the growth index were not included. The null model (intercept only) was also 

included. Models were ranked using Aikaike’s Information Criteria for finite sample 

sizes (AICc). 
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Results 

Spatial Trends 
In the 15 transects between estuary and the headwater lake, trees in the carcass zone 

were larger (mean = 393 cm, n=17) than adjacent control trees (mean = 278 cm, n = 17, t 

= 3.5, P<0.001) but did not differ in average age (mean = 380 and 445 yrs respectively, t 

= 0.6, P = 0.51). The largest average annual growths (all years) were found in trees 

adjacent to the major spawning reaches of the stream but average growth did not vary 

with respect to distance into the forest (P = 0.65). Among the 25 trees with stable isotope 

data, δ15N signatures (1975-1979) ranged from -6.6 to 9.2 among trees, with the highest 

values occurring with carcasses (mean δ15N = 2.5, n = 15) than in the control trees (mean 

δ15N = -2.4, n = 10).  Data were similar for 1950-1954 (overall range:  minus 6.1 to 9.4; 

carcass trees mean δ15N = 1.0, n = 15, control trees mean δ15N = -4.1, n = 10). We 

examined the interaction between tree size (dbh) and isotope values and found a 

significant positive slope (Beta = 0.72, P<0.001) with a similar trend for both carcass and 

non-carcass trees although only significant in the former (Figure 3). Percent nitrogen was 

marginally but non-significantly higher for carcass trees (6.2%) than control trees 

(5.2%)(F=1.0, P=0.31) 

Temporal Trends 
We have relatively complete isotope data (1947-2000) for 14 trees. Within most of 

these (Figure 4), the unadjusted δ15N signatures varied approximately 5‰ over the 53 

years with some trees (Figure 4A, BH18, Figure 4D, BH9) showing a depletion 

historically and others (Figure 4E, BH6, Figure 4F, BH4, BH5, BH30) exhibiting higher 

signatures in the past. Five of the six trees found further from the stream had lower 

signatures (5-13‰) relative to trees located closer to the stream, with a single exception 

(Figure 4C, BH13), but in this case, salmon carcasses were present in both sites. The 

highest signatures of any tree (BH4, Figure 4F), reaching 12‰, occurred in the major 

bear-foraging area. These signatures were ~10‰ higher than the corresponding control 

tree (BH5) 50 m into the riparian zone but this difference was greatly reduced historically 

as demonstrated by the  increased isotopic signatures in the control tree during earlier 

periods. When we corrected isotope data for size of tree in each year, the temporal trends 

suggest the control tree increased by 10‰  achieving similar isotopic signatures to BH4 
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during the earliest sampling period in 1947. Smaller increases (~ 5‰) of size-adjusted 

values occurred historically in three additional carcass trees (BH15, BH12, BH6) and in 

three control trees (BH20, BH17, BH28). The lowest unadjusted and adjusted signatures 

occurred in the two control trees (BH30, BH28; Figure 4F) above the upper extent of the 

spawning zone and both of these showed a 3-5‰ increase back to 1947. We evaluated 

the relationship with salmon abundance which fluctuated from ~3000 in the late 1990s to 

~30,000 in the late 1940's. Five of the 14 trees showed a non-significant negative 

association while nine showed a positive relationship between size-adjusted δ15N and 

salmon abundance of which four (BH17, BH13, BH5, BH28) were statistically 

significant (P<0.05). 

Temporal Trends for GLMM Variables 
To provide a visual context for variables used in the GLMMs, we characterize the 

mean values for  standardized growth index,  δ15N, percent nitrogen, salmon abundance, 

temperature and total precipitation (Figure 5). Standardized growth was highly variable, 

with clear peaks in mean growth over the study period (Figure 5A). Adjusted δ15N was 

also highly variable with decline in mean values towards the present (Figure 5B). Percent 

nitrogen showed low variance among years apart from the recent decades which showed 

a striking increase in percentages concordant with the outer active sapwood (Figure 5C). 

Salmon escapement fluctuates over time with two large pulses occurring in the late 

1940's and early 1960's (Figure 5D) and a general decline with time from the 1960's to 

the recent. Abundances in Bag Harbour prior to the mid-1940's are not currently known 

but are anticipated to have been higher (31).The environmental variables, mean 

temperature and total precipitation, were calculated for the biological year. On average, 

temperatures generally increase with time (Figure 5E) and Bag Harbour and the 

surrounding area receives between 1200 and 2100 mm of precipitation (mainly in the 

form of rain) for the biological year (Figure 5F). 

Predictors of Growth using GLMMs 
Due to a lack of discrimination for the highest ranked model using AICc, the top two 

ranked models that best predicted the growth index were averaged and the reported 

cumulative weight (ωi= 0.998) generated using both model terms (Table 1). Leading 
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models include the temporally dynamic predictor variable salmon abundance, 

temperature and the interaction terms salmon*temperature and salmon* distance into the 

forest. Summing parameter weights across the candidate set of best-supported models 

demonstrated the high relative importance of salmon, temperature and the interaction 

between salmon and temperature; spatial interaction terms with salmon were lesser 

contributors to the top model set (Table 2). Although parameters estimates were small, 

particularly for the influence of temperature (Table 3), we note that the growth index is a 

heavily modified metric and both means and variances are standardized between tree 

series. Salmon, the interaction between salmon abundance and temperature had positive 

parameter estimates, as did the interaction between salmon abundance and the distance 

into the forest. The interactions between (1) salmon abundance and temperature and (2) 

salmon abundance and distance into the forest were similar, with a larger influence of 

salmon abundance on growth at higher temperatures and similarly, a larger effect of 

salmon abundance with increasing distance into the forest (Table 3). 

Predictors of δ15N using GLMMs 
In contrast to the predictors of growth, the two spatial variables and their interaction 

best predicted δ15N isotopic enrichment in individual tree rings (1948-1989; Table 1). 

Summing parameter weights across the top three best-supported models (>95% ωi) 

demonstrated the high importance of the spatial predictors of distance into the forest, 

distance upstream and their interaction with far lower support for the salmon and growth 

(Table 2). Distance into the forest, distance upstream and their interaction negatively all 

had negative parameter estimates (Table 4). The interaction between distance upstream 

and into the forest is interpreted as having a lesser importance of distance into the forest 

with distance upstream (Table 4). The two spatial predictors (distance into the forest and 

distance upstream) were significant (p<0.05; Table 4). Although four of the 14 trees 

yielded a significant positive covariation between isotopic signatures and salmon 

abundance, this effect is accentuated on trees occurring at low carcass densities. Notably, 

our model-based inference did not identify salmon abundance as an important predictor. 

We also ran the GLMM using the full temporal complement (1948-2000) in order to 

include the last decade of high nitrogen levels in the sapwood and found the identical top-

ranked models relative to the original model-based selection (Table 1). 
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Discussion 

The spatial patterns of carcass distribution, with declining carcasses with distances 

upstream and into the forest, delineated our study area and provided the spatial 

framework for our analysis. Of the multiple predators and scavengers observed at Bag 

Harbour, Haida Gwaii, during the five separate salmon spawning runs (1992, 1993,  

1994. 1998, 2000), black bears were the dominant species responsible for the movement 

of salmon from the stream into riparian zones (5). In 1993, eight bears uploaded 3100 

salmon (10,700 kg) to the riparian zone (32) and consumed approximately one-half of 

each carcass leaving 330 g of carcass remnants/m2 or 10g N/m2 (6). These estimates are 

similar to those documented in Alaska, where Gende et al. (15) estimated that bears 

contributed 5 mg N/m2 to 10 m strip adjacent to a salmon stream. In addition, brown 

bears contributed approximately 5 mg N/m2 in a 500 m region adjacent to an Alaskan 

stream, of which 97% was added via urine (15).  In addition to nitrogen provided by 

salmon carcasses, this input was estimated to account for 10-25% of the forest nitrogen 

budget (15). Despite the quantitative estimates for quantity and spatial extent of 

carcasses, we note that abundance and spatial extent of the carcass distribution at Bag 

Harbour probably comprises only a fraction of historical levels; in the late 1940s and 

early 1960's, the size of the spawning run was approximately seven times the abundance 

in 2000. Further, the bear trails that occurred beyond the high carcass zone and above the 

upper reaches of the spawning area (6) broaden the potential contribution of urine-

derived nitrogen at much greater distances than examined. 

 

Adjacent to the main spawning area, where salmon carcass densities were highest, we 

also found high annual radial tree growth. However, high growth was also found further 

into the riparian zones where carcasses were much less abundant but bear trails and 

assumed urine deposition were prevalent. Other studies on the annual growth of Alaska 

Sitka spruce (based on basal area) that grew adjacent to salmon streams found that these 

trees grew at more three times the rate of trees at reference sites above waterfalls of 

unknown distance from the salmon spawning areas (17). This elevated productivity of 

trees led to further examinations of the temporal relationship between salmon abundance 

and tree growth at the watershed level. After an initial investigation (28), an examination 
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of nine sites detected positive relationships between tree ring growth and salmon 

abundance at five locations, which allowed for the historical reconstruction of salmon 

runs at five locations (18). 

 

Similar to Drake and Naiman (18), our results generated using indexed growth clearly 

suggest that salmon abundance has a positive influence on tree growth. However, instead 

of using reference sites located at a distance (2-25 km;18) , we used within-watershed 

trees across a sharp ecological gradient from high to very low or zero salmon-nutrient 

loading. Relying on model-based inference, we found that the abundance of salmon and 

temperature are major predictors of the tree growth index, with all other predictors 

consisting of salmon abundance and its interaction with temperature and distance into the 

forest. Interestingly, the interaction between salmon and distance into the forest was 

positive. Initially considered counterintuitive, this positive relationship may be the result 

of elevated nitrogen levels in areas with higher salmon loading where, as a consequence, 

trees may not always be nitrogen-limited. Their growth, although high, may not correlate 

as closely with salmon as trees that are more nitrogen-limited and experience lower levels 

of salmon-derived nitrogen. Considered initially as controls, the growth response of trees 

at larger distances from the spawning gravel beds (less than 800 m) to salmon abundance 

provides evidence that the spatial effects of salmon on tree growth extend at least 90 m 

into the riparian zone and likely further.  Temperature and the interaction between 

temperature and salmon abundance were also highly ranked as predictors, suggesting that 

differencing techniques for the removal of environmental signals from a chronology (e.g. 

[18]) may, at the minimum, remove some of the influences of salmon and subsequently 

alter reconstructions.  

 

Patterns of δ15N enrichment tracked what is known of the spatial transfer of salmon 

into the forest, with higher levels of enrichment found adjacent to the spawning area and 

declining with distance into the forest and above the upper reaches of the spawning zone. 

Not surprisingly, the use of GLMM confirmed our visual assessment; spatial variables 

were found to be the strongest predictors of δ15N at Bag Harbour. This finding is similar, 

although on a much finer spatial resolution, to Hocking and Reimchen (34), who found 
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that chum salmon abundance was a leading predictor of δ15N variation in plants and 

invertebrates at the watershed level. Similarly, Hilderbrand et al. (15) found that not only 

δ15N signatures of white spruce decline with distance from salmon-spawning streams, but 

that the activity of radio-collared brown bears were highly correlated with this same 

gradient of depletion. 

 

The mechanism of the influence of salmon on tree growth is generally considered to be 

related to the input of salmon-derived nitrogen to nitrogen-limited trees. In addition to 

growth being positively influenced by salmon abundance, δ15N derived from salmon and 

subsequently laid down in annual tree rings may provide an additional proxy for salmon 

abundance. An experimental study that monitored the uptake of δ15N by western redcedar 

trees (Thuja plicata) found that δ15N uptake in the fall was distributed to leaves and stems 

in the spring, which substantiates our use of a one year lag effect (24) but also furthers 

the idea that salmon-derived δ15N could be linked to salmon abundance, similar to 

growth. Studies of natural δ15N levels in tree rings have suggested that they may reflect 

patterns of atmospheric nitrogen deposition (e.g. [35]) and fertilization studies have 

demonstrated that tree ring δ15N changes may reflect the historical N regime in a forest 

(36). Kiernan and Johnson (21) found relatively weak support for the idea that δ15N levels 

in tree rings can be linked to salmon abundance and suggested that nitrogen dynamics in 

the adjacent stream, soil and within-tree may have acted to obscure their ability to 

discriminate salmon-derived and autochthonous sources of N.  

 

Major factors that remain poorly understood, and which potentially confound the use of 

δ15N levels as a predictor of salmon abundance in this study and others, include 

denitrification, nitrogen isotope fractionation, translocation of N isotopes across tree rings 

(e.g. [35, 36]) and local soil and stream nitrogen dynamics (21, 37). In particular, 

denitrification, where 14N is preferentially lost in the system and higher proportions of 
15N remain, could be particularly problematic if it varied with spatial patterns of salmon 

loading (e.g. [38]). Similar δ15N declines with distance away from the salmon spawning 

area (up to 150 m) have been previously attributed to salmon-derived nutrients but these 

conclusions were strengthened by a lack of similar declines on nearby non-salmon 
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bearing streams (39). While we have no prior expectation that denitrification varied 

spatially over the study site we cannot discriminate denitrification from salmon loading 

using δ15N if the two are similar.  

 

The close spatial coupling between the distribution of salmon carcasses at Bag Harbour 

and the δ15N signatures of trees, particularly the steep gradients in signatures (5-10‰) 

over short distances (50 m), suggest that tree ring δ15N signatures in this watershed may 

be proxies for historical nutrient uploading in this watershed. Although there are a 

number of feasible alternative explanations, we make several possible inferences if these 

δ15N patterns are linked to salmon. In the riparian zone adjacent to the current major 

spawning and bear feeding areas, there has been general temporal continuity of the 

nutrient uploading during the last five decades. Yet, in the upper reaches of the 

watershed, between the present spawning zone and the headwater lake, and in two trees 

further downstream in the low carcass zone, where there is no current salmon transfer, 

δ15N signatures were historically equivalent to those observed in the major feeding areas, 

but have become depleted by approximately 5 ‰ by 2000, suggesting a historically wider 

distribution of salmon-derived nutrients. Consistent with this suggestion, there was also a 

depletion in yearly isotopic signatures, relative to historic periods, and which are more 

similar to the yearly variability in trees in present high carcass densities. There was a 

limited isotopic signature of the two major pulses of salmon recorded in the late 1940s 

and early 1960's apart from two of the low-carcass density trees (BH5 and BH30). Bears 

abandon a greater number of carcasses and consume a smaller proportion of each carcass 

when salmon escapement is relatively high (6) yet it is likely that numbers of bears in a 

watershed are determined on average annual salmon escapement, rather than yearly 

fluctuations. If so, this would decouple any immediate covariation and reduce the chances 

of detecting year to year fluctuations, thus limiting the application of isotopic proxies for 

salmon abundance to a longer time frame. 

   

Tree ring information has been used as a proxy for constructing historical salmon 

abundances at multiple watersheds with riparian zone stand chronologies and nearby 

salmon-free controls (18) and at the regional level in climate-sensitive series (40), both 
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with some success. Similar techniques have been employed to examine historical seabird 

activity extending from the input of guano to forested nesting colonies (41,42). Our 

study, although not completing salmon reconstructions and offering only a relatively 

short time-scale analysis, provides insight into the use of growth indexes and tree ring 

δ15N as proxies for historical salmon abundance. We observed that δ15N signatures 

exhibit a relatively consistent decrease from large to small trees both in high and low 

carcass density zones allowing calibration of δ15N in cores that extend from the cambium 

towards the center. Without a dbh-correction, δ15N values tend to remain somewhat 

stable over time. Yet, because we detected a strongly positive relationship between tree 

dbh and δ15N and subsequently used this relationship as a calibration factor, δ15N values 

demonstrate a decline over time. We also found elevated isotopic signatures in the late 

1940's and 1950's of several trees that are currently in low carcass zones, suggesting 

elevated salmon uploading at that time. This size factor has consequences for potential 

use and improvement of salmon abundance reconstructions (e.g. [21]), although further 

investigation is required. 

 

Our study, which  reaffirms the importance of salmon to riparian productivity and 

contributes new insight for the complex, spatiotemporal influences of salmon abundance, 

temperature and tree location relative to salmon upon conifer growth and δ15N levels. 

Both of these variables provide strong spatial indicators. The use of δ15N for temporal 

reconstructive purposes remains challenging. We speculate that the appropriate choice of 

trees in riparian zones across ecological gradients of salmon carcass densities and bear 

activity and the isotopic correction for yearly changes in tree size may allow improved 

assessment of tree ring growth as a historical proxy for salmon abundance and 

distribution during previous centuries in watersheds where ancient trees still persist.  

 

List of Abbreviations 
AICc: Akaike’s Information Criteria for finite sample sizes  

BH: Bag Harbour 

dbh: diameter at breast height 

GLMM: General Linear Mixed Model 
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Table 1. Top ten most highly ranked models of indexed annual Sitka spruce growth and 

δ15N isotopic enrichment. Model predictors are annual salmon abundance (salmon), mean 

maximum temperature (ºC) for the biological year (temperature), distance from stream 

(forest), distance upstream (upstream), total precipitation for the biological year 

(precipitation) and derived annual tree ring width (growth index; see methods). Models 

were ranked using AICc values. For predictors of the growth index, the top two models 

were averaged. 

Response 
Variable 

Model 
Rank 

Model Predictors AICc Δ 
AICc 

ωi 
 

Growth 
index 

     

 1 salmon, temperature, 
salmon*temperature, salmon*forest 4367.54 0.00 0.60 

 2 salmon, temperature, 
salmon*temperature 4368.34 0.80 0.40 

 3 salmon, temperature, precipitation, 
salmon*temperature, 
salmon*precipitation 4379.01 11.47 0.00 

 4 salmon, temperature, 
salmon*temperature, salmon*upstream 4381.63 14.09 0.00 

 5 null (intercept only) 4390.26 22.73 0.00 
 6 temperature, precipitation, 

temperature*precipitation 4390.94 23.41 0.00 
 7 salmon, salmon*forest 4391.44 23.90 0.00 
 8 salmon 4392.14 24.61 0.00 
 9 temperature 4394.52 26.98 0.00 
 10 salmon, salmon*upstream 4394.98 27.44 0.00 

δ15N      
 1 forest, upstream, forest*upstream 281.20 0.00 0.77 
 2 growth index, forest, upstream, 

forest*upstream 284.53 3.23 0.15 
 3 forest, upstream, salmon, 

forest*upstream 286.89 5.68 0.05 
 4 

growth index, forest, upstream 287.40 6.20 0.03 
 5 forest 294.03 12.83 0.00 
 6 growth index, forest, upstream, 

forest*upstream, salmon*growth index 296.70 15.49 0.00 
 7 forest, upstream 297.28 16.09 0.00 
 8 growth index, forest 297.28 16.09 0.00 
 9 upstream 298.82 17.61 0.00 
 10 salmon, forest 299.66 18.46 0.00 
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Table 2. Sum parameter weights (ωi) for the confidence set of candidate models for 

growth index (top two models based on model averaging) and δ15N isotopic enrichment 

models (top three models; ωi =95%), ranked using AICc. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Response 
variable 

Parameter Sum ωi 
 

growth index   
 salmon 0.998 
 temperature 0.998 
 salmon*temperature 0.998 
 salmon*forest 0.597 

δ15N   
 forest 0.963 
 upstream 0.963 
 forest*upstream 0.963 
 growth index 0.146 
 salmon 0.045 
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Table 3. Parameter estimates and associated statistics for the best-supported  

growth index model, as done by model averaging for the top two models. 

 

Response 
Variable 

Parameter Estimate Std. Error 95% CI 
Upper  Lower 

growth index      
 intercept -0.005 0.00 -0.01 0.00 
 salmon 0.081 0.01 0.10 0.06 
 temperature 0.001 0.00 0.00 0.00 
 salmon*temperature 0.086 0.01 0.10 0.07 
 salmon*forest 0.074 0.00 0.08 0.07 
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Table 4.  Parameter estimates and associated statistics for the best-supported δ15N 

isotopic enrichment model. 

 
Response Variable Parameter Estimate Std. Error F p value 

δ15N      
 intercept 0.32 0.14 3.63 0.070 
 forest -0.68 0.15 9.03 0.006 
 upstream -1.76 0.59 8.96 0.007 
 forest*upstream -0.97 0.77 1.57 0.223 
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Figure 1. Study area, 36 tree core locations (closed triangles) and high salmon spawning 

area at Bag Harbour, Haida Gwaii, British Columbia, Canada. Numbers refer to tree core 

identities. 
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Figure 2. Average distribution of bear-transferred salmon carcasses with distance (m) into 

the forest at major spawning reach at Bag Harbour, Haida Gwaii. Information was 

obtained from searches of the forest areas adjacent to spawning gravels, below 800 m 

upstream (data from Reimchen 1994). 
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Figure 3. Relationship between mean tree δ15N values (1975-1980) and trunk dbh (cm) at 

breast height at Bag Harbour, Haida Gwaii. Circles represent individuals trees with 

salmon carcasses present (closed circle) and absent (open circle). Numbers above 

symbols represent tree age, as determined by coring. Standardized regression coefficients 

shown for salmon carcass trees and control trees. Statistical probabilities (P<0.01 & NS) 

shown for two regression slopes. 
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Figure 4. δ15N isotopic enrichment values (unadjusted-grey line) and dbh-adjusted-dark 

line) for Bag Harbour trees cored across gradient in salmon carcass density. Panels 

organized (top left, top right etc.) for increased distance from the estuary. Panel A: 

BH18(200 m upstream, 1 m into forest, carcass present) BH20 (200 m upstream, 80 m 

into forest, carcass absent); Panel B: BH15(300 m upstream, 4m into forest, carcass 
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present) BH17 (300 m upstream, 90m into forest, carcass absent); Panel C: BH12(400 m 

upstream, 1m into forest, carcass present) BH13 (400 m upstream, 27m into forest, 

carcass present); Panel D; BH9 (500m upstream, 3m into forest, carcass present) BH11 

(500m upstream, 66m into forest, carcass absent); Panel E: BH6(600m upstream, 4m into 

forest, carcass present) BH8 (600m upstream, 64m into forest, carcass absent); Panel F: 

BH4(700 m upstream, 1m into forest, carcass present) BH5 (700m upstream, 48m into 

forest, carcass present); BH30(1000m, 3m into forest, carcass absent), BH28(1200m 

upstream, 31m into forest, carcass absent). 
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 Figure 5. (Panel A) Mean annual tree growth index, averaged for 36 tree ring series with 

dashed lines indicating standard error (Panel B) mean annual δ15N isotopic values for a 

subset of tree rings (dbh-adjusted) with dashed lines indicating standard error, (Panel C) 

mean annual percent nitrogen (%) with dashed lines representing standard error, (Panel 

D) annual salmon abundance (3 year running average, lagged 1 year) at Bag Harbour, 

Haida Gwaii, (Panel E) mean maximum monthly temperature (°C) and (F) total 

precipitation (mm) from local weather stations (Sandspit, Masset and Tlell, Haida Gwaii) 

for the biological year (1948-2000). The vertical dashed line in 5C indicates data that was 

not included in a second δ15N GLMM run using a subset of temporal data (1948-1989). 
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Hibernation and denning are essential to Ameri-
can black bears (Ursus americanus) throughout
much of their range. Although den structure varies,
it is generally agreed that dens provide the important
functions of shelter and safety (Davis 1996). In
coastal Alaska, studies indicate that most black
bears den in upland areas and largely relied on large
or old-growth trees (Erickson 1982, Hanson 1988).
Studies of coastal areas that did not include
shoreline habitats in Alaska and British Columbia
(BC) suggest that black bears often den in upland
areas or on slopes (e.g. Miller 1990, Davis 1996).
Here, we report the opportunistic discovery of active
black bear dens directly adjacent to a beach used for
foraging.

Study area and methods
Hazard Point (50u299590N, 128u019470W) is located

in Forward Inlet, Quatsino Sound, on the northwest
coast of Vancouver Island, British Columbia, Cana-
da. The site is in the Coastal Western Hemlock
biogeoclimatic zone, which is characterized by a cool
and wet climate. The forest of Hazard Point was
mostly hand-logged approximately 60 years ago but
a small number (,10) of old-growth Sitka spruce
(Picea sitchensis) remained near the shoreline during
the study. Forests were composed primarily of second

growth Douglas-fir (Pseudotsuga menziesii), red alder
(Alnus rubra), western red cedar (Thuja plicata), Sitka
spruce, and western hemlock (Tsuga heterophylla).
The moderately exposed cobble and boulder beach
was estimated at 30–100 m wide at low tides. The
supraintertidal zone was relatively narrow, with a
width estimated to vary between 1 and 3 m and largely
composed of logs, wrack, and other marine detritus.
The forest is located immediately adjacent to the
supraintertidal zone. Within this general area, we
delineated at small study area of approximately 6 ha.

As part of a study focusing on wildlife foraging in
the intertidal zone, our objective was to document,
mark and collect wildlife scat and other prey remains
in the forest. On 6 March 2009, 2 persons searched
the entire terrestrial area of Hazard Point on foot.
Each searcher walked parallel transects oriented
perpendicular from the forest boundary to the
beach. A total of 4 m of forest floor (2 m on each
side of searcher) were searched per transect, and the
area searched was adjacent to the previous transect.

We defined active dens as structures that showed
evidence of recent use by black bears. Evidence of use
included bear scats near or within a den site and black
bear hairs inside the den. Anytime we heard a sound
we interpreted as a bear, we defined the structure from
which it came as an active den; we did not hear any
sounds on 6 March but did so later. Dens we defined
as active during the initial site survey (6 Mar), were
monitored for activity during subsequent visits (17
Mar and 5, 9, 13, 23, 24 and 29 Apr 2009). We also
monitored 5 structures that showed no signs of
activity during the first site visit but that could have
been used as dens during subsequent visits. We
inferred the age of bear scats qualitatively by the
amount of erosion from rain and snow and removed
or marked them when encountered. Scats deposited
within or near dens subsequent to our initial visit
provided further evidence of use and were assessed for
erosion and moistness to infer their age.

We measured the distance between dens and the
nearest forest edge by counting our paces and
estimating average pace length. On 17 March, we
placed approximately 0.2 m duct tape in prominent
locations inside 3 active dens at heights only
accessible by large mammals and birds to collect
hair samples.4cfox@uvic.ca
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During 3 March–29 April 2009, we placed 1
camera (Reconyx Silent ImageTM, Model RM30,
Wisconsin, USA) equipped with an infrared motion
detector and infrared illuminator perpendicular to a
wildlife trail and adjacent to the supraintertidal zone.
A boat-based survey of Forward Inlet had deter-
mined beach observation sites in December 2008.
Separately, beach-based observations by 1–2 persons
were also undertaken at Hazard Point and 2 beaches
that allowed for observation of Hazard Point at
distances of approximately 1.5 and 2 km, beginning
on 2 March 2009 and continuing until 29 April 2009.
In this paper, we report only on the identity and
general behavior of black bears at Hazard Point.

Results
We found 5 active black bear dens at Hazard Point

during the search on 6 March. Two dens were located
in large stumps (Sitka spruce and western red cedar),
2 in large stump and root bole complexes (both
western red cedar), and 1 in a live Sitka spruce with a

trunk abnormality (Fig. 1). An additional den that
had no evidence of use in March was later identified
as active from the presence of scats estimated to have
been deposited within the structure during April. This
den was identified as active on April 24 and consisted
of a fallen Douglas-fir and root bole complex.
Because this structure appeared to have been used
in April only, we could not reject the possibility that it
was only used as a post-emergence resting site. The
mean distance of active dens from the shoreline was
13.5 m (SD 5 8.7). Three active dens were close
(,3 m) to each other, and the remaining 3 active dens
were distributed throughout the forest, each with
different trails that led to the beach and interior to the
forest.

We did not observe bears in dens, but from the
estimated age of scats that we found close to all dens,
we infer that at least 1 bear was present during late
fall or early winter, February, March, and April. On
17 March, we collected hair from the den in the large
Sitka spruce stump. We also heard sounds that we
interpreted as coming from bears outside the western

Fig. 1. Photograph of an active black bear den located in a large tree stump at Hazard Point, British Columbia.
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red cedar stump and root bole dens but, due to the
nearness of these dens (,3 m) and their excavated
nature, we could not visually detect black bears or
determine the location of the sounds. The duct tape
inside the Sitka spruce stump den was found in
pieces outside the den on 5 April. We also found the
skeletons of a small cub and of an adult black bear
,2 m from several dens on 6 March. From the small
size of the skeleton (skull length 5 13.8 cm), we
judged the cub to have died in spring; based on the
degree of decomposition, we guessed that both bears
died during 2007 or 2008.

During boat-based surveys on 6 December 2008,
observers saw an adult black bear foraging in the
intertidal zone at Hazard Point. The first bear in
spring was observed foraging in the intertidal zone at
Hazard Point on 31 March 2009, and the remote,
motion-triggered camera at Hazard Point first
captured an adult bear moving toward the beach
on 2 April 2009. Subsequent beach-based observa-
tions at Hazard Point were all of a single, adult bear
foraging in the intertidal zone, perching in shoreline
trees adjacent to several dens, and resting on trails
adjacent to the beach throughout April. We believe
that all observations were of the same individual
because of the animal’s size and distinctive markings
as well as movement patterns (frequent observations
that the individual came from and returned to the
forest where dens were located).

Discussion
Reports of black bear dens close to marine shores

are rare; our discovery of the dens was unexpected.
Of the few den studies conducted along the Pacific
coast of North America that note location or
elevation, only one reported a den close to shore
(Erickson 1982). A black bear den close to shore has
also been observed elsewhere on Vancouver Island
(A. Hamilton, British Columbia Ministry of Envi-
ronment, Victoria, British Columbia, Canada, per-
sonal communication, 2009). Despite our lack of
direct observations of a black bear occupying dens,
multiple lines of evidence indicate that a black bear
occupied a number of dens at Hazard Point over the
denning period. Further, the presence of an adult
and cub skeleton adjacent to several dens suggests
earlier use of coastal dens.

In general, black bears display a trend toward
reduced dormancy in regions with milder climates
and longer periods of food availability (Hamilton
and Marchington 1980). The Hazard Point area may
offer a favorable environment with year-round,
reliable supplies of intertidal food relative to upland
sites. However, given the limited knowledge of
coastal black bear dens, we cannot determine how
the Hazard Point dens compare to other potential
den sites in the area, and can make no statements
about den site preference. We suggest that additional
research into coastal black bear den site character-
istics and selection is needed.
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