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Abstract

The movement of nutrients across ecosystem boundaries can affect recipient
ecosystems at individual, population, and community levels. This is particularly the case
when more productive systems subsidize less productive ones, where subsidies can
sustain and enhance populations in nutrient-poor recipient environments. One prominent
example of this is the annual migration of salmon from the marine environment into low-
productivity freshwater streams for spawning. This thesis uses data collected from 47
near-pristine streams on the central coast of British Columbia to study spawning chum
(Oncorhynchus keta) and pink (O. gorbuscha) salmon and the ecological implications of
their nutrient subsidy, focusing on stream-rearing juvenile coho salmon (O. kisutch).
While considering a broad suite of habitat characteristics, the strongest predictors of
juvenile coho size and abundance were spawning chum and pink salmon abundance.
Streams with more spawning chum salmon had larger coho, while streams with more
spawning pink salmon had higher coho populations. Further, the evidence suggested the
negative association between juvenile coho and their intraguild predators/competitors,
sculpin (Coftus aleuticus and C. asper), may be reduced as more spawning salmon
nutrients became available. Altogether, this thesis shows strong impacts of marine-
derived nutrient subsidies to freshwater ecosystems at multiple ecological scales. In
general, it provides insights into the ecological mechanisms by which species interact
with their environments, the potential for nutrient subsidies to affect recipient populations
through changing food supply and predator-prey dynamics, and the role of multi-trophic
interactions in subsidized trophic cascades. In specific, this research improves our
understanding of the potential positive feedback between different species of salmon
while incorporating the importance of multiple habitat characteristics. This has the
potential to inform conservation and ecosystem-based management, particularly in light

of the drastic decline in spawning salmon abundance in northern Pacific regions.

Keywords: nutrient subsidy, habitat-abundance relationships, indirect interactions,
intraguild predation, spawning salmon, juvenile coho, freshwater streams
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1 General Introduction

Understanding what affects the abundance of populations has always been a
central challenge in ecology. Several components may come into play, such as habitat
characteristics, nutrient availability and predator-prey dynamics. In this thesis, | examine

how each of these factors affects species abundance.

Effects of abiotic habitat characteristics on species abundance and distribution
were recognized early on in ecology (e.g. Salisbury 1926, Chapman 1931, McArthur
1972), yet are still being explored for many species. Abundance can also be determined
by food availability (Chapman 1966), and movement of nutrients across ecosystem
boundaries can play a major role in determining species abundance in recipient
environments (Polis et al. 1966, Nakano and Murakami 2001). Nutrient transport through
geophysical processes and the movement of organisms themselves can link a wide
range of environments, such as such as above- and below-ground terrestrial systems
(Scheu 2001), sea ice and arctic islands (Roth 2002), and streams and forests (Nakano
and Murakami, 2001). Spatial and temporal subsidies of nutrients can have various
effects on recipient ecosystems’ population abundance and distribution (Polis and Hurd
1996, Sanchez-Pintero and Polis 2000, Garcia et al. 2011), as well as individual growth
and condition (Marczak and Richardson 2008, Young et al. 2011). Growth and condition
can ultimately affect species abundances through migration timing (Giannico and Hinch
2007), fecundity (Wootton 1998), competitive and predatory success (Vincenzi et al.
2012) and survival (Groot et al. 1995). This has been demonstrated extensively on
desert islands for example, where nutrient transfer through marine detritus and seabird
guano supported much higher arthropod, lizard and rodent abundances on islands with
subsidies than without (Strapp et al. 2002, Spiller et al. 2010, Piovia-Scott et al. 2011).

At the same time, species abundance may be controlled by interactions with

other species through predation and competition (e.g. Paine 1966). Nutrient subsidies



across ecosystem boundaries can affect predation and competition, and stimulate
indirect effects and trophic cascades (Polis and Strong 1996). Trophic cascades fuelled
by nutrient transfer can have important impacts on the dynamics between species
(Nakano et al. 1999, Knight et al. 2005, Hocking and Reynolds 2011). In a fascinating
example, the presence of fish in ponds increased the productivity of plants adjacent to
those ponds by suppressing dragonfly larvae through predation pressure, which reduced

predation of insect pollinators by adult dragonflies (Knight et al. 2005).

Nutrient subsidies are particularly relevant when productive systems subsidize
nutrient-limited ones (Gravel et al. 2010), such as desert islands (Spiller et al. 2010,
Piovia-Scott et al. 2011), temperate lakes (Graham et al. 2006) and freshwater streams
(Richardson et al. 2010). In this case, subsidies can lead to higher species abundance,
and generally higher productivity of normally low-productivity environments (Huxel and
McCann 1998). The potential for subsidies to cause trophic cascades is also particularly

pronounced in low productivity systems (Polis et al. 1996).

Freshwater streams are examples of nutrient-poor environments that receive
large subsidies from adjacent habitats (Vannote et al. 1980). For example, terrestrial leaf
litter (Wallace et al. 1997) and terrestrial arthropod inputs (Nakano et al. 1999) drive
productivity and trophic cascades in stream food webs. Another important input of
nutrients to freshwater streams occurs through the action of spawning salmon
(Oncorhynchus spp.). The annual influx of spawning salmon nutrients provides a well-
documented subsidy to freshwater streams along the temperate coasts of the northern
Pacific Ocean (Naiman et al. 2002, Janetski et al. 2009). However, the full ecological
effects of this subsidy are still not fully understood. Salmon gain >95% of their body
mass in the ocean, but return to freshwater to spawn and then die (Janetski et al. 2009).
The marine-derived nutrients they transport to nutrient-poor freshwater streams and

lakes are considerable (Naiman et al. 2002, Schindler et al. 2003).

While the engineering effects of salmon spawning activities and the marine
outmigration of salmon offspring result in some nutrient export (Scheuerell at al. 2005,
Moore et al. 2007), research to date has shown that salmon nutrients can have both

direct and indirect positive effects on the abundance of a number of freshwater taxa,



including stream microorganisms (Wipfli et al. 1998, Verspoor et al. 2010), aquatic and
terrestrial invertebrates (Wipfli et al. 1998, Verspoor et al. 2011, Hocking et al. 2013),
and freshwater fish (Swain and Reynolds in press). One group of species that may be
affected by the nutrient subsidies from spawning salmon are other species of salmon,
particularly those that rear in freshwater streams for months or years before migrating to
the ocean. For example, nutrients from salmon can contribute 20-40% of the nitrogen
and carbon in stream-rearing juvenile coho (Bilby et al. 1996). Because of this potential
interaction, it has been suggested that there may be positive feedback across
generations of salmon (Michael 1995, Bilby et al. 1998). This concept has become so
popular that it is now common practice for fisheries managers to add salmon carcasses
from hatcheries into streams in order to enhance productivity, such as production of
juvenile salmon (Harvey and Wilzbach 2010). However, the effects of this have not been

rigorously tested.

We do know that juvenile salmonids and other stream fishes directly consume
and preferentially select spawning salmon tissue and eggs (Bilby et al. 1998, Scheuerell
et al. 2007, Armstrong et al. 2010). Further, they may benefit indirectly from spawning
salmon nutrients from a general increase in stream primary productivity, as well as
aquatic and terrestrial invertebrates (Wipfli et al. 1998, Hocking et al. 2013). However,
bioturbation by large-bodied spawning salmon can also have negative effects on stream
invertebrate biomass (Moore and Schindler 2008). Therefore, there has been little
agreement of the net effects of spawning salmon on juvenile salmon at the individual

and population levels in stream environments.

There is also the potential for spawning salmon to have community-level effects
on juvenile salmonids. Spawning salmon nutrients could stimulate a trophic cascade
among stream fishes. For example, spawning salmon tissue, eggs and fry could provide
additional food for sculpins, which are both a competitor and predator of juvenile
salmonids, thus reducing the negative impact of sculpin populations on those of juvenile

salmonids.

In this thesis, | examine the effects of habitat, nutrients and predator-prey

dynamics on population abundance, focusing on the cross-boundary nutrient subsidy



provided to freshwater streams by spawning salmon as a model system. This thesis
includes data from almost 50 near-pristine streams on the central coast of British
Columbia, where the dominant spawning salmon are chum (O. keta) and pink (O.

gorbuscha).

In Chapter 2, | explore the relationship between spawning chum and pink salmon
and a wide range of habitat characteristics. Aside from the simple availability of habitat
space (Chapman 1966), spawning salmon abundance can be affected by a number of
other habitat features that affect ecological processes related to physiology and
energetics, predation and egg incubation. For example, energy budgets for swimming
fish are affected by water velocity, which is in turn affected by stream and riparian
gradients (Fukushima and Smoker 1998, Sharma and Hilborn 2003). Physiological
processes during spawning and egg incubation may be affected by water temperature,
shading by overhead canopy, and substrate quality (Cooper 1965, Bjornn and Reiser
1991, Fukushima and Smoker 1998). Predation is another process that can be facilitated
or reduced by features of habitat for spawning salmon, such as water depth, pool and
large wood density, and undercut stream banks (Fukushima 2001, Gende et al. 2004,
Deschenes and Rodriguez 2007, Braun and Reynolds 2011b). In this Chapter, | use a
large comparison of streams to compare the importance of many habitat variables in
predicting spawning chum and pink salmon abundance in order to assess the relevance

of various underlying ecological phenomena.

In the third and fourth chapters, | examine the effect of the nutrient subsidy that
spawning chum and pink salmon provide to juvenile salmonids rearing in freshwater
streams. Coho salmon (O. kisutch) rear in freshwater for at least their first year before
migrating to the ocean, whereas chum and pink salmon migrate directly to the ocean
after emergence from the gravel in the spring (Groot and Margolis 1991). Thus, while
juvenile chum and pink salmon cannot benefit from nutrients derived from spawning
adults, juvenile coho could potentially be affected by the nutrients and engineering

activities of spawning chum and pink salmon.

In Chapter 3, | first consider how body size and age proportion of juvenile coho

salmon are affected by the availability of spawning chum and pink salmon nutrients, both



directly and indirectly. Body size and the rate of growth affecting it are important for
species abundance, through reproductive output (Wootton 1998), feeding success
(Vincenzi et al. 2012), and ultimately survival (Groot et al. 1995). Previous research has
shown condition and growth in juvenile salmonids (Scheuerell et al. 2007), and in
particular juvenile coho (Bilby et al. 1998, Wipfli et al. 2003), were enhanced by the
addition of salmon carcasses into streams. Further, nutrients from spawning salmon,
traced by stable isotopes, were found to persist in streams from fall spawning events into
the following growing season (Rinella et al. 2013). In this chapter, | seek to link the
indirect effects of marine-derived nutrients from previous spawning events to the
potential for direct consumption of salmon nutrients to affect the size and age proportion
of juvenile coho across a range of naturally-occurring spawning salmon abundance. |
also use a paired comparison within streams above and below barriers to spawning
salmon. Studying the effects of naturally-occurring spawning salmon is important
because live spawning salmon have different impacts on streams than experimental

carcass additions (Janetski et al. 2009, Tiegs et al. 2011).

In Chapter 4, | look at how the abundance of juvenile coho is affected by
spawning salmon nutrient availability, also in natural streams. Although previous
research has found mixed results, either a positive effect of salmon carcass addition on
juvenile coho abundance (Bilby et al. 1998) or no effect (Wilzbach et al. 2005), the
literature has not yet clearly demonstrated an effect of naturally-occurring spawning
salmon on the abundance of juvenile coho (cf. Michael 1995, Lang et al. 2006). Because
we used natural streams differing in habitat characteristics, and we know juvenile coho
abundance may also be strongly affected by habitat features, | compared the importance
of habitat features to spawning salmon nutrient availability, including those related to
predator refugia and food availability (Roni and Quinn 2001, Sharma and Hilborn 2001),
and physiological tolerance (Holtby 1988), as well as habitat space itself (Bradford et al.
1997). | also explored a legacy effect of previous spawning events, encompassing
nutrients from spawning salmon tissue, eggs and excreta, as well as the effects of
engineering activities during redd digging by studying coho that had little to no direct

contact with spawning salmon, as they emerged after the fall spawning event.



In my final data chapter, Chapter 5, | study the community-level effects of nutrient
subsidies by examining the effect of spawning chum and pink spawning salmon on the
relationship between juvenile coho and two species of sculpin, coastrange (C. aleuticus)
and prickly (C. asper). While coho are rearing in freshwater, they compete for food and
are directly preyed upon by sculpin (Hunter 1959). This triangular predator-prey
relationship is an example of intraguild predation (Polis and Holt 1992), and can have
critical impacts on intraguild prey populations (Brodeur and Roseheim 2000), in this case
juvenile coho. In the absence of spawning salmon, coho and sculpin compete for
invertebrate prey (Hunter 1959). However, during spawning events juvenile coho and
sculpin both preferentially switch to abundant spawning salmon resources (Scheuerell et
al. 2007, Swain et al. 2014). This may potentially reduce competition and predation of
sculpin on coho, thereby causing an indirect effect between spawning salmon and
juvenile coho abundance mediated by sculpin, or a trophic cascade. While the potential
for nutrient subsidies to stimulate trophic cascades has been well documented,
particularly in ecosystems with low productivity (Polis et al. 1996a), including freshwater
systems (Shurin et al. 2002), the role of intraguild predation in inhibiting or facilitating
trophic cascades is not yet clear (Huxel and McCann 1998, Finke and Denno 2005). In
this chapter, | seek to add to our understanding of how multi-trophic interactions

influence the ecological consequences of nutrient subsidies in food web ecology.

Identifying how environmental factors, nutrient availability and interspecies
dynamics control species abundance are critically important issues in ecological theory
and conservation. Insights into the ecological mechanisms by which these factors affect
populations have the potential to enhance conservation and management, particularly as
ecosystem-based management approaches become more common (Christiansen et al.
1996). In light of the concern over the vast reduction in the abundance of adult salmon
transferring nutrients into low productivity streams, lakes and riparian areas during
spawning (Gresh et al. 2000), knowledge of the ecological implications of their species-
habitat relationships and the ramifications of marine-derived nutrient transfer may have
great benefits to conservation and management efforts. | consider these implications

further in my concluding chapter, Chapter 6.



2 Quantifying the effects of stream habitat on the
abundance of breeding Pacific salmon’

2.1 Abstract

Recognizing the mechanisms by which environmental conditions drive population
dynamics can greatly benefit conservation and management. For example, reductions in
densities of spawning Pacific salmon (Oncorynchus spp.) have received considerable
attention in research and management, but the role of habitat characteristics on
population sizes of breeding salmon is not fully understood. We studied habitat-density
relationships in spawning chum (O. keta) and pink (O. gorbuscha) salmon in 44 near
pristine streams in the Great Bear Rainforest of coastal British Columbia, Canada. Our
results indicate that a handful of habitat characteristics are important in predicting
densities of spawning chum and pink salmon, namely pH for chum, and riparian slope
and large wood volume for pink salmon. This is the largest multi-variable comparison to
examine habitat-density relationships in adult spawning salmon, and may provide useful
quantitative emphasis on a few key variables in comparison to a broad suite of abiotic

characteristics in guiding management.

2.2 Introduction

Understanding species—environment relationships has always been a central
challenge in ecology, with major implications in conservation and management.
Physiological and ecological processes govern relationships between organisms and
' A version of this chapter has been submitted as Nelson, M.N., Hocking, M.D., Harding, J.N.,

Harding, J.M.S. and Reynolds, J.D. Quantifying the effects of stream habitat on the abundance

of breeding Pacific salmon. Canadian Journal of Fisheries and Aquatic Sciences (August,
2014).



abiotic habitat characteristics (Elton 1927, Huey 1991). For example, abiotic habitat
characteristics may influence competitive interactions, predator-prey relationships,
energetic allocations, and reproductive success. As ecosystem-based management
approaches become more common (Christiansen et al. 1996), insights into the
mechanisms by which environmental conditions affect populations are increasingly in

demand.

Considerable reductions in the abundance of some species of Pacific salmon in
the North Pacific region (Gresh et al. 2000), is one of the foremost conservation
concerns in North America (Ruckelshaus et al. 2002). Salmon require freshwater habitat
to complete their life cycle and are susceptible to habitat degradation of spawning
streams and surrounding riparian forests (Groot and Margolis 1991). As a result, billions
of dollars have been invested in freshwater habitat restoration to improve conditions for
salmonids, despite the fact that few quantitative assessments have been made of the

effectiveness of such measures (Roni et al. 2008).

Because a full understanding of interactions between species and their
environments is often lacking, researchers may develop models to inform management
decisions that assess the impact of land use or environmental change (e.g., Guisman
and Zimmermann 2000). Habitat-abundance models can be data-intensive, and the cost
of data collection can be prohibitive, therefore the choice as to which variables to include
is important. Further, increasing the number of variables studied leads to diminishing
returns on information (Braun and Reynolds 2011a). A predictive model that requires a
small number of variables is preferable, yet it is often difficult to assess which variables

are more important than others (Bradford et al. 1997).

Several large-scale studies of habitat characteristics affecting juvenile salmonid
populations have been explored (e.g., Bradford et al. 1997). Considering the importance
placed on the ecology, behaviour and management of spawning adults, it is surprising
how few systematic, quantitative assessments have been undertaken on habitat-
abundance relationships for adult salmon that include a multivariate comparison of
habitat characteristics. This is particularly true for chum and pink salmon. In the simplest

case, the abundance of salmon can be limited by the amount of habitat space available



(Chapman 1966). However, there are other mechanisms that can influence population
sizes; energy budgets for swimming during upstream migration and spawning are
affected by stream and riparian gradients (Sharma and Hilborn 2003, Fukushima and
Smoker 1998), and physiological processes during spawning and incubation may be
affected by water temperature and pH (Crossin et al. 2008, Bjornn and Reiser 1991,
Ikuta et al. 2003). Embryo survival may be positively affected by the availability of high
quality spawning substrates (Fukushima and Smoker 1998, Fukushima 2001), while fine
sediments may limit hatching success (Cooper 1965, Chapman 1988). Spawning
salmon are also vulnerable to predation by bears and other animals (Gende et al. 2004),
thus structures that provide cover may be beneficial, such as deep water, pools, large
wood, undercut banks and dense vegetative cover (Fukushima 2001, Gende et al. 2004,
Deschenes and Rodriguez 2007, Braun and Reynolds 2011b). Of the studies cited, only
two specifically address habitat associations for adult pink salmon (Gende et al. 2004,
Fukushima and Smoker 1998), one for juvenile pink and chum salmon (Rombough

1983), and none address habitat associations for adult chum salmon (Table 1).

In this study, we examine empirical relationships between 9 stream habitat
characteristics and spawning chum and pink salmon abundance in 44 streams in a
remote region on the central coast of British Columbia, Canada. These variables
encompass ecological processes related to physiology and energetics, predation, and
egg incubation. By using a large number of steams, we were able to assess the relative
importance of a large number of habitat variables as predictors of salmon abundance.
We use an information-theoretic approach to compare the importance of variables
across a range of stream sizes (Table 2.1). Knowledge of key habitat factors influencing
breeding pink and chum abundance could help reduce the effort involved in creating
detailed habitat assessments, and inform conservation modeling tools and ecosystem-

based management plans.



Table 2.1. Predictions of the potential influence of habitat features on
spawning chum and pink density
Hypothesis Variable Mechanism Direction References
Gende et al. 2004 (adult
sockeye), Fukushima
: 2001 (adult Sakhalin
. Depth provides .
Predation Maximum cover/predator Positive taimen), Deschenes
depth refuge and Rodriguez 2007
9 (adult brook trout),
Quinn et al. 2001 (adult
sockeye)
Braun and Reynolds
Pools provides 2011b (adult sockeye),
. Percent pool P o Gende et al. 2004 (adult
Predation cover/predator Positive .
area refuge pink and sockeye),
Fukushima 2001 (adult
Sakhalin taimen)
Braun and Reynolds
2011b (adult sockeye),
Gende et al. 2004 (adult
Wood structures .
Large wood provides pink and sockeye),
Predation . Positive  Fukushima 2001 (adult
density cover/predator C
refuge Sakhalin taimen),
Deschenes and
Rodriguez 2007 (adult
brook trout)
Percent Undercut banks
. provide G Braun and Reynolds
Predation undercut Positive
cover/predator 2011b (adult sockeye)
banks
refuge
Fukushima and Smoker
Embrvo Percent More suitable 1998 (adult pink and
survi\YaI spawning habitat increases  Positive sockeye); Fukushima
substrate egg survival 2001 (adult Sakhalin
taimen)
Embryo Percent fine Reduce oxygen  Negative Chapman 1988 (all
survival sediments availability for salmonids), Bjornn and

eggs

Reiser 1991 (all
salmonids)
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Low pH can

suppress
reproductive Ikuta et al. 2003 (adult
Physiological behavior, s sockeye), Rombough
tolerance Water pH increase egg Positive 1983 (juvenile chum
mortality and and pink)
cause aberrant
alevin behavior
High
temperatures can
Maximum impair Huey 1991
Physiological weekly water physiological Negative (ectotherms), Bjornn
tolerance i processes, and Reiser 1991 (all
emperature ) i
reducing salmonids, adults)
spawning
success
Energetics Riparian Increased run off Negative Sharma and Hilborn
slope causes extreme

water velocities
which increase
energy
expenditure

2003 (juvenile coho)

2.3 Materials and Methods

2.3.1

Study sites and design

The study streams are located on the central coast of British Columbia near the

coastal communities of Bella Bella and Klemtu (Table 2.2). All study sites were accessed

by boat. The study area has no road networks, urban development or damming. Forestry

and other land use have been limited, with selective logging prior to the 1950s (Hocking

and Reynolds 2011).
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Table 2.2. Stream characteristics and spawning chum and pink densities for

streams in this study (n = 44).

Stream Chum Pinl_< Riparian Large vyood
density density pH slope density
(fish/m?) (fish/m?) (degrees) (cm*/m)

Ada Cove 0.298 0.082 5.68 32.0 0.062
Beales Left 0.116 0.340 7.44 18.9 0.526
Beales Right 0.038 0.168 5.51 26.1 0.058
Big Creek 0.009 0.804 - 3.5 0.323
Bolin Bay 0.012 0.192 - 7.2 0.056
Bullock Main 0.484 0.361 5.96 6.4 0.142
Bullock Square 0.172 0.105 5.45 10.7 0.218
Clatse 0.261 0.459 5.86 8.5 0.035
Codville 0.008 0.032 4.62 2.3 0.072
DeCosmos 0.127 0.071 4.99 11.9 0.255
Desbrisay 0.537 0.715 - 13.1 0.130
Duthie 0.114 0.454 - 12.2 0.034
Evans East 0.184 0.040 5.45 13.8 0.164
Fancy Head 0.368 0.161 5.45 13.0 0.238
Fancy Right 0.096 0.102 5.39 15.3 0.110
Fanny Left 0.160 0.304 5.39 7.0 0.106
Farm Bay 0.000 0.000 4.99 15.8 0.133
Gorilla 0.573 0.204 - 1.2 0.064
Hooknose 0.085 0.163 4.80 9.6 0.128
James Bay 0.012 0.411 - 1.3 0.124
Jane Cove 0.006 0.000 5.68 25.7 0.070
Kill Creek 0.558 0.203 6.60 12.0 0.154
Kunsoot Main 0.030 0.462 5.51 10.3 0.176
Kunsoot North 0.030 0.023 5.39 24.4 0.011
Kvai 0.000 0.044 - 3.3 0.103
Kynoch 0.122 0.197 - 0.0 0.020
Lard 0.050 0.008 - 11.5 0.075
Lee 0.233 0.035 577 11.8 0.036
Mosquito Left 0.097 0.292 5.55 3.2 0.101
Mosquito Right 0.152 0.228 5.48 7.6 0.127
Mussel 0.122 0.243 - 0.0 0.027
Nameless 0.060 0.087 - 10.0 0.259
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Neekas 0.793 0.776 6.11 1.3 0.113

Port John 0.004 0.003 4.43 4.1 0.065
Quartcha 0.022 0.030 6.00 10.6 0.062
Rainbow 0.056 0.002 5.88 20.3 0.120
Roscoe Main 0.119 0.002 6.05 5.4 0.038
Roscoe Trib 1 0.141 0.107 5.59 15.1 0.124
Sagar 0.082 0.067 5.75 27.2 0.034
Salmon Bay 0.250 1.024 - 18.5 0.054
Spiller Trib 1 0.022 0.033 5.82 32.7 0.359
Troup North 0.002 0.000 4.80 17.0 0.227
Troup South 0.013 0.074 4.74 9.5 0.066
Windy Bay 0.005 0.013 - 13.3 0.073

Study streams all flow directly into the ocean, and the stream accessible to
salmon for spawning ranged from 22 m to 15 km in length, and 3.3 m to 58 m in bank full
width (Figure 2.1). Across all sites, riparian areas were forested, with vegetation typical
of the Coastal Western Hemlock biogeoclimatic zone (Pojar et al. 1987). Riparian tree
composition is dominated by western hemlock (Tsuga heterophyilla), western red cedar
(Thuja plicata), Sitka spruce (Picea sitchensis) and red alder (Alnus rubra). Riparian
shrub species are dominated by salmonberry (Rubus spectabilis), salal (Gaultheria
shallon), false azalea (Menziesia ferruginea), and blueberry (Vaccinium spp.). Total

annual precipitation in the region is a refreshing 3,000-4,000 mm/yr.
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© Jennifer Harding and John Reynolds

Figure 2.1. Range in stream sizes from small (Jane Cove) to large (Roscoe Main).

Habitat surveys were conducted in 2007. The stream reach surveyed for
environmental variables was scaled to average stream width (20 x stream width) (Bain

and Stevenson 1999), and equally divided into 12 transects.
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2.3.2 Environmental variables

We considered 10 habitat characteristics that we hypothesized to affect the
abundance of spawning chum and pink salmon, categorized as representing various
ecological processes (as shown in Table 2.1): stream depth, percent pool area, large
wood density, percent undercut bank, pH, maximum stream temperature, riparian slope,
percent suitable spawning substrate, percent fine substrate, and percent high stream

gradient. Means and ranges of habitat variables are shown in Table 2.3.

Table 2.3. Mean and range of habitat characteristics (n = 44 streams for all
variables except maximum stream temperature where n = 17).

Habitat characteristic Mean £ Std Dev Range
Maximum stream depth (m) 0.22 + 0.1 0.06 - 0.56
Percent pool area (%) 120114 0.2-55.7
Large wood density (cm®/m) 0.12+0.1 0.011-0.53
Percent undercut bank (%) 53.9+31.5 0-100
pH 5.57 £ 0.59 443 -7.44
Maximum stream temperature (°C) 89+14 6.6-11.5
Riparian slope (degrees) 12.0+8.2 0-327
Percent suitable spawning substrate (%) 73.7+19.4 21.7-98.3
Percent fine sediments (%) 49+6.8 0-304

Stream depth was measured at each transect and the mean value calculated.
Stream habitat types, including pools, riffles, runs, glides, cascades, rapids and stepped
habitat, were identified according to Bain and Stevenson (1999). Percent pool area was
calculated as the summed area of pools across the entire reach divided by the total area
of that reach. All pieces of wood that were > 10 cm in diameter and > 1.5 m long that
would be at least partially in the water at bank full water height were counted to calculate
large wood pieces per 100 m (Roni and Quinn 2001). Percent undercut banks was
determined as the number of transects with undercut banks divided by the total number
of transects (occurred on both sides thus n = 24). Riparian slope was measured from the
stream bank at each transect using a clinometer and averaged across transects.
Substrate was measured on the intermediate axis of 10 stones along each transect
(Wolman 1954), and categorized into fine sediments (0-1.2 cm), gravel (1.3-10.2 cm),
small cobble (10.3-14.9 cm), large cobble (15.0-24.9 cm), boulder (>25.0 cm) or

bedrock. Spawning substrate was percent gravel and small cobble combined.
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Water pH was measured at three transects per stream. Stream temperature was
recorded at a subset of streams (n = 17) using two waterproof ibutton data loggers
(DS1922L) per stream, which recorded temperatures every two hours. Maximum

temperature was calculated from weekly maximums.

2.3.3 Spawning pink and chum salmon abundance

Estimates of spawning salmon densities resulted from collaborative efforts
between the Heiltsuk Integrated Resource Management Department, the Kitasoo
Fisheries Program, Fisheries and Oceans Canada, and Simon Fraser University. We
calculated mean pink and chum densities for our study period (2006-2011) using a
minimum of two years per stream. Within each year, salmon abundance was estimated
using area-under-the-curve, where three or more salmon counts existed (English et al.
1992). Peak (live+dead) counts were used when streams could not be accessed three
times per season in a small proportion of streams (less than 10%). No substantive
difference was found between these methods (Hocking and Reynolds 2011). Abundance
in the spawning reach was divided by the area available for spawning to calculate

density.

234 Data analysis

We used Akaike’s information criterion adjusted for small sample sizes (AICc)
and maximum likelihood estimation methods to assess relative importance of candidate
models explaining chum and pink salmon densities (Burnham and Anderson 1998, Zuur
et al. 2009). Spawning chum and pink salmon densities, percent pool area, large wood
density and percent fine sediments were logs, transformed. We used all possible model
combinations, including a null model with an intercept only, although we only allowed a
maximum of four habitat variables per model to avoid over-fitting (Burnham and

Anderson 2002). A AlCc values, which are the difference between model i and the top-
ranked model, are reported for our candidate model set (all models with AAICc < 2)

(Burnham and Anderson 2002, Grueber et al. 2011). Model diagnostics did not reveal
problems with heteroscedasticity, over-leveraging of data points, nor normality and

independence of residuals.
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AICc did not reveal maximum temperature to be an important predictor of either
chum or pink density at the subset of streams where temperature data were available (n
= 17), therefore maximum temperature was not included in the final model selection

which used the full set of streams (n = 44).

Given the potential for multicollinearity between many of the habitat variables
considered, we used the variance inflation factor (VIF) to identify and remove highly
collinear variables with VIF scores greater than 3 (Zuur et al. 2010). All variables had
VIF scores of less than 3, which indicates a low level of collinearity. Correlations

between variables are shown in Table 2.4.

All statistical analyses were performed using R (R Development Core Team
2009), including the MuMIn package (Barton 2012).
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Table 2.4. Bivariate correlations, r, between variables for all streams (n = 44 for all
variables except maximum stream temperature where n = 17).

. Percent Large Percent Percent Percent Maximum -
Pink Stream | d d fi H Riparian
density  depth poo woo undercut spawn ine p stream slope
area density bank substrate  sediment temp
dChum 0.52 -0.13 0.00 0.09 -0.06 0.16 -0.06 0.40 -0.29 -0.1
ensity
Pink
. - -0.08 0.04 0.40 0.02 0.24 0.03 0.16 -0.09 -0.26
density
Stream - - 037 0.02 -0.22 -0.14 026 008  -0.09 -0.33
depth
Percent - - -0.05 0.32 0.01 017 016 0.5 -0.09
pool area
Large
wood - - - - -0.24 0.01 -0.08 0.26 -0.07 0.2
density
Percent )
undercut - - - - - 0.49 0.24 0.12 -0.33
0.15
banks
Percent )
spawn - - - - - - -0.13 -0.03 -0.43
0.01
substrate
Percent
fine - - - - - - - 0.03 -0.12 -0.31
sediment
pH - - - - - - - - -0.08 0.17
Maximum
stream
temp - - - - - - - - - 0.01

2.4 Results

Water pH was the single best predictor of spawning chum density after all other
variables were taken into account across models (Figure 2.3), although the positive

relationship between chum density and water pH was not very strong on its own (r? =
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0.16; Figure 2.2). pH was in every top model predicting chum density (A AICc < 2; Table
2.5), and the addition of the next best predictor, riparian slope, to pH only increased by
0.04 (Table 2.5). Although riparian slope appears in three of the six top models for chum
density (Table 2.5), has the second highest relative variable importance and second
largest (negative) scaled coefficient value, the uncertainty around the estimate make the

effect of riparian slope on chum density unclear (Figure 2.3).

Pink salmon density was most strongly correlated with large wood volume and
riparian slope. Large wood volume and riparian slope were in all top models for pink
density (AAICc < 2; Table 2.5). Large wood volume was a clear positive correlate of
pink density, while riparian slope was a clear negative correlate (Figure 2.3). Although
pH was present in all the top models for pink density (Table 2.5), meaning some unique
variation in pink density was explained by pH; however, the strength of the effect of pH

on pink density was not strong, as shown by a low coefficient estimate (Figure 2.2).

The relationship between stream size, as approximated by area available for
spawning, and the top habitat characteristics identified by AICc was less than 0.1 (r* =

0.07, 0.08 and 0.001 for pH, riparian slope and large wood density, respectively).
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Figure 2.2. Relationships between the density of spawning chum and pink salmon
and top habitat characteristics identified by AICc. Spawning chum
and pink densities and large wood volume have been log
transformed.
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pH — B — 1
Chum
Percent pool area — —_—n— 0.28
Large wood volume — —F— 0.18
Percent spawning substrate — —te— 0.19
Percent fine substrate — 0.17
Percent undercut banks — 0.19
Stream depth — R R 0.29
Riparian slope — 0.45
Large wood volume — ) —_— 0.91
Pink
Percent pool area — —t— 0.14
Percent spawning substrate — —_—t— 0.14
pH — —t— 1
Percent fine substrate — 0.12
Percent undercut banks — ——T 0.15
Stream depth — —e—1— 0.21
Riparian slope — —_—e— 0.76
T T T T
-1.0 -0.5 0.0 0.5 1.0

Scaled coefficient value

Figure 2.3. Parameter estimates (circles) with 95% confidence intervals (lines)
from averaged linear models predicting chum salmon density (top)
and pink salmon density (bottom). The estimates are scaled and
ranked from highest positive value to lowest negative value. Relative
variable importance values for each variable are indicated on the
right and are scaled from 0 to 1.
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Table 2.5. Summary of linear regression models with the greatest support (A AICc
< 2.0) for spawning chum and pink salmon abundance for all
streams (n = 44). AlCc = Akaike’s information criterion corrected for
small sample size, K = model parameter number, R2 = model
coefficient of determination, A AICc = difference in AlCc score from
top model, wi = AICc model weight. The models are ordered by
descending wi.

depth
large wood + riparian slope + pH + pools

Model parameters K R?> AAICc w,
pH 3 0.16 0.00 0.10
pH + riparian slope 4 0.21 0.78 0.07
Chum pH + riparian slope + stream depth 5 0.27 0.92 0.07
pH + pools 4 019 1.49 0.05
pH + riparian slope + pools 5 0.25 1.59 0.05
pH + stream depth 4 0.18 1.92 0.04
large wood + riparian slope + pH 5 0.36 0.00 0.25
Pink large wood + riparian slope + pH + water 6 040 0.99 015
6

038 186 0.10

2.5 Discussion

This is the first study to examine relationships between stream habitats and
breeding chum and pink salmon across a large number of streams. We found several
habitat characteristics were important predictors, including pH for chum salmon, and

riparian slope and large wood density for pink salmon.

Water pH was the most important and positive predictor of chum density. This
was consistent with our prediction that lower pH would negatively affect fish physiology.
Low water pH is known to suppress reproductive behaviour including nest digging and
upstream migration in salmonids, and this occurs at pH levels at the lower end of the
streams in this study (pH 5.8-6.4, lkuta et al. 2003). Low pH can also increase egg and
fry mortality, and chum seem to be most sensitive to this effect compared to other
salmonid species (Rombough 1983). Further, even mildly acidic water (pH under 6.0)
can cause aberrant behaviour in newly hatched chum fry (Rombough 1983), which is the

mid to lower pH range of our study streams.
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Streams with steep riparian slopes had lower pink salmon density. This may
reflect a negative impact of high water velocity and extreme flooding events due to
increased run-off in steeper areas. Higher stream gradients have been associated with
lower breeding salmon abundance due to increased energy expenditure during
spawning (Fukushima and Smoker 1998, Healey et al. 2003). A negative effect of valley
slope on juvenile salmonid density has also been found and attributed to extreme water
velocities (Sharma and Hilborn 2001). A clear negative relationship between water

velocity and adult salmon has been established (Deschenes and Rodriguez 2007).

Large wood density was positively related to pink salmon density. Previous
studies have identified cover structures including large wood, pools, deep water, and
undercut banks as important positive correlates of spawning sockeye (Gende et al.
2004, Braun and Reynolds 2011b), and resident brook trout populations (Deschenes
and Rodriguez 2007), which was attributed to reduced predation pressure due to the fish
having more areas of refuge. While we also expected to find similar effects from pools,
deep water and undercut banks, these variables were not as important as large wood in
the streams we studied. These study streams were relatively pristine, and may not span
the lower range of pools and undercut banks that could influence predation pressure on
salmon. A study of juveniles showed that relationships between cover and salmon

density only holds when cover is rare (Inoue et al. 1997).

Because we found low correlations between stream size and the top habitat
characteristics identified by AICc, namely pH, riparian slope and large wood density, it is

unlikely stream size is simply driving these relationships.

Our results indicate that a handful of habitat characteristics are important in
predicting densities of spawning chum and pink salmon, namely pH for chum, and
riparian slope and large wood for pink salmon. While quantitative evaluations of habitat
can be used to prioritize streams for conservation, the choice of which habitat variables
to measure is often difficult to make. Identifying the importance of these few variables in
comparison to a broad suite of abiotic characteristics may make creating predictive

models of spawning pink and chum densities more straightforward.
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3 Effects of subsidies from spawning chum and
pink salmon on juvenile coho salmon body size
and age proportion®

3.1 Abstract

Organisms transporting nutrients from highly productive ecosystems can
subsidize food webs and alter ecosystem processes. For example, the carcasses and
eggs of migratory Pacific salmon (Oncorhynchus spp.) provide a high-quality food
source that could potentially benefit other species of salmon rearing in fresh water. We
investigated relationships between spawning chum (O. keta) and pink (O. gorbuscha)
salmon density, and the body size and age of juvenile coho salmon (O. kisutch) in 17
streams on the central coast of British Columbia, Canada. Chum salmon density was the
most consistently important and positive correlate of coho body size, in comparison with
pink salmon density, juvenile coho salmon density, and numerous characteristics of
habitats. This was shown by comparisons both among and within streams, and between
sites above and below natural barriers to spawning chum and pink salmon. In addition,
streams that had higher chum and pink salmon spawning densities had a higher
proportion of age 0 coho (less age 1), suggesting earlier juvenile coho migration to the
ocean with increased spawning salmon nutrient availability. Most of the coho sampled
had little or no direct contact with spawning chum and pink salmon, which suggests an

indirect, time-delayed influence on coho body size.

2 A version of this chapter has been accepted as Nelson, M.N. and Reynolds, J.D. Effects of
subsidies from spawning chum and pink salmon on juvenile coho salmon body size and
migration timing. Ecosphere (July, 2014).
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3.2 Introduction

Geophysical processes and organisms can transport nutrients across ecological
boundaries, thus linking an array of environments, such as above- and below-ground
terrestrial systems (Scheu 2001), sea ice and arctic islands (Roth 2002), and streams
and forests (Nakano and Murakami, 2001). Productive systems can subsidize nutrient-
limited ones (Gravel et al., 2010), such as when nutrients move from the marine
environment to desert islands (Spiller et al., 2010) and freshwater streams (Richardson
et al., 2010). These subsidies can have a wide range of effects, including the growth and
body size of organisms in recipient food webs (Marczak and Richardson, 2008; Young et
al., 2011). Growth and body size can affect migration timing (Giannico and Hinch 2007),
fecundity (Wootton 1998), competitive and predatory ability (Vincenzi et al. 2012) and,

ultimately, survival (Groot et al. 1995).

Transport and concentration of nutrients can occur both spatially, such as in
avian nesting colony aggregation, and temporally, such as through annual migrations.
One example that constitutes both a spatial and temporal aggregation of nutrients
occurs through the annual migration of spawning salmon (Oncorhynchus spp.) along the
temperate coasts of the northern Pacific Ocean. Because salmon gain >95% of their
body mass in the ocean, return to freshwater to spawn and then die, the marine-derived
nutrients they transport can be substantial to nutrient-poor freshwater streams and lakes
(Naiman et al. 2002, Schindler et al. 2003; Janetski et al. 2009). While most research
has focused on import of nutrients (e.g. Verspoor et al. 2011, Hocking et al. 2013), it is
noteworthy that salmon can also drive export of nutrients from streams through the
engineering effects of spawning adults, which can flush invertebrates downstream
(Moore et al. 2007). In addition, nutrients are exported by young salmon migrating
downstream toward the sea, especially if they have been feeding for some time in
freshwater (Scheuerell at al. 2005). Thus, we cannot automatically assume that salmon

cause a net increase in nutrients in any particular component of a freshwater ecosystem.

One group of organisms that can be affected by spawning salmon subsidies is
other species of salmon, particularly species that stay in freshwater for many months

before migrating to the ocean. For example, nutrients from salmon can contribute 20-
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40% of the nitrogen and carbon in stream-rearing juvenile coho (Bilby et al. 1996). This
can come from direct consumption of adult salmon tissue and eggs (Kline et al. 1990)
and indirectly through increased aquatic (Wipfli et al. 1998, Verspoor et al. 2011) and
terrestrial invertebrates in the presence of spawning salmon (Hocking et al. 2013), which
provide potential prey for juvenile salmonids. The presence of spawning salmon
increased energy intake of juvenile rainbow trout (Scheuerell et al. 2007), and coho
salmon (Heintz et al. 2003; Armstrong et al. 2010). Furthermore, nutrients from
spawning salmon have been linked to improved condition and growth rate of juvenile
coho in a number of carcass addition experiments (e.g. Bilby et al. 1998; Wipfli et al.
2010). However, bioturbation during redd-digging could also reduce food availability

through reduced invertebrate biomass (Moore and Schindler, 2008).

Most previous research has been limited to experimental carcass addition, which
does not take non-carcass nutrients or engineering activities into account. No previous
research has examined effects on juvenile coho age composition, nor has there been
consideration of the mediating effects of habitat characteristics that are known to affect
juvenile salmonids (Tiegs et al. 2008). For example, juvenile coho salmon can be
affected by habitat and food availability, cover or refugia from predation, and
temperature (e.g. Sharma and Hilborn 2001, Bradford 1997). We predicted the density of
overhead canopy may affect the degree to which spawning salmon nutrients subsidize
primary productivity in a stream, or structural complexity may affect retention of
nutrients. In addition, the presence and density of juvenile conspecifics can also affect
growth (Roni and Quinn, 2001).

Here, we provide the first investigation of the impacts of naturally-occurring
salmon-derived nutrients on size and age proportion of juvenile salmon. Specifically, we
study the prediction that nutrients from spawning pink and chum salmon will lead to
larger juvenile coho salmon, and higher proportion age 0 (less age 1) which may indicate
earlier seaward migration timing by those fish. Whereas chum and pink juvenile emerge
from stream substrate and migrate to the ocean within weeks, juvenile coho spend at
least one year in freshwater streams (Groot and Margolis, 1991). We predicted chum
salmon would have greater positive effects on juvenile coho body size than pink salmon

due to their larger body size and egg deposition, although there is the potential for
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greater negative effects of chum than pink through more bioturbation during nest digging
due to the larger body size of chum, as well as potentially aggressive behavior towards
juvenile coho during nest guarding (Nelson and Reynolds 2014a). We incorporate the
potential for each of these effects by looking at the number of chum and pink spawning
salmon, and the potential for each species to have different effects by modeling them
separately. Our study incorporates natural variation in numbers of spawning pink and
chum salmon in 17 streams in a remote region of the central coast of British Columbia,
Canada. We also make comparisons within four streams above and below barriers to
spawning fish. Most of the coho that we studied were young of year (age class 0) and
had emerged in the spring just prior to sampling, and would therefore have had no direct
exposure to spawning salmon. Therefore, for those fish in age class 0, any impacts of
spawning pink and chum on juvenile coho body size are indirect effects from previous
spawning events. On the other hand, body size in age class 1 fish would encompass
both indirect effects and may benefit directly through consumption of spawning salmon
tissues and eggs, and potentially chum and pink fry. They may also be affected by

spawning engineering activities.

3.3 Materials and Methods

3.31 Study sites and design

We surveyed streams on the central coast of British Columbia, Canada, in the
Great Bear Rainforest (Table 3.1). The dominant spawning salmon species are chum
and pink, and juvenile coho are present in all streams. Sites are accessible only by boat,
and land use has been very limited in the area. Coho spawn in the upper tributaries of
the streams, whereas chum and pink spawn in the lower reaches. Densities of spawning
coho at the five streams in our study area where data were available (50-204
females/km) exceed that which are thought to fully saturate the habitat with juveniles (19
females/km; Bradford et al. 2000). At four of our sites a natural barrier to chum and pink
spawners was present, which coho spawners were able to pass, resulting in juveniles on

both sides of the barrier.
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Study streams all flow directly into the sea, range from mid-gradient exterior
coastal sites to lower gradient coastal fiords, and had bank full widths from 1.2 to 22.8
m. This region is in the Coastal Western Hemlock biogeoclimatic zone (Pojar et al.,
1987), with forests dominated by western hemlock (Tsuga heterophylla), western red
cedar (Thuja plicata), and Sitka spruce (Picea sitchensis). Riparian zones are
dominated by red alder (Alnus rubra), salmonberry (Rubus spectabilis), salal (Gaultheria
shallon), false azalea (Menziesia ferruginea), and blueberry (Vaccinium spp.). Annual

precipitation in the region is pleasantly high, at 3,000-4,000 mm/yr.

Juvenile coho and physical habitat were studied in the fall (September-October)
of 2007 and 2008. Spawning salmon counts were undertaken across the entire
spawning length of the stream for returning chum and pink salmon from 2006-2011, to
provide an overall index for comparing average differences among streams (methods in
Hocking and Reynolds, 2011). Average stream width was used to scale the length of

area sampled for habitat characteristics (30 x stream width).
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Table 3.1. Stream characteristics, spawning salmon chum and pink population
data (2006-11), and juvenile coho salmon density and body size (fork
length) at ages 0 and 1 for the 17 streams in this study. Sample sizes
of fish measured are in brackets.

Juvenile Juvenile

Bankfull Spawning Spawning Juvenile  coho coho

Stream  “€N9t T idith chum pink coho age0  age1l
(m) (m) density  density  density  body body

(fish/m?)  (fishim®)  (fish/m®)  size size

(cm) (cm)

Ada Cove 6,480 11.1 0.296 0.081 0.167 79(7) 9.9(@3)

Seales 3360 109 0116 0340 0244  75(5) ;
B,\“/I'Loirfk 2,420 109 0.480 0.358  0.362 6.9 (8) -

Clatse 6,820 22.8 0.260 0.458 - 9.1 (5) -

Eg:gts 4,200 133 0.184 0.040 - 9.6(5) 11.9(2)

FEQQV 4270 128 0.160 0.304 2126 6.0 (10) -
Hooknose 2,970  16.9 0.085 0163 0644 6.8(7) 11.1(6)

(J:a”e 1,380 4.6 0.007 0.000  0.082 62(5) 55(2)

ove

Kill Creek 980 3.5 0.550 0199 0347 7.7(8) -
K‘,{/rl‘:i‘r’ft 3,670  13.1 0.030 0462 0559 6.3 (6) -
Kunsoot

Neoth 760 7.2 0.029 0.023 - 76(5) 8.7(2)
Mofgf‘t“to 3250 4.0 0.056 0123 0021 59(4) 7.6(2)
PortJohn 2,540 3.3 0.004 0.003 0230 55(7) 6.4(2)
Quartcha 9,300  21.7 0.022 0.030 - 7.3 (4) -

Sagar 5200 155 0.082 0066 0677 6.6(5) 6.2(2)

Troup

North 440 4.4 0.002 0.000 0322 66(3) 82(5)

Troup

south 1050 4.1 0.013 0.073 - 7(2)  9.0(4)
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3.3.2 Environmental variables and juvenile coho density

We measured the following habitat characteristics that have been shown to affect
body size and growth of juvenile coho salmon: stream bank full width, stream length,
amount of large wood in streams, pools, pool to riffle ratio, undercut banks, gradient,
canopy cover, percent fine substrate, pH, temperature and dissolved nutrients
(ammonia, nitrate and soluble phosphorous). We also calculated the density of
conspecific juvenile coho, as explained below. This large variable set was reduced for

model testing analyses (see Data Analysis, below).

Stream bank full width is the maximum width without flooding, which was
measured at 12 transects. iMapBC was used to calculate stream length (Field and
Reynolds, 2011). Large wood was included if it would be in the water at bank full, and
was >10 cm in diameter and >1.5 m long (Roni and Quinn 2001). Habitat types were
identified as pool, riffle, run, glide or rapid (Bain and Stevenson 1999), and area
measured for pool to riffle ratio. Pool depth was also measured at the deepest point for
pool volume. Undercut banks were measured as a percentage of the length of stream
banks on both sides, divided by 2. A clinometer was used to measure gradient at each
transect, and a spherical densiometer to measure vegetative canopy cover on each side
and the centre of the stream at each transect. Substrate was categorized into
percentages of fines (0-12 cm), gravel (1.3-10.2 cm), small cobble (10.3-14.9 cm), large
cobble (15.0-24.9 cm), boulder (>25.0 cm) or bedrock (Wolman 1954). Water pH was
measured at three transects per stream each year, and the mean between years ranged
from 4.8 to 6.9. Maximum weekly averaged temperature was measured over two years
using data taken every two hours from ibutton data loggers (DS1922L). Fisheries and
Oceans Canada Cultus Lake Research Facility analyzed three water samples collected
from each stream prior to and during spawning for ammonium (NH3"), nitrate (NO3) and
soluble reactive phosphorous according to American Public Health Association methods
(APHA 1989).

To calculate juvenile coho density, triple-pass depletion was completed with a
two-meter wide pole seine. Sections were chosen randomly within the area sampled for

environmental variables with a seine section length of 8 x bankfull width, with stop nets
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at the upper and lower ends of the sampling area. Sampled areas were left undisturbed

for a minimum of one hour between passes, with the same methods used for each pass.

Density was calculated using maximum likelihood modeling (Schnute 1983).

3.3.3 Spawning chum and pink salmon density

At six of the 17 streams in this study, on-foot visual estimates of spawning
salmon abundance were available for spawning chum and pink salmon from Fisheries
and Oceans Canada. Additional on-foot stream counts were used for the remainder of
sites, undertaken in partnership with the Heiltsuk First Nation’s Integrated Resource
Management Department. During the period 2006-2011, all streams were counted for a
minimum of two years and up to six years. An average of these values was used to get a
general characterization of each stream. Exploratory AICc modeling did not distinguish a
difference between using mean 2006-2011 spawning chum and pink densities compared

to using individual years, therefore only mean (2006-2011) densities are reported.

Three or more salmon counts were completed at each stream during spawning.
For most streams, total abundance was estimated using the area-under-the-curve
method (English et al. 1992). Peak counts (live+dead) were used for some streams that
were not accessible three times during the spawning season (less than 10% of streams).
At a subset of streams using both methods, there was no difference in spawning salmon
calculations (Hocking and Reynolds, 2011). Estimates of the total number of fish were
divided by stream spawning area to calculate spawning salmon density (chum and pink
density per m?) to account for differences among streams in the length where spawning
occurred. The stream length available for spawning was measured during visual
spawning salmon counts and multiplied by average stream width to estimate stream

spawning area

3.34 Juvenile coho salmon body size and age determination

All coho collected in pole seines were sampled for body size by measuring fork

length, or the distance from tip of snout to fork in tail.
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Scales were collected from five fish per stream (3 scales per fish) during each
sampling event to determine age in order to categorize fish into age classes. The
majority (84.4%) of fish sampled were young of year (age class 0) and the remainder

age class 1.

We tested for an effect of sampling date on juvenile coho response variables, as
streams were sampled over a period of four to six weeks. No effect was found, therefore

sampling date was not considered in further analyses.

3.3.5 Data analysis

We used two approaches to assess the effect of spawning chum and pink
salmon densities on juvenile coho body size. First, we used information theoretic and
partial correlation approaches to evaluate the correlations between chum and pink
salmon densities to young of year (age 0) and age 1 coho body size, compared to a
broad suite of habitat variables across a gradient of spawning salmon densities at 17
streams. We used Akaike’s information criterion adjusted for small sample sizes. AIC
provides a comparison of model fits that includes a penalty for models with larger
numbers of parameters to be estimated (Burnham and Anderson 1998). We also
examined a linear regression of age composition at the same streams. Second, we used
natural barriers including waterfalls in streams, which excluded chum and pink but not
coho salmon from upstream locations to test paired sites with and without spawners for

4 streams.

In our first analysis, given the number of streams we surveyed and the large
number of potentially inter-related environmental variables assessed, we conducted an
exploratory analysis informed by a priori hypotheses to identify the habitat or coho
density variables that best described each coho body size response variable across the
17 streams, using AlCc (AIC adjusted for small samples sizes) according to the methods
suggested by Zuur et al. (2010). We retained only the top 2 habitat variables based on
AAICc values for each response variable to avoid over-fitted models and uphold the
principle of parsimony (Burnham and Anderson 2002). These included stream width and

pool volume for age 0 body size, and canopy cover and undercut banks for age 1 body
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size. We used variance inflation factor (VIF) to test for multicollinearity among the
explanatory variables (Zuur et al. 2010). For the final models, no variable exceeded a

value of two, which suggests multicollinearity among variables was not of concern.

We then assessed the relative importance of pink density, chum density, and the
top habitat features as identified in exploratory AICc analysis as explanatory variables on
age 0 and age 1 body size. Because we predicted that the behavioral and ecological
effects of pink and chum spawning salmon would differ between species, we retained
them as separate parameters. However, an exploratory combined analysis showed
similar results, with the strength of combined effects somewhere in between the effects
of each species individually. Linear models were constructed to represent our a priori
hypotheses. Because we hypothesized the density of canopy might mediate the effects
of spawning salmon on juvenile coho through affecting primary productivity, and pool
volume and undercut banks might affect carcass retention, we included interaction terms
for them. However, initial analyses prior to final AIC testing revealed that interactions
were not important. Therefore, they were excluded from the final analysis. A null model
was included in each candidate set, and we included year as a fixed effect to account for

systematic differences between the two years of data.

After selecting our independent variables and interactions based on a priori
hypotheses and exploratory analyses (Zuur et al. 2009 and 2010), we created a set of
models in all combinations limited to a maximum of three variables per model to avoid
over-fitting (Burnham and Anderson 2002). We used mixed models to incorporate the
hierarchical nature of our data set, including individual body size data for juvenile coho
and stream scale data for environmental variables. As such, stream was included as a
random effect, while year was included as a fixed effect. We computed candidate
models using maximum likelihood estimation (Zuur et al. 2009), and inspected
diagnostics for heteroscedasticity, over-leveraging of data points, and normality and
independence of residuals. To rank the relative importance of explanatory variables, we
used model averaging with summed model weights incorporating all candidate models
(Anderson 2008). AAICc values, or the difference between model i and the top ranked
model, are reported for all models with AAICc < 3 for reference but only those with
AAICc < 2 are discussed (Burnham and Anderson, 2002; Grueber et al., 2011). We then
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used partial correlation analysis to determine the unique contribution of chum and pink
density on juvenile coho age 0 and age 1 body size after taking the effect of the top

habitat variables (identified by AICc, as above) into account (Cohen et al. 2003).

We also examined the effect of spawning chum and pink density on the
proportion of age 0 compared to age 1 fish across the 17 streams. Because there was
no significant difference between years (2007 and 2008) for proportion age 0 (p > 0.05),
we pooled the data to increase the number of fish at each stream used to calculated age
proportion (maximum five fish per stream per year). We used an arcsine square root
transformation of the ratio of age 0 to age 1 coho and a log transformation of chum and
pink density, and used AICc to compete linear regression models in the same way we
did for body size. The top habitat variables included for age proportion analysis were

gradient and large wood.

For the second part of our analysis, we compared age 0 juvenile coho body size
at paired locations above and below a natural barrier to chum and pink spawning in 2008
in each of four streams. Below the barrier juvenile coho had access to chum and pink
salmon nutrients, while above the barrier juvenile coho were present because their
parents are able to pass the barrier during spawning, but the juvenile coho had no
access to chum and pink nutrients. There were no significant differences in the habitat
variables identified above and below barriers (p > 0.05). We used t-tests to compare
differences in juvenile coho body size above and below barriers at each site. We then
used linear regression to examine the relationship between the magnitude of difference
in juvenile coho body size above and below barriers, and chum and pink biomass
density below barriers at each stream. We were unable to separate the effect of species
nutrient deposition, either chum or pink, at the sites with spawning salmon (below
barrier) and without (above barrier) in this comparison, thus we combined pink and chum
densities for the second part of the analysis. Due to difference in body size and thus
nutrient load, we used salmon biom ass density based on mean values of chum body

mass 3.5k g, and pink body mass 1.2 kg (Hocking and Reynolds, 2011).

All statistical analyses were performed using R (R Development Core Team,
2009), including the MuMIn package (Barton, 2012).

33



3.4 Results

The body size of the younger age class (age 0) of coho salmon was correlated
more strongly with spawning chum salmon density than with pink density (r-squared =
0.31 and 0.02 for chum and pink, respectively; Table 3.2). The positive correlation was
also stronger than with any of the habitat variables, or juvenile coho density. An
additional 1/4 chum per m? was associated with a full centimeter increase in age 0 coho
length (Figure 3.1). The model containing spawning chum density in combination with
stream width and pool volume was the top model, which improved r-squared by 0.2
compared to the next top model, which was chum by itself (AAICc < 2, relative
importance 0.87; Table 3.3, Figure 3.2). The resulting relationship between chum density
and juvenile coho body size was still relatively strong after taking the effect of the top
habitat variables into account, and there was no relationship with pink density (partial r-

squared = 0.28 and 0.01, respectively).

Chum density was the only variable in the top model for size of age 1 fish,
whereas pool volume and stream width joined chum density in the top model for age 0
fish (Table 3.3, Figure 3.2). These relationships remained the same when habitat
variables were taken into account (partial r-squared = 0.28 and 0.36 for age 0 and age 1
body size, respectively). There was a trend towards a stronger relationship between
chum density and juvenile coho body size in age 1 coho compared to age 0 (Figure 3.1).
Thus, juvenile coho that had had direct contact with spawning chum the previous fall,
and had longer in streams for indirect effects to occur, had stronger relationships with
spawning chum than juvenile coho that had very little direct contact. Our results suggest
that pink salmon density has a positive effect on age 1 coho, though the parameter
estimates overlap zero (r-squared 0.23, relative variable importance 0.32; Figure 3.2).
This relationship was stronger once the top habitat variables were taken into account
(partial r-squared = 0.32 compared to 0.23). There was no strong effect of habitat, either

canopy cover or undercut banks (Figure 3.2).

In our analysis above and below barriers to chum and pink spawning salmon,
age 0 juvenile coho were significantly larger below the barriers at the two sites with the

highest spawning salmon biomass density (Figure 3.3). As salmon biomass density

34



below barriers increased across the four streams, the difference in body size of juvenile

coho also increased (r-squared = 0.82; Figure 3.4).

Streams that had more chum and pink salmon had more age 0 compared to age
1 coho (r-squared = 0.29 and 0.28 for pink and chum respectively, p < 0.03; Figure 3.3).
The effect of chum and pink salmon on proportion age 0 fish was stronger than any
habitat variable or juvenile coho density (Table 3.3; Figure 3.5). The untransformed data
showed an asymptotic relationship, where the proportion of age 0 coho approached 1, or
100%, at fairly low spawning chum and pink densities (0.15 and 0.2 fish/m?, respectively;
Figure 3.3).

The relationships between habitat variables and each of the three salmon
species (Table 3.2) were weaker than the relationships between coho and the two
species of spawning salmon (Table 3.3). As expected, the dissolved inorganic nitrogen
(ammonia and nitrate) and soluble reactive phosphorus in the streams during spawning
in fall were correlated with the density of spawning chum and pink salmon (Table 3.4).
However, these relationships generally did not persist through the non-spawning season
to summer (Table 3.4), nor were dissolved nutrients among the top habitat variables for
juvenile coho body size in the AlICc analyses (not shown). In addition to the habitat
variables considered in the AlCc analyses, chum density was somewhat correlated with
the percentage of the substrate that was small cobble (r-squared = 0.21), and pink
density with gravel (r-squared = 0.18). These substrate characteristics were not
correlated with coho body size (r-squared < 0.1). This suggests that relationships
between coho and the other salmon species were not being driven by separate

responses to habitat features.
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Table 3.2. Bivariate correlations, r, between variables used in the AlCc analyses
with the data from 2007 and 2008. For age 0 juvenile coho salmon
body size, n = 17 streams; and for age 1, n = 7 streams for each year.

Coho body Coho body g?cr:e%t Chum Pink Coho Stream  Canopy Pool uﬁggzﬁt
size, age 0 size, age 1 P density density density width density  volume
age 0 bank
2007 2008 2007 2008

Coho
body 2007 - 0.34 0.95 0.69 0.27 0.49 0.19 -0.33 0.21 0.49 -0.5 -0.22

size,

age NA
0 2008 - - (n=2) 0.28 0.30 0.74 0.03 -0.42 0.51 0.51 -0.09 -0.13
Coho 2007 - - - N_A 0.23 0.89 0.20 -0.03 0.71 0.86 0.33 -0.59
body (n=2)

size,
%€ 2008 - - - - 0.15 0.51 0.65 0.86 0.45 0.34 0.25 0.91
Coho percent - - - - 039 039 004 048 050 002  -0.16

age 0
Chum density - - - - - - 0.41 0.03 0.06 0.61 -0.28 0.27
Pink density - - - - - - - 0.21 0.41 0.48 0.20 0.05
Coho density - - - - - - - - -0.12 -0.03 0.36 0.1
Stream width - - - - - - - - - 0.50 0.50 -0.22
Canopy - - - - - - - - - - 0.02 0.24
density

Pool volume - - - - - - - - - - - -0.07
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Table 3.3. Summary of Akaike’s information criterion linear regression models
with the greatest support for body size of age 0 and age 1 juvenile
coho salmon. K is the number of model parameters, R? is the model
correlation coefficient, AAICc of model i is the change in model i
AICc score from the top model, w; is the AICc model weight.

Model parameters K R? AAICc w;

Age 0 Chum + pools + stream width 5 0.51 0 0.41
body size Chum 3 0.31 233 0.13
Chum 3 0.36 0 0.41
Age 1 Chum + pink 4 0.44 2.23 0.14
body size Pink 3 023 259 0.1
Null 2 0 2.93 0.1

Chum + pink 4 0.50 0 0.21
Chum 3 0.34 0.95 0.13

Chum + large wood 4 0.47 1.01 0.13

Pink 3 0.32 1.32 0.11

Proportion

age 0 Chum + pink + gradient 5 0.59 1.41 0.10

Chum + gradient + large
wood

Chum + pink + large wood 5 0.56 2.49 0.06

5 0.57 2.02 0.08

Chum + gradient 4 0.4 2.97 0.05
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Age 0 juvenile coho fork length (cm)

Age 1 juvenile coho fork length (cm)
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Figure 3.1. Relationships between the density of spawning chum and pink salmon
and juvenile coho salmon age 0 body size (top), and age 1 body size
(bottom). Each data point represents a stream, in either 2007 or

2008.
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Chum density (fish/m?) —— 087
Stream width — —&— 074
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Figure 3.2. Scaled model parameter estimates (circles) with 95% confidence
intervals (lines) from averaged predictive linear models describing
age 0 coho salmon body size (top), and age 1 coho salmon body
size (bottom). The variables are ordered from the highest positive
scaled coefficient value to lowest negative value. The relative
importance of variables to the averaged model (indicated on the
right) is scaled from 0 to 1.

39



1.5- ° ©

=3

)

" sy

S 1.0 o
C

I}

<<

L 05—

c

()

(6]

)

573 0.0

5 o

I I I I I I
00 02 04 06 08 1.0

Spawner biomass density (kg/m?)

Figure 3.3. Relationship between spawning chum and pink biomass density and
the difference in body size of juvenile coho salmon above and below
barriers to spawning chum and pink. (*) denote streams with
significant differences in juvenile coho body size above and below
barriers
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Proportion age 0 juvenile coho

Figure 3.4. Relationship between the density of spawning chum and pink salmon
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and proportion of age 0 juvenile coho salmon. Each data point
represents a stream, in either 2007 or 2008.
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Figure 3.5. Scaled model parameter estimates (circles) with 95% confidence
intervals (lines) from averaged predictive linear models describing
proportion age 0 coho salmon. The variables are ordered from the
highest positive scaled coefficient value to lowest negative value.
The relative importance of variables to the averaged model
(indicated on the right) is scaled from 0 to 1.

Table 3.4. Bivariate correlations, r, between individual nutrient variables and
spawning chum and pink salmon density.

Soluble

Nitrate Ammonia
phosphorous

Summer Fall Summer Fall Summer Fall

Chum

. 0.24 0.52 0.14 0.59 0.15 0.71
density

Pink density 0.43 0.57 0.21 0.52 0.02 0.47
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3.5 Discussion

We found larger juvenile coho in streams with higher densities of spawning chum
salmon, and larger juvenile coho below natural barriers to spawning chum and pink
compared to above barriers at high spawning salmon density streams. For age 0 coho,
these positive impacts are due to indirect effects. We also found that higher densities of
both chum and pink resulted in proportionally fewer age 1 coho compared to age 0,
suggesting higher spawning salmon nutrients may result in earlier seaward migration of

juvenile coho.

Our findings suggest an indirect carry-over effect from previous spawning events
because the majority of coho we sampled were young-of-the-year fish that would have
had little to no access to salmon nutrients at the time of sampling. The relationship
between juvenile coho body size for age class 1 fish and spawning chum salmon was
stronger than for young-of-the-year fish, which may indicate a potential additional benefit
from direct access to spawning salmon nutrients or accumulated indirect effects over a
longer time period. Our comparison of differences above and below a barrier to
spawning pink and chum salmon support the among-stream comparisons, indicating a
positive effect of nutrients from spawning fish on juvenile coho body size, with the

magnitude of the benefit increasing with the density of spawning fish.

Indirect effects on young-of-the-year coho salmon may have come through
increased aquatic and terrestrial invertebrate prey availability linked to spawning salmon
(Wipfli et al. 1998, Verspoor et al. 2011, Hocking et al. 2013). These resources are
readily used by juvenile salmonids (Scheuerell et al. 2007, Denton et al. 2009). A
concurrent study of many of the same streams that we used found spawning salmon
biomass predicted primary productivity better than habitat characteristics, and that
aquatic invertebrates used both nitrogen and carbon resources from spawning salmon
(Harding and Reynolds in prep). While dissolved nutrients may be a key player for this
bottom-up mechanism, they were not strongly related to juvenile coho body size.
Nutrients may be taken up by primary and secondary producers or are flushed out of the
stream. Further study on nutrient and food web dynamics would be helpful to explicitly

elucidate the mechanisms behind the relationships described here.

43



Our results suggest that body size in age 1 coho had stronger relationships with
adult chum salmon than body size in young-of-the-year fish, which may reflect greater
benefits when salmon nutrients are available directly to the juvenile fish, through
preferential diet switching to eggs and tissue (Scheuerell et al. 2007, Hicks et al. 2005).
These diets can have dramatically improved energy rations compared to diets not
containing eggs (Armstrong et al. 2010). Salmon eggs are 2-3 times more energy dense
than benthic invertebrates (Moore et al. 2008). This may explain why salmon subsidies
have been shown to have strong effects in stream food webs even though they are
available for a short period of time. Furthermore, older age classes of juvenile coho can
prey upon newly-hatched pink and chum fry (Hunter 1959), as well as invertebrates that
have been stirred up by adult salmon digging nests an fighting for space and mates.
They may also benefit from blowfly larvae on salmon carcasses in streams, which are a

preferred food source for juvenile salmonids (Scheuerell et al. 2007, Denton et al. 2009).

We found few to no age 1 coho in streams at the upper range of spawning chum
and pink densities (Figure 4). This matches our prediction that nutrient subsidies and
resulting larger coho body size could lead to migration from the stream to the ocean at
an earlier age. Further, our data suggest a threshold effect of spawning salmon density
where the majority of age 0 fish migrate to the ocean rather than remaining in freshwater
for an additional year, and this threshold is fairly low within the range of the streams
included in this study (Figure 4). Although other studies have found stream temperature
to affect whether coho outmigration occurs in a given year (e.g. Spence and Dick 2013),
we did not find this to be the case. Instead, chum and pink densities were better
correlates of juvenile coho age proportion than any habitat characteristic. Note that it is
also possible that chum salmon cause displacement of juvenile coho during spawning,
as suggested in a subsequent chapter, where we found that the positive effect of
spawning chum on juvenile coho abundance was reduced in the fall compared to

summer (Nelson and Reynolds 2014a).

Previous research has also found a positive effect of spawning salmon nutrients
on juvenile salmonids, with the majority of studies utilizing experimental carcass
additions. For example, carcass addition positively affected juvenile coho body condition

(Bilby et al. 1998, Wipfli et al. 2010), juvenile coho mass and body size (Wipfli et al.
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2003), juvenile coho growth (Wipfli et al. 2010, Giannico and Hinch 2007, Lang et al.
2006), and biomass of juvenile Atlantic salmon (Williams et al. 2009). On the other hand,
two studies did not find positive effects of carcass addition on juvenile cutthroat trout and
steelhead: specific growth rate was less with carcasses than without (Wilzbach et al.
2005) and growth did not change with carcass addition (Harvey and Wilzbach et al.
2010). Notably, this study design does not take the full effect of spawning salmon into
account (Tiegs et al. 2011). For example, many of these studies do not include eggs,
which are preferred by juvenile salmonids (Hicks et al. 2005, Scheurell et al. 2007).
Exceptions that did include egg provision were studies by Wipfli et al. (2010) and Lang et
al. (2006). In addition, carcass experiments do not include the effect of dissolved
nutrients through excretions, or the potential engineering effects of spawning activities
(Moore and Schindler 2008). A study using stable isotopes has shown that juvenile coho
were not able to take up significant amounts of marine-derived nitrogen from sites with
only carcass additions, whereas they were enriched in salmon nutrients from sites with
naturally-occurring spawning salmon, which would have included the combined effects
of carcass, egg and excretory nutrient benefits and engineering activity (Shaff and
Compton 2009).

Our findings complement those by Rinella et al (2012), who showed increased
growth rate in juvenile coho, as indexed by RNA-DNA ratios, across 11 streams of
increasing naturally-occurring spawning salmon. Although the authors showed carry-
over effects into the non-spawning season, we are the first to show an entirely indirect
effect of spawning salmon on juvenile coho body size by studying age 0 coho. Another
study looking at naturally-occurring spawning salmon found increased growth rate in
dolly varden in seven ponds increasing in spawning salmon biomass (Denton et al.
2009). Our study is the first to separate effects by age class (including age 0 with no
direct contact and age 1 with direct contact with spawning salmon), to examine effects
on coho age composition, and to include the comparative influences of habitat
characteristics. Contrary to our expectation and indications from previous research
(Tiegs et al. 2008, Armstrong et al. 2010), we found habitat characteristics did not
mediate the relationship between spawning chum and pink, and juvenile coho. This may
be related to a comparatively high density of spawning fish obscuring any effects of
habitat.
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We attempted to address the potential issue of spurious results in our correlative
study by taking a broad range of habitat variables into account explicitly and analyzing
them with information theoretic and partial correlation approaches. For example, a
spurious correlation may come out if all three species of salmon respond similarly to an
unmeasured habitat characteristic. We included stream width at bank full, stream length,
large wood, pools, pool:riffle ratio, undercut banks, gradient, canopy cover, percent
fines, pH, substrate, temperature, dissolved nutrients and the density of conspecifics,
and found the relationships between spawning chum and pink salmon and juvenile coho
were stronger than those between any of the three salmon species and habitat

characteristics.

This study suggests that spawning salmon can have positive effects on other
species of juvenile salmonids. Since growth and production of stream-rearing salmonids
can be limited by food availability (Chapman 1966) these findings imply that cross-
boundary nutrient inputs may be important for fisheries. Understanding these cross-
species interactions can also help inform ecosystem-based management (Bilby et al.
2001, Wipfli and Baxter 2010, Levi et al. 2012).
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4 Time-delayed subsidies: Interspecies population
effects in salmon®

4.1 Abstract

Cross-boundary nutrient inputs can enhance and sustain populations of
organisms in nutrient-poor recipient ecosystems. For example, Pacific salmon
(Oncorhynchus spp.) can deliver large amounts of marine-derived nutrients to freshwater
ecosystems through their eggs, excretion, or carcasses. This has led to the question of
whether nutrients from one generation of salmon can benefit juvenile salmon from
subsequent generations. In a study of 12 streams on the central coast of British
Columbia, we found that the abundance of juvenile coho salmon was most closely
correlated with the abundance of adult pink salmon from previous years. There was a
secondary role for adult chum salmon and watershed size, followed by other physical
characteristics of streams. Most of the coho sampled emerged in the spring, and had
little to no direct contact with spawning salmon nutrients at the time of sampling in the
summer and fall. A combination of techniques suggest that subsidies from spawning
salmon can have a strong, positive, time-delayed influence on the productivity of
salmon-bearing streams through indirect effects from previous spawning events. This is
the first study on the impacts of nutrients from naturally-occurring spawning salmon on

juvenile population abundance of other salmon species.

% A version of this chapter has been accepted as Nelson, M.N. and Reynolds, J.D. Time-delayed
subsidies: Interspecies population effects in salmon. PLoS one (March, 2014).
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4.2 Introduction

Movement of nutrients across ecosystem boundaries can contribute to the
productivity of recipient ecosystems (Polis et al. 1997, Nakano and Murakami 2001).
This can have a wide range of effects, including individual condition and growth
(Marczak and Richardson 2008), population abundance and distribution (Garcia et al.
2011), and community dynamics (Knight et al. 2005, Hocking and Reynolds 2011).
Subsidies are particularly important to nutrient-limited systems, such as desert islands
(Piovia-Scott et al. 2011), temperate lakes (Graham et al. 2006), and freshwater streams
(Richardson et al. 2010).

The annual influx of spawning salmon (Oncorhynchus spp.) along the temperate
coasts of the northern Pacific Ocean constitutes a substantial contribution of marine-
derived nutrients to nutrient-poor freshwater streams and lakes (Naiman et al. 2002,
Janetski et al. 2009). At the same time, the engineering effects of salmon spawning
activities and the marine outmigration of salmon offspring result in some nutrient export
(Scheuerell at al. 2005, Moore et al. 2007). Reductions in salmon populations in the
North Pacific region, which are as high as 95% in some areas (Gresh et al. 2000), have
created concern that reduced nutrient availability or streambed engineering by spawning
fish may alter the species and communities in freshwater and adjacent terrestrial
ecosystems. In fact, the decline of Pacific salmon represents one of the key current
environmental issues in North America (Ruckelshaus et al. 2002). Yet without
quantifying relationships between salmonids and their ecosystems, it is difficult to inform
ecosystem-based management or make holistic management decisions (Sharma and
Hilborn 2001).

Since some species of Pacific salmon spend a year or more as juveniles in the
same streams that receive nutrients from adult carcasses, it has been suggested that
there could be positive feedback across generations of salmon (Michael 1995, Bilby et
al. 1998). For example, coho (O. kisutch) spawn far upstream, but juveniles move
downstream into areas where high densities of other species of salmon are spawning,
such as pink (O. gorbuscha) and chum (O. keta). Analysis of 8 years of data indicated a

positive relationship between the abundance of spawning pink salmon and subsequent
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spawning adult coho abundance two years later (Michael 1995). This idea has taken
such a strong hold that it is now common practice for fisheries managers to consider
adding salmon carcasses from hatcheries into streams in order to enhance productivity,
including growth or survival of juvenile salmon (Harvey and Wilzbach 2010). However,
the effects of such a practice have not been rigorously tested. We do know that stream-
rearing juvenile salmonids directly consume spawning adult tissue and eggs (Bilby et al.
1998, Armstrong et al. 2010), and they preferentially switch to these resources when
they are available (Scheuerell et al. 2007). They may also benefit indirectly from
spawning salmon nutrients which increase primary productivity (Wipfli et al. 1998,
Verspoor et al. 2010) and aquatic and terrestrial invertebrates (Wipfli et al. 1998,
Verspoor et al. 2011, Hocking et al. 2013). However, bioturbation by large-bodied
spawning salmon can also have negative effects on stream invertebrate biomass (Moore
and Schindler 2008). Therefore, there remains little evidence of population-level linkages

among populations of salmonids.

Nutrients from marine-derived sources, measured by stable nitrogen isotopes,
were found to persist in stream salmonids from fall spawning events into the following
growing season (Rinella et al. 2013), and marine-derived nutrient signatures were best
explained by spawning events in the previous year (Reisinger et al. 2013). Studies have
shown increased spawning salmon resource availability is linked to improved condition
and growth in juvenile salmonids (Scheuerell et al. 2007), and coho in particular (Bilby et
al. 1998, Lang et al. 2006, Wipfli et al. 2003). However, the effect of spawning salmon on
juvenile salmonid abundance is not yet clear, with some studies showing positive effects
(Bilby et al. 1998) and others no strong effects (Wilzbach et al. 2005, Harvey and
Wilzbach 2010). Notably, most previous research has been limited to experimental
carcass addition (cf. Lang et al. 2006), which may have different impacts on streams

than do live spawning salmon (Tiegs et al. 2011).

Abundance of coho juveniles also depends on habitat characteristics, including
cover and predator refugia in the form of pools (Sharma and Hilborn 2001), large wood
and undercut banks (Roni and Quinn 2001). Coho may also be affected by habitat
related to food availability, such as riffle area, fine substrate, gradient (Hawkins et al.

1983), and overhead canopy density (Wilzbach et al. 2005). Juvenile coho can be limited
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by physiological tolerances related to temperature (Holtby 1988) and pH (Degerman et
al. 1986). Additionally, stream size is an important predictor of juvenile coho production
(Bradford et al. 1997).

In this study we investigate whether juvenile coho salmon benefit from adult pink
and chum salmon. Coho spend at least their first year of life rearing in freshwater
streams, whereas pink and chum salmon migrate to the ocean within weeks of emerging
from the stream substrate (Groot and Margolis 1991). Therefore, juvenile pink and chum
have little potential to benefit from salmon nutrients in the stream, whereas their
nutrients or engineering effects could affect juvenile coho. Most of the coho that we
studied were young of year, and would therefore not have had any direct exposure to
spawning salmon in fall at the time of summer sampling because they emerged only the
previous spring. At the time of fall sampling, some egg or tissue consumption may have
occurred during the spawning period (at most a few weeks of exposure). However, while
this may affect individual attributes such as condition and body size immediately, we feel
this is apt to have had minimal effects on population abundance in such a short time
period. Coho adults spawn much further upstream in our study streams than pink and
chum salmon, and at less than 5% of pink and chum density, so there are likely little to

no carcass implications from adult coho.

We conducted a multi-stream comparison to examine the relationship between
spawning pink and chum abundance and juvenile coho abundance, and considered a
suite of habitat variables that have been shown to be associated with juvenile coho. We
also tested whether these habitat variables could have independent effects on the three
salmon species. Because the vast majority of coho we sampled were young-of-the-year,
any effects would be due to spawning events from previous years. We predicted that
chum salmon would have greater effects than pink salmon due to their larger body size
and egg deposition (Groot and Margolis 1991). By using naturally-occurring salmon in a
wide range of streams, this study encompasses the combination of carcasses, eggs and

excreta, as well as engineering effects on the abundance of juvenile salmonids.
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4.3 Materials and Methods

4.3.1 Study sites and design

We surveyed 12 streams on the central coast of British Columbia in the Great
Bear Rainforest, in Heiltsuk First Nation traditional territory (Table 4.1). Pink and chum
are the dominant spawning salmon, and juvenile coho were present in all streams. All
sites were accessible only by boat. Land use has been very limited in the area, with

some selective logging prior to the 1950s (Hocking and Reynolds 2011).

In order to account for the effect of spawning coho adults on the density of
juvenile coho, it may be helpful to have data for adult coho in streams. However, there
were very little historical data available on spawning coho numbers at our streams, nor
was it possible to assess this in the field due to the inherent difficulties in estimating
spawning coho abundance (Irvine et al. 1992). However, a consistent relationship
between spawning coho and coho smolt abundance has been difficult to find because
smolt production is regulated by the availability of rearing habitat in the stream, rather
than adult spawning coho abundance (e.g. Bradford et al. 1997), unless spawning
densities are very low. Furthermore, where data were available within our study area
(five streams with spawning coho counts available since 2000), the densities of
spawning coho (50-204 females/km) exceed the number of spawning adults that are
thought to saturate the habitat with juveniles, which ranges from 4-44 females/km with
an average of 19 (Bradford et al. 2000). Expected juvenile production, calculated as 85
juveniles per spawning female (Bradford et al. 2000) for the five streams (mean =
11,800) was far in excess of the observed number of juveniles (mean = 3,592), which
further indicates juveniles are limited by something other than spawning coho

abundance.

Study streams ranged in bank full width from 1.2 to 22.8 m, and they all flow
directly into the sea. The watersheds range from high gradient exterior coastal sites to
lower gradient habitats in coastal fijords. Stream riparian areas are forested within the
Coastal Western Hemlock biogeoclimatic zone (Pojar et al. 1987), with a dominant

canopy of western hemlock (Tsuga heterophylla), western red cedar (Thuja plicata), and
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Sitka spruce (Picea sitchensis). Riparian trees and shrubs are dominated by red alder
(Alnus rubra), salmonberry (Rubus spectabilis), salal (Gaultheria shallon), false azalea
(Menziesia ferruginea), and blueberry (Vaccinium spp.). Total annual precipitation in the

region is amongst the highest in North America, at 3000-4000 mm/yr.

Study streams were sampled for juvenile coho when the pink and chum salmon
were spawning in September-October, 2008, as well as prior to spawning in May-June,
2008. Data were available for numbers of adult pink and chum returning to spawn from
2006-2011 across the entire spawning length of each stream. The length of area
sampled for environmental variables was scaled to average stream width (30 x stream
width), and divided into 12 transects. A random subsample of this area was sampled for

juvenile coho (8 x stream width), as per below.

Table 4.1. Stream characteristics, spawning salmon population data (2006-11) and
mean juvenile coho abundance (summer and fall, 2008) for streams
(n =12) in this study. Coho salmon abundance and density were log
transformed for the analyses.

Bank Mean Mean
Length  full Mean pink Mean coho  coho
Stream . chum )
(m) width  abundance abundance abundance densmz/
(m) (fish/m?)
Ada Cove 6,480 11.1 318 1,160 756 0.193
Beales Left 3,360 10.9 1,030 351 1,111 0.367
Bl\‘jl';?f]k 2420 109 1515 2,030 752 0.178
Fanny Left 4,270 12.8 5,008 2,646 48,936 2.97
Hooknose 2,970 16.9 2.970 1,537 13,530 0.632
Jane Cove 1,380 4.6 0 12 214 0.122
Kill Creek 980 3.5 289 797 731 0.505
K‘KA”S.OOt 3670  13.1 5 800 376 9272 0.74
ain
MOI_ng‘t"to 3,250 4 203 92 10 0.006
PortJohn 2,540 3.3 2 3 164 0.241
Sagar 5200 155 634 779 9,409 0.988
Troup North 440 4.4 1 2 505 0.422
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4.3.2 Environmental variables

We measured a large set of variables that have been shown or hypothesized to
affect abundance of juvenile coho salmon (Table 4.2). These were: stream catchment
area, stream width at bank full, stream length, maximum stream depth, stream wetted
width, large wood, pools, poolriffle ratio, undercut banks, gradient, canopy cover,
percent fines, maximum weekly temperature, pH, and dissolved nutrients (nitrate,
ammonia and soluble reactive phosphorous). These variables were combined for model

testing (see Data Analysis, below).
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Table 4.2. Predictions of the potential influence of habitat features on juvenile
coho abundance.

Variable Mechanism Direction References
Stream Available habitat increases as Positive Bradford
length stream length increases et al. 1997
Stream Smaller streams have more Neqative Rosenfeld
width structural complexity 9 et al. 2000

. Roni and
Large wood Structures pror\él]%e gover/predator Positive Quinn
9 2001
Undercut Roni and
b Provide cover/predator refuge Positive Quinn
anks
2001
Sharma
Pools Provide cover/predator refuge Positive and Hilborn
2001
. Optimum combination of cover Nega_tlve Kershner
Pool:riffle . . outside :
ratio (pools) to mver_tebrate production optimal and Snider
(riffles) 1992
range
Reduces proportion of drift
Fine invertebrates, and reduces cover Neqative Hawkins
sediment availability by filling spaces between 9 et al. 1983
large substrates and structures
High gradient reduces riffles for Negative
Gradient intertebrate production, and outside Hawkins
increases effects of extreme flow optimal et al. 1983
events range
Provides habitat for terrestrial Nakano
. . ! and
invertebrates composing drift, but i .

Canopy , ; . Positive or Murakami

reduces light penetration for primary :

cover . . . negative 2001,

productivity-feeding aquatic Wilzbach
invertebrates nzbac
et al. 2005
Positive
. . (slightly Degerman
pH Physiological tolerance acidic ot al. 1986
streams)
Temperature Physiological tolerance Negative (for Holtby
maximum 1988
temperatures
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Stream width was measured in two ways. First we measured the width at water
level at the time of sampling, or wetted width. Second, we measured the width at the
maximum width without flooding, or bank full width. Both stream width measurements
were averaged across 12 transects. Depth was measured at each transect and the
highest value used to represent maximum depth. Stream length and catchment area

were calculated using iMapBC (Field and Reynolds 2011).

Stream temperature was characterized as the maximum weekly average
temperature (MWAT) averaged over the two years during which data were collected.
Temperatures were measured using two waterproof ibutton data loggers (DS1922L) at
two standard transects per stream near the top and bottom of the study reach, which
were fastened below the lowest water level to iron rods, and which recorded
temperatures every two hours. Water pH was measured at three standard transects per

stream throughout the study reach, and ranged between 4.8 and 6.9.

Stream habitat types (pool, riffle, run, glide, rapid) were identified according to
Bain and Stevenson (1999). The length and width of each habitat unit was measured,
giving a measure of pool:riffle ratio for the stream. Pool depth was also measured at the
deepest point, giving an estimate of pool volume for the stream. All pieces of wood that
would be in the water at bank full and which were >10 cm in diameter and >1.5 m long
were measured for length and diameter to calculate large wood volume for the stream
(Roni and Quinn 2001). Undercut bank percentage for the stream was calculated as the
mean length of stream bank undercut on either side, divided by the stream length.
Gradient was measured using a clinometer, and vegetative cover using a spherical
densitometer at 12 transects per stream. Substrate was measured at 12 transects per
stream on the intermediate axis on 10 stones along each transect (Wolman 1954), and
categorized into fines (0-1.2 cm), gravel (1.3-10.2 cm), small cobble (10.3-14.9 cm),
large cobble (15.0-24.9 cm), boulder (>25.0 cm) or bedrock.

Three water samples were collected at three standard transects at each stream
throughout the study reach prior to and during spawning for dissolved nutrients.
Dissolved phosphorous (soluble reactive phosphorous) and dissolved inorganic nitrogen

(ammonium NH3;" and nitrate NO3') were analyzed by personnel at the Fisheries and
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Oceans Canada Cultus Lake Research Facility following the American Public Health
Association methods (APHA 1989).

4.3.3 Spawning pink and chum salmon abundance

Visual surveys by observers walking up streams were available from Fisheries
and Oceans Canada for spawning pink and chum abundance at half of the streams in
this study for between one and six years while the study was being undertaken (2006-
2011). These data were supplemented using the same survey protocol in partnership
with the Heiltsuk First Nation’s Integrated Resource Management Department. Fish in all
streams were counted for at least two years and up to six years (2006-2011) by either
Fisheries and Oceans Canada, Heiltsuk First Nation’s Integrated Resource Management
Department or Simon Fraser University staff, with an average taken (sum of spawning
salmon counts/number of times counted) in order to generally characterize each stream
and reduce the influence of annual temporal variation. Akaike’s information criterion
adjusted for small sample sizes (AlCc) results were similar using mean 2006-2011 adult
abundance compared with the spawning year prior to sampling, 2007, thus only mean
2006-2011 adult abundance results are reported in order to reduce the effect of inter-

annual variation.

At least three spawning salmon counts were undertaken at each stream in each
spawning season, and total abundance was estimated using the area-under-the-curve
method (English et al. 1992). When we could not access the stream three times within a
spawning season, the peak (live+dead) counts were used. There was no substantive
difference between methods at a subset of cases using both methods (Hocking and
Reynolds 2011).

4.3.4 Juvenile coho salmon abundance

In May-June and September-October, 2008, juvenile coho were collected by
triple-pass depletion of a stop-netted section. Due to the remoteness of our sites and the
complexity of streams, we elected to use a two-meter wide pole seine to collect juvenile

coho (e.g. Swain and Holtby 1989). Sampled areas were left undisturbed for a minimum
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of one hour between passes, with the same methods used for each pass. Sections were
chosen randomly within the area sampled for environmental variables with seine section
length standardized as 8 x bank full width. In order to ensure stable and representative
coho density throughout the entire section, the sampled area included representation
from all habitat types (pools, riffles, glides, and runs) with an average area sampled for
coho density of 231.9 m? Resulting coho density (juvenile coho/m?) was used to

calculate abundance (juvenile coho/stream) in the spawning reach for each stream.

Maximum likelihood modeling was used with the three pass depletion data to
estimate total abundance (Schnute 1983). A comparison between a standard
multinomial method (Zippin 1956), maximum likelihood (Schnute 1983), and a
hierarchical approach (Dorazio et al. 2005) for estimating abundance from depletion
found no significant difference in abundance estimates between methods (ANOVA,
n=12, p > 0.05). As streams were sampled consecutively over a period of six weeks, we
tested for an effect of sampling date within season on abundance. No effect was found,

therefore sampling date was not included in further analyses within each season.

Age analysis of scales from a small subset of individuals (n = 5 at each stream)
revealed the vast majority (87.8% in summer and 81.0% in fall) were young of year
(hatched in spring of the same year of sampling) and the remainder hatched the
previous spring. We were unable to separate the remaining fish by age class, nor were
we able to model abundance for age classes separately, thus our abundance values

include both age classes.

4.3.5 Data analysis

Given the large number of potentially inter-related environmental characteristics
assessed (Table 4.2), we used principal components analysis (PCA) to reduce 17
habitat variables into orthogonal axes. All axes explaining more than 5% of the variance
were extracted for further analysis (McGarigal et al. 2000). These axes explained 64.8%
of the variation in habitat characteristics among streams in three principal components;
watershed size (PC1), habitat structure (PC2), and dissolved nutrients (PC3) (Table A.1,

Appendix A). The component representing watershed size (PC1) includes catchment
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area, stream length, bank full width and wetted width, as well as dissolved phosphorous.
The component mainly representing habitat structure (PC2) includes percent undercut
bank, large wood volume, and gradient, as well as pH. The component representing
dissolved nutrients (PC3) includes maximum temperature, dissolved nitrate and

dissolved phosphorous (Table A.1).

Next, we assessed the relative importance of pink salmon abundance, chum
salmon abundance, and the habitat principal components as explanatory variables of
juvenile coho salmon abundance in summer and fall. Linear models were constructed to
represent our a priori hypotheses. Although it is possible habitat characteristics, such as
those affecting nutrient retention or availability, may mediate the relationships between
spawning pink and chum and juvenile coho abundance (e.g. Tiegs et al. 2008), we did
not include interaction terms in order to avoid over-parameterization (Burnham and
Anderson 2002). However, preliminary correlation analyses between habitat variables
and spawning pink and chum abundance did not reveal strong interactions (r-squared <
0.25). A null model was included in each candidate set. To account for the lack of
independence from data from 2007 and 2008, we included year as a fixed effect in our
models. Coho abundance was logo transformed to reduce over-leveraging of outlying

data points.

Akaike’s information criterion adjusted for small sample sizes (AICc) was used to
evaluate the relative importance of the candidate sets of linear models for juvenile coho
abundance as the response variable. AIC evaluates the predictive power of models with
different combinations of variables based on the principle of parsimony, which balances
optimal fit with the number of variables used in the model (Burnham and Anderson
1998). We used all model combinations with a maximum of three variables per model to
avoid over-fitting (Burnham and Anderson 2002). Candidate models were computed
using the maximum likelihood estimation method (Zuur et al. 2009). We inspected model
diagnostics for heteroscedasticity, over-leveraging of data points, and normality and
independence of residuals. Model averaging was then used to quantify and rank the
importance of individual explanatory variables for each response variable using summed
model weights (Anderson 2008). We incorporated all of the candidate models (including

those with AAICc > 2) into the model averaging for each response variable. AAICc
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values, which represent the difference between model i and the top ranked model, are
reported for all models with AAICc < 3 (Burnam and Anderson 2002, Grueber et al.
2011).

We wanted to determine whether stream size could drive patterns of juvenile
salmon abundance. Therefore, the principal component representing these variables
was included in AICc model testing, with coho abundance as the response variable. An
alternative would have been to calculate fish densities instead of abundance, i.e. juvenile
coho, and spawning pink and chum per unit stream size (Figure A.1, Appendix A). We
found similar results, and we have chosen to present the abundance results with stream
size as a separate parameter in order to see the independent effects of stream size
rather than combine it with spawning salmon. We also used patrtial correlation analysis
to determine the unique contribution of pink and chum abundance to coho abundance
after the influence of stream size and other habitat characteristics (principal

components) had been removed.

All statistical analyses were performed using R (R Development Core Team
2009), including the MuMIn package (Barton 2012).

4.4 Results

High summer juvenile coho abundance was associated with high pink and chum
abundance and large watershed size (PC1, Figure 4.1). These three variables were the
only important correlates of summer coho salmon abundance, (AAICc < 2, relative
importance 0.58, 0.4 and 0.59, respectively; Figure 4.2). After taking the effect of habitat
components, including watershed size (PC1), into account, the resulting positive
relationship between pink and chum abundance and juvenile coho abundance was still
clear (partial r-squared = 0.35 and 0.55 for pink and chum, respectively). Note that the
remaining correlation between chum and coho was stronger than pink and coho when

the effect of habitat was controlled statistically, which was consistent with our prediction.
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Figure 4.1. Relationships between the abundance of spawning pink and chum
salmon and habitat principal components, and abundance of
juvenile coho salmon in summer prior to spawning (a-c) and during
spawning in fall (d-f). Large values of PC1 correspond to variables
related to large watersheds.
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Figure 4.2. Scaled model parameter estimates (circles) with 95% confidence

intervals (lines) from averaged predictive linear models describing
juvenile coho salmon abundance in summer (top) and fall (bottom).

The variables are ordered from the highest positive scaled

coefficient value to lowest negative value. The relative importance of
variables to the averaged model (indicated on the right) is scaled

from 0 to 1.

For fall coho abundance, spawning pink salmon abundance and watershed size (PC1)
explained differences in juvenile coho abundance better than chum abundance, habitat
structure (PC2), or dissolved nutrients (PC3) (Table 4.3). Every 1,000 pink salmon adults
were associated with 1,500 more juvenile coho salmon (Figure 4.1). The model
containing spawning pink abundance and watershed size was the only model with
AAICc < 2 (relative importance = 0.81 and 0.82 for pink abundance and watershed size,
respectively; Figure 4.2). The relationship between pink abundance and fall coho
abundance remains after taking the effect of habitat components into account (partial r-

squared = 0.59), while no relationship remains between chum abundance and coho

abundance in fall (partial r-squared = 0.04).
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Table 4.3. Summary of linear regression models with the greatest support (AAICc
< 3.0) for juvenile coho salmon abundance in summer and fall. AlCc
= Akaike’s information criterion with a correction for small sample
size, K = number of model parameters, R? = model correlation
coefficient, AAICc = change in AICc score from top model, w; = AlCc
model weight. The models are ordered by decreasing w;.

Model parameters K R?  AAICc w;

Pink + PC1 4 073 000 023
Pink 3 061 120 0.13
Jsuuvne"mg Chum + PC1 4 068 234 007
coho Chum + PC3 4 068 238 007
abundance PC1 3 057 250 0.07
Chum 3 056 274 0.06
Chum+PC1+PC3 5 077 291 005
Fall
juvenile
coho Pink + PC1 4 076 000 0.50
abundance

Streams that had the greatest loss of juvenile coho between summer and fall had
larger numbers of chum adults (r = 0.49; Figure 4.3). However, there was no relationship

with the abundance of pink salmon (r = -0.06).
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Figure 4.3. Relationships between the percent loss of juvenile coho salmon
between summer and fall and the abundance of spawning pink and
chum salmon.

The relationships between the broad suite of habitat variables measured (Table
4.2) and coho abundance were weaker than the relationships between pink and chum
abundance and coho abundance (Tables 4.3 and 4.4). Pink and chum abundance were
also correlated with the percentage of the substrate that was small cobble (r* = 0.52 and

0.48, respectively). Small cobble was not correlated with coho abundance (r? < 0.1).
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Table 4.4. Bivariate correlations, r, between variables used in the analyses. Coho
salmon abundance has been log transformed.

Summer

coho Fall coho Pink Chum Habitat Habitat Habitat
abundance abundance abundance PC1 PC2 PC3
abundance
Summer
coho - 0.79 0.78 0.75 0.75 -0.16 -0.21
abundance
Fall coho - - 0.76 0.56 0.74 002  -0.31
abundance
Pink . . - 0.55 061 002 -0.16
abundance
Chum - - - - 066 008 047
abundance
Habitat
PC1 - - - - - 0.00 0.00
Habitat
PC2
- - - - - - 0.00

4.5 Discussion

We found that streams containing higher more spawning pink salmon had more
juvenile coho salmon. Juvenile coho were also more abundant in streams that had more
spawning chum salmon, though this was true only in the summer period prior to the
arrival of spawning adult chum. Because over 80% of the coho sampled in the pre-
spawning portion of this study were recently hatched and had no direct contact with
spawning adults of any species, our findings suggest a legacy effect of salmon nutrient

subsidies through indirect effects. Other studies have shown marine-derived nutrients to
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persist in aquatic invertebrates and stream salmonids from fall into summer (Rinella et
al. 2013) and a legacy signature of marine-derived nutrients in juvenile coho that is best

explained by spawning salmon run size the previous year (Reisinger et al. 2013).

Watershed size was as important in explaining juvenile coho abundance as pink
and chum abundance, whereas watershed size and spawning salmon abundance were
much better at predicting juvenile coho abundance than the broad suite of other habitat
characteristics considered. This multi-stream comparison also complements a study of
one stream with 8 years of data suggesting that adult coho abundance is positively

related to the abundance of adult pink salmon (Michael 1995).

Several mechanisms may explain the strong and positive indirect effects of
spawning pink and chum on juvenile coho abundance. For example, there could be a
bottom-up trophic pathway if dissolved nutrients from spawning salmon enhance primary
productivity. It is also possible that salmon subsidize invertebrates feeding directly on
carcasses, which could be eaten by juvenile coho. Both mechanisms have been shown,
with enhanced primary production (Wipfli et al. 1998, Verspoor et al. 2010) and
increased invertebrate biomass (Wipfli et al. 1998, Verspoor et al. 2011). Indeed, at the
streams in this study, other research has found spawning salmon biomass to be the best
predictor of summer biofilm and chlorophyll a, and salmon-derived nitrogen in biofilm to
be 2-3x higher in sites below barriers to pink and chum compared to above (Harding et
al. 2014). Furthermore, at these same streams, spawning salmon biomass was an
important predictor of salmon-derived nitrogen and carbon in aquatic invertebrates
(Harding and Reynolds in prep). Although dissolved nutrients were not strong predictors
of coho abundance, they were more strongly related to spawning pink and chum in fall
than during summer (Habitat PC3, Table 4.4), suggesting these nutrients do not persist

in the water for long after spawning events.

Previous studies have tested for impacts of salmon on densities of juvenile
salmonids using experimental additions of carcasses. Bilby et al. (1998) showed an
increase in the density of juvenile coho following the addition of adult coho carcasses to
two natural streams. Lang et al. (2006) found a general pattern of greater coho density in

ponds connected to spawning habitat by hyporheic flow, which is consistent with our
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findings. Other studies have found no change in juvenile salmonid density with the
addition of carcasses to three natural streams (Wilzbach et al. 2005, Harvey and
Wilzbach 2010). While carcass addition studies can examine the effects of direct
consumption of carcass tissue, they do not take into account the full effect of spawning
salmon (Tiegs et al. 2011), including the influence of nutrient provision in the form of
eggs, and these nutrients are readily used by juvenile salmonids (Hicks et al. 2005,
Scheurell et al. 2007), nor do they include the effect of dissolved nutrients through
excretions (Levi et al. 2011), or the potential engineering effects of spawning activities
(Moore and Schindler 2008). In addition, live fish excrete nutrients that have higher
bioavailability than carcasses and may be more effective in stimulating primary
productivity, particularly in nutrient-limited systems (Levi et al. 2011). Furthermore, older

juvenile coho can prey upon newly-hatched pink and chum fry (Hunter 1959).

A potential issue with comparisons of natural variation among streams is that
habitat variables could confound the results. For example if all three species of salmon
respond in the same way to the same habitat variables, that could lead to spurious
correlations. However, by taking a broad range of habitat variables found to be
associated with juvenile coho into account explicitly and using an information theoretic
model comparison, we have attempted to minimize the chance of this occurring.
Specifically, we measured 17 habitat characteristics known to be correlated with
abundance of juvenile coho. The relationships between spawning salmon and juvenile
coho were stronger than the relationships between any of the three species and habitat
characteristics, though the relationship with watershed size was high, which we
attempted to isolate using a partial correlation approach. We also note that habitat usage
by coho is very different from the others. Adult coho travel much further upstream, and
the young spend a year or more in freshwater, favoring pools and large wood structures
(Table 2, see also Sharma and Hilborn 2001, Roni and Quinn 2001). In contrast, pink
and chum salmon spawn lower down in the stream, and their juveniles leave for the

ocean immediately after they emerge in the spring.

The relationship between juvenile coho abundance and adult chum salmon was
strong in the summer before adults arrived but there was no relationship in the fall, when

the fish were spawning. We also found the percent reduction in coho abundance from
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summer to fall was positively related to chum abundance but not to pink abundance.
These effects may be due to more aggressive behavior of chum displacing juvenile coho
(personal observation), or stronger bioturbation by chum, which are considerably larger
than pink salmon. Although no previous studies have looked at the effect of aggressive
behavior of chum on juvenile coho, we do know that juvenile coho may be negatively
affected by aggressive behavior of conspecifics. For example, Bradford et al. (2000)
estimated 60-90% of newly hatched coho become displaced and move downstream into
the marine environment in their first spring due to intraspecific aggression and high
water flows, resulting in mortality. Furthermore, bioturbation could reduce foraging
success of juveniles through reduced invertebrate biomass (Moore and Schindler 2008)
and thus mediate the positive effect of the nutrient subsidy to primary and invertebrate
production (Wipfli et al. 1998, Verspoor et al. 2010 and 2011), although bioturbation may
also increase drifting invertebrates which may increase foraging success of juveniles.
Bioturbation can also increase the availability of salmon eggs to other species
(Scheuerell 2007), but only approximately 20% of the coho in our study would have had
access to eggs. Further data on primary and invertebrate productivity would be required
to fully elucidate the importance of a bioturbation mechanism in our system.
Additionally, comparing diets of juvenile coho in summer prior to spawning and fall

during spawning may illuminate underlying trophic mechanisms at play.

This study advances our understanding of the strength and persistence of
nutrient subsidies in resource-limited systems such as freshwater streams while taking
important habitat characteristics into account. There is a great deal of interest in the
importance of such cross-ecosystem subsidies in fisheries and ecosystem-based
management (Bilby et al. 2001, Hocking and Reynolds 2011, Levi et al. 2012). Our
results suggest that spawning salmon have indirect but significant influences on stream-
rearing juvenile salmonid populations that persist in the environment, creating a legacy

effect of marine nutrient subsidy.
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5 Nutrient subsidies drive a trophic cascade in an
intraguild predator-prey relationship in freshwater
fishes

5.1 Abstract

Nutrient subsidies across ecosystem boundaries can stimulate indirect effects
and trophic cascades, particularly in nutrient-poor systems such as freshwater streams.
Predator-prey dynamics in recipient ecosystems are particularly important in determining
the strength and effects of such cascades, yet the role of intraguild predation is poorly
understood. We investigated the effects of nutrient subsidies to freshwater streams on
the intraguild predator-prey relationship between two stream fishes, juvenile coho
salmon (Oncorhynchus kisutch) and their competitor and predator, sculpin (Coftus
aleuticus and C. asper). We studied whether the effect of the size and density of sculpin
on juvenile coho density was affected by nutrients from spawning pink and chum salmon
in 13 streams on the central coast of British Columbia, Canada. We found negative
associations between sculpin body size and coho density, which may reflect competitive
or predatory interactions. At sites with high spawning salmon densities and thus
resource availability, this relationship weakened, which may indicate reduced
competitive and predatory effects. These results suggest that nutrient subsidies to both
species in an intraguild predation relationship can stimulate a trophic cascade whereby

the prey benefits from reduced predation or competition from the predator.

5.2 Introduction

Species abundance may be controlled either from the bottom up through the
availability of food (e.g. Chapman 1966) or from the top down through predation and

competition (e.g. Paine 1966). Changes in competition and predation can potentially
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cause trophic cascades. Although there is some debate as to how the term trophic
cascade should be used, we are using it as defined by Polis et al., as indirect effects
between two species mediated through trophic interactions with a third species (2000).
The important point is that these indirect effects can be important in structuring food
webs (Wootton 1994). The movement of nutrients across ecosystem boundaries can
stimulate indirect effects and trophic cascades (e.g. Polis and Strong 1996), thus altering
the strength of interactions among species in recipient communities (Polis and Holt
1992). For example, the effects of subsidies on predatory fish can cascade through food
webs to alter primary productivity through both direct and indirect interactions (Power
1990).

The potential for spatial subsidies to cause trophic cascades may be particularly
pronounced in aquatic ecosystems (Shurin et al. 2002) and those with low productivity
(Polis et al. 1996). For example, freshwater streams can be nutrient-poor and receive
large subsidies from adjacent terrestrial habitats (Vannote et al. 1980, Richardson et al.
2010). Access to spatial subsidies can strongly affect predator-prey dynamics (Holt
1984), particularly in ecosystems where more energy enters the food web as subsidies
than is produced within it (Huxel and McCann 1998). Several stream trophic levels are
linked to terrestrial leaf litter inputs (Wallace et al. 1997) and terrestrial arthropod inputs
drive trophic cascades in stream food webs (Nakano et al. 1999). Nutrient subsidies to
nutrient-poor systems are particularly important because they can lead to higher

productivity, carrying capacity and consumer abundance (Huxel and McCann 1998).

Spawning salmon provide a well-documented subsidy to freshwater streams
(Janetski et al. 2009), although the full ecological effects of this subsidy are still not fully
understood. Salmon nutrients have been linked to direct and indirect positive effects on
the abundance of a number of freshwater taxa, including stream biofilm (Wipfli et al.
1998, Harding et al. 2014), aquatic invertebrates (Wipfli et al. 1998, Verspoor et al.
2011), salmonids (Bilby et al. 1998), and sculpin (Swain and Reynolds in prep). An
indirect positive effect of spawning salmon nutrients on the abundance of riparian birds
was found due to an increase in stream invertebrates (Nakano and Murakami 2001).
Indirect effects from previous spawning events have been found to affect juvenile coho

abundance and growth (Nelson and Reynolds,20714a, b).
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There is potential for a trophic cascade among stream fishes from spawning
salmon nutrients if the subsidy affects one species of fish in a way that alters its impact
on another competitor or prey species. Juvenile coho spend at least their first year after
emergence in freshwater before migrating to the ocean (Groot and Margolis 1991). In
streams, they are subject to competition for food from sculpin, as well as direct predation
by sculpin (Hunter 1959). Both coho and sculpin directly consume spawning salmon
eggs and fry (Bilby et al. 1998, Swain et al. 2014), which provide a high quality food
source (Moore et al. 2008). Increased spawning salmon abundance has been linked with
increased abundance of both juvenile coho (Nelson and Reynolds 2014a) and sculpins
(Swain and Reynolds in prep). Further, sculpin diets switch from prey fish to salmon
eggs when they are available (Swain et al. 2014). However, the indirect effects of
spawning salmon nutrients on juvenile coho abundance through sculpin, has not been

investigated.

Because coho and sculpins belong to the same ecological guild, in that they
compete for similar resources (Polis and Holt 1992), yet are also engaged in predator-
prey interactions, their ecological interaction is known as intraguild predation (Polis,
Meyers and Holt 1989). This triangular trophic configuration (Figure 5.1) is a widespread
phenomenon (Holt and Polis 1997) that plays a role in maintaining ecological function
(Polis and Holt 1992). Importantly, intraguild predation can have major impacts on
intraguild prey populations (Brodeur and Rosenheim 2000). Stable coexistence of
intraguild predator-prey may not be possible unless certain conditions are met (Polis and
Holt 1992), such as an intermediate, but not high, level of environmental productivity
(Holt and Polis 1997). The effect of spatial resource subsidies on intraguild predation is
not yet clear. Intraguild predation may inhibit (Finke and Denno 2005) or facilitate (Huxel
and McCann 1998) trophic cascades potentially stimulated by nutrient subsidies, and
thus environmental productivity. Understanding the implications of multi-trophic
interactions such as intraguild predation is important in understanding the ecological

ramifications of nutrient subsidies in food web ecology (e.g. Finke and Denno 2005).

In this study, we investigate whether an intraguild predator-prey relationship
either inhibits or facilitates a trophic cascade due to a spatial resource subsidy. We

conducted a multi-stream comparison on the central coast of British Columbia to
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examine the relationship between two species of sculpin, coastrange (C. aleuticus) and
prickly (C. asper), and juvenile coho salmon (O. kisutch), as mediated by the availability
of nutrient subsidies from spawning pink (O. gorbuscha) and chum (O. keta) salmon. We
predicted more and larger sculpins would negatively impact coho densities through their
intraguild predator-prey dynamic in which sculpin both prey upon juvenile coho and
compete with them for limited resources. As sculpin body size increases so does their
ability to prey on coho and the coho content in their diets (Tomaro 2006). However,
where abundant resources were available in the form of spawning salmon nutrients, we
predicted the predation and competitive pressure of sculpins on coho may be reduced,

thus creating a trophic cascade.

Predator Predator
Consumer Consumer
Resource Resource

(a) (b)

Figure 5.1. Food webs without (a) and with (b) intraguild predation.
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5.3 Materials and Methods

5.3.1 Study sites and design

We surveyed 13 streams on the central coast of British Columbia, Canada, in the
Great Bear Rainforest (Table 1). Chum and pink salmon were the dominant spawning
species, and juvenile coho were present in all streams. Land use has been limited in the

area and sites were accessible only by boat.

Streams in this study all flow directly into the ocean, mainly consist of mid-
gradient exterior coastal sites, and had bank full widths from 3.3 to 22.8 m. This region is
in the Coastal Western Hemlock biogeoclimatic zone (Pojar et al., 1987), with forests
dominated by western hemlock (Tsuga heterophylla), western red cedar (Thuja plicata),
and Sitka spruce (Picea sitchensis). Riparian zones are dominated by red alder (Alnus
rubra), salmonberry (Rubus spectabilis), salal (Gaultheria shallon), false azalea
(Menziesia ferruginea), and blueberry (Vaccinium spp.). Annual precipitation in the
region is 3,000-4,000 mm/yr.
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Table 5.1 Stream spawning salmon density (pink and chum combined), sculpin
density, sculpin body size, and juvenile coho salmon density for the
13 streams in this study.

. . . Prickly
Juvenile Spawning Coastralnge Coastralnge Prlck!y sculpin  Watershed
Stream coho salmon sculpin sculpin sculpin bod size
densitg densit¥ densitg body size densit¥ sizey (km2)
(fish/m®)  (fish/m®) (fish/m®) (cm) (fish/m?) (cm)
Ada Cove 0.30 0.38 3.92 7.83 0.19 - 9.8
Bullock 4 35 0.84 ; 7.00 0.27 ; 33
Main
Clatse 11.50 0.72 7.45 4.69 - - 24.3
Fanny 5.30 0.46 - - 0.14 6.83 16.4
Left
Hooknose 1.22 0.25 1.98 - 0.18 8.46 1.2
éa”e 0.21 0.01 - 7.55 0.44 8.83 1.3
ove
Kill Creek 0.90 0.75 0.96 5.95 0.00 - 0.5
Kunsoot .96 0.49 0.38 6.93 010  9.78 4.9
ain
Neekas 4.28 1.56 6.56 5.55 0.26 9.55 16.0
Port John 0.14 0.01 0.37 - - - 1.9
Quartcha 0.27 0.05 2.33 7.43 - - 29.4
Sagar 1.96 0.15 - - - 9.10 1.6
Troup
North 0.69 0.00 1.69 9.10 0.03 9.58 1.6

5.3.2 Spawning salmon density

Pink and chum spawning salmon counts were available at six of the 13 streams
in this study from Fisheries and Oceans Canada. Data for the remainder of sites were
derived from stream counts conducted on foot between 2006 and 2011, undertaken in
partnership with the Heiltsuk First Nation’s Integrated Resource Management
Department. The same protocols were used by all. Three or more spawning salmon
counts were undertaken at each stream in each year. Total abundance was then
estimated using the area-under-the-curve method (English et al. 1992). However, for
some streams that we could not visit three times during the spawning season, peak
counts (livet+dead) were used (< 10% of streams). There was no difference in spawning
salmon calculations at a subset of streams tested using both methods (Hocking and
Reynolds, 2011). Spawning salmon densities were calculated by adding pink and chum

abundance together, and dividing the total number of fish by spawning area for each
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stream (per m?). Density estimates were averaged across years for each stream in order
to generally characterize spawning salmon densities in streams. Tests with Akaike
information criterion corrected for small sample sizes (AlCc, see below) showed similar

results for a mean value and those of individual years.

5.3.3 Juvenile coho salmon and sculpin density and body size

Juvenile coho and sculpin were collected by multiple-pass depletion surveys of a
stop-netted section of stream using a two-meter wide pole seine (coho) or Smith-Root
LR-24 and 12-B backpack electrofishing apparatus (sculpin). Coho were collected in
2007 and 2008, and sculpin were collected in 2009 and 2010, both in summer when no
spawning pink or chum salmon were present. Sections were chosen randomly within the
area sampled for environmental variables as 8 x bank full width. Seined areas included
all stream habitat types (pools, riffles, glides, runs), the same methods were used for
each pass, and sections were left undisturbed for a minimum of one hour between

passes.

Maximum likelihood modeling was used with the depletion data to estimate coho
and sculpin density (Schnute 1983). A comparison between a standard multinomial
method (Zippin 1956), maximum likelihood (Carle and Strub 1978), and a hierarchical
approach (Dorazio et al. 2005) for estimating coho density from depletions found no
significant difference in density estimates between methods (ANOVA, n=13, p > 0.05).
The density of coho between years (2007 and 2008) was correlated (r = 0.7) for the 10
streams where comparable data were available for both years. Sculpin data were
available at only three streams for both years of sculpin sampling, so a correlation was
not calculated. Freshwater sculpins are relatively long-lived and typically exhibit site
fidelity (Goto 1998, Gray et al. 2004, McPhail 2007). Few studies have adequately
compared sculpin population densities and size structures among years. Those studies
that exist have concluded that temporal variation was lower than variation among
sampling sites and streams (Brown et al. 1995, Edwards et al. 2007). Therefore, while
we were unable to assess inter-annual variation in sculpin populations due to our limited
number of re-surveyed streams, it seems reasonable to assume that patterns observed

among streams in our study are relatively consistent across time. All coho and sculpins
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collected were measured for fork length (mean = 38.3 coho, 6.1 prickly and 5.7

coastrange sculpin per stream).

The majority (84.4%) of coho sampled were young of year (age class 0) and the
remainder age class 1, as determined by scale analysis of 5 coho per stream. In order to
eliminate potential confounding effects with varying mortality or outmigration across
sites, we have looked at only age O coho in the analyses, by including only individuals

with the lowest 84% of fork lengths.

As streams were sampled consecutively over the study periods, we tested for an
effect of sampling date on the response variable, juvenile coho density. No effect was
found, therefore date was not included in further analyses. We also did not find any
relationship between coho body size (for all fish sampled) and coho density, thus size

was also not included in the analyses.

534 Data analysis

We used an information theoretic approach to examine the relationships among
spawning salmon, sculpins, and juvenile coho, including the effects of spawning salmon
on the relationship between juvenile coho and sculpins, represented by interaction
terms. We predicted a negative relationship between juvenile coho density and sculpin
density and body size, reflecting negative predatory and competitive effects of more and
larger sculpins on juvenile coho populations. Further, we predicted these negative
relationships would be weakened when more spawning salmon resources were
available (higher spawning salmon densities), which would be reflected by negative

interactions involving sculpin density and size with salmon density.

Coho density ~ sculpin density + sculpin size + salmon density + sculpin

density*salmon density + sculpin size*salmon density

Because we caught both species of sculpin in only four streams, we modeled the
effects of each sculpin species separately, using the same predictions for each species.
We combined spawning pink and chum densities into spawning salmon density to

reduce the number of model parameters. In preliminary tests we found very similar
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trends for pink and chum salmon, as well as for relationships with spawning salmon
biomass density. We did not include juvenile coho body size as a parameter in our
models. However, previous research at these study sites did not reveal juvenile coho
body size to be strongly related to juvenile coho abundance (Nelson and Reynolds in
press). We constructed linear models to represent our a priori hypotheses, including
interaction terms between sculpin variables and spawning salmon density (as above).

We show the bivariate correlations between variables in Table 5.2.

Akaike’s information criterion adjusted for small sample sizes (AICc) was used to
compare the fit of models while including a penalty for models with more parameters
(Burnham and Anderson 1998). We used maximum likelihood estimation for all possible
model combinations with a maximum of three variables to avoid over-fitting (Zuur et al.
2009). Model diagnostics were inspected for heteroscedasticity, over-leveraging of data
points, and normality and independence of residuals. All variables were log-transformed
to meet model assumptions of normality, and scaled to allow comparison between
variables (Gelman 2008). Model diagnostics showed that our data met model
assumptions reasonably well. AAICc values, or the differences between a given model
and the top-ranked model, are reported for all models with AAICc < 2 (Burnam and
Anderson, 2002; Grueber et al., 2011). We then used model averaging to calculate
scaled coefficient values to compare the predictive ability of individual variables
(Anderson 2008).

All statistical analyses were performed using R (R Development Core Team,
2009), including the MuMIn package (Barton, 2012).
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Table 5.2. Bivariate correlations, r, between variables used in the analyses.

Spawning Coastrange Coastrange Prickly Ec:llﬁk:%

salmon sculpin sculpin sculpin bog

density density body size  density sizey

(fish/m?)  (fish/m?) (cm) (fish/m?)

(cm)
Juvenile

coho 0.63 0.4 -0.83 01 03
density
(fish/m?)
Spawning

salmon - 0.36 -0.74 0.15 -0.17
density
Coastrange

sculpin - - -0.32 0.61 -0.36
density
Coastrange

sculpin - - - 0.18 0.17
body size
Prickly

sculpin - - - - -0.06
density

5.4 Results

Streams that had larger coastrange sculpin had lower densities of juvenile coho
salmon (R? = 0.69; Figure 5.2). Sculpin body size was the top model explaining juvenile
coho density in the coastrange sculpin model set and showed the strongest negative
effect (Table 5.3 and Figure 5.3). The negative relationship between coastrange sculpin
size and juvenile coho density was weaker in streams with higher densities of spawning
pink and chum salmon (Figure 5.3). This inference is supported by three results. First,
the strength of this interaction was relatively strong, and the confidence intervals do not
cross zero (Figure 5.3). Second, the fit of the model increased with the addition of the
interaction term (R? increased from 0.69 to 0.9). Third, the modeled interactions
predicted a strong negative correlation between coastrange sculpin body size and
juvenile coho density at the highest quartile of spawning salmon density, and no

relationship at the lowest quartile of spawning salmon density (Figure 5.4). However,
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AICc (AIC adjusted for small sample sizes) adds an additional penalty for a low sample

size (n = 10),, and did not indicate high support for the interaction (Table 5.3).

The best correlate of juvenile coho salmon density for the prickly sculpin model
set was sculpin body size, followed by the model containing sculpin body size and
spawning salmon density (Table 5.3). While prickly sculpin body size may explain some
unique variation in coho density, the fit of the linear relationship between sculpin body
size and juvenile coho density is not very high (R?> = 0.09; Figure 5.5). The addition of
spawning salmon density improved the model fit considerably (R? = 0.53; Table 5.3), and
only spawning salmon density had a clear correlation with coho density (Figure 5.3).
Similarly to coastrange sculpins, the negative influence of larger sculpins on juvenile
coho density was reduced as spawning salmon density increased, however the

uncertainty around the interaction estimates makes this effect unclear (Figure 5.3).
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Figure 5.2. Bivariate plots showing relationships for the coastrange sculpin model
set between spawning salmon, sculpin body size and density, and
juvenile coho salmon density. Each data point represents a stream.
Variables have been log transformed.
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Table 5.3. Summary of Akaike’s information criterion linear regression models
with the greatest support for juvenile coho salmon density. All
models with AAICc > 2 are shown. K is the number of model
parameters, R? is the model coefficient of determination, AAICc
value of zero indicates that the model is the top one from those
considered, w; is the AICc model weight.

Sculpin species

2
tested Model parameters K R AAICc w;
Coastrange Sculpin body size 3 069 000 0.91
sculpins
Sculpin body size 3 0.09 0.00 0.48

_ _ Sculpin body size +
Prickly sculpins  spawning salmon density
4 053 1.27 0.26
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Sculpin density x Spawning salmon density —p—
Coastrange
Spawning salmon density — ——
Sculpin density — —a—
Sculpin body size x Spawning salmon density — —e—
Sculpin body size — —o—
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Sculpin density — =
Sculpin body size — —er—
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Scaled coefficient values

Figure 5.3. Scaled model parameter estimates (circles) with 95% confidence
intervals (lines) from averaged predictive linear models describing
juvenile coho salmon density for coastrange (top) and prickly
(bottom) sculpin model sets. The variables are ranked beginning
with the highest positive scaled coefficient.
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Figure 5.4. Interaction plot showing relationships between coastrange sculpin
body size and juvenile coho salmon density, at lowest and highest
quartile spawning pink and chum salmon density.
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Variables have been log transformed.

5.5 Discussion

We found negative associations between sculpin body size and juvenile coho
salmon densities. As the density of spawning salmon increased, we found these
associations were less strong. This may indicate that spatial subsidies, in the form of
spawning salmon, reduce competitive and predatory effects of larger sculpin on juvenile
coho populations. If that is the case, this example would illustrate a trophic cascade
between spawning pink and chum salmon and juvenile coho salmon, mediated through

an intraguild predation relationship with stream sculpin (Figure 5.6).

While Finke and Denno (2005) found intraguild predation to dampen the effects
of trophic cascades in an empirical study of a coastal marsh community, our results
support theoretical work by Huxel and McCann (1998), who modeled a nutrient subsidy
on a tri-trophic predator-prey relationship similar to ours and predicted a trophic
cascade. If the effect we detected is real, it is possible that the system we are testing
improved the detection probability, because of the fairly simple trophic interactions, low

diversity and low redundancy of freshwater stream fishes in our systems, all of which
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tend to strengthen trophic cascades (Polis et al. 2000, Shurin et al. 2002). Our results
suggest an impact of the intraguild predator on the population of the intraguild prey
during a period of high environmental productivity. Although empirical evidence is still
lacking, ecological theory on intraguild predation suggests coexistence between species
involved will not be stable in highly productive environments (Holt and Polis 1997),
particularly where species feeding preferences favor subsidized resources (Huxel and
McCann 1998). However, stable coexistence even in highly productive environments
has been found if a temporal refuge from the intraguild predation interaction exists, even
of small duration (Amarasekare 2008). In our case, the temporal heterogeneity of the
nutrient subsidy provided by spawning salmon may mimic such a refuge, leading to

stable coexistence.

Several mechanisms may explain an indirect effect of spawning pink and chum
salmon on juvenile coho through sculpin. For example, the additional food source that
spawning salmon provide sculpins through direct consumption of tissue and eggs may
reduce the predation pressure of sculpins on juvenile coho. For example, Swain et al.
(2014) found sculpin diets switched from invertebrates and juvenile salmonid prey to
salmon eggs during spawning events, and as the abundance of spawning salmon
increased across streams, so did marine-derived nutrient isotope signatures in sculpin
tissues. Cross-boundary nutrient inputs have been found to reduce the prey suppression
functions of predators (Polis et al. 1996). It is also possible that more abundant
spawning salmon tissue and eggs, which are a shared food source between sculpin and
juvenile coho, reduce the competition between these species for other prey. Juvenile
coho and sculpin share a similar predatory trophic position in freshwater streams, and
compete for food in the absence of spawning salmon nutrients, such as aquatic
invertebrates and drifting terrestrial invertebrates (Hunter 1959, Foote and Brown 1998).
It is well known that juvenile coho are negatively affected by intraspecific aggression,
based both on density and body size (Roni and Quinn 2001). It has been estimated that
these intraspecific aggressive interactions, coupled with high water flows, lead to the
displacement of 60-90% of emergent coho fry, which then move downstream into the

marine environment, resulting in mortality (Bradford et al. 2000).
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We found the negative associations between juvenile coho with coastrange
sculpins were stronger than with prickly sculpins. This might be explained by different
habitat preferences of the two sculpin species (McPahil 2007). Further, the prickly
sculpin in our samples were more limited in body size range, which would reduce the

potential to detect an effect.

This study suggests that nutrient subsidies may affect intraguild predation
relationships. Incorporating multi-trophic interactions and intraguild predation is an
important challenge in the study of nutrient subsidies and food web ecology (Finke and
Denno 2005), as is incorporating factors such as omnivory in the occurrence and
strength of aquatic trophic cascades (Polis and Strong 1996a). Experimental
manipulations would be a useful way to confirm the trophic cascade suggested here. An
interesting direction for future research is the implications of the temporal heterogeneity
of the spawning salmon subsidy to freshwater streams, which may play an important role
in structuring stream communities (Huxel and McCann 1998, Richardson et al. 2010).
Because biotic interactions tend to fluctuate seasonally (Polis et al. 1995), the
implications of intraguild predation between fish species and the strength of trophic
cascades may change based on the seasonal nature of spawning salmon nutrient
inputs. Examining the changing dynamics through time may be key to understanding the
mechanisms that allow intraguild predation interactions to be maintained (Amarasekare
2008).
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Figure 5.6. Intraguild predation relationship between sculpins and juvenile coho
salmon without (a) and with (b) resource subsidy
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6 General Discussion

In this thesis, | explored the effects of habitat characteristics, nutrient availability,
and predator-prey dynamics on species abundance. Using spawning salmon in
freshwater streams as a model system, | studied how habitat features affect salmon
abundance and how the nutrient subsidy provided by spawning salmon affects the
recipient ecosystem at individual, population and community levels by studying juvenile
coho salmon size, age proportion and abundance as well as intraguild predation
interactions with stream sculpin across streams with a range of spawning salmon

densities.

| found that habitat characteristics related to space, energetics and predation
best explained spawning chum and pink salmon abundance. Notably, stream size
mediated the effect of some of the other habitat characteristics, suggesting the
dominance of differing ecological mechanisms at different scales. The importance of
habitat characteristics was then taken into account in exploring the effects of spawning
salmon on juvenile coho size, age proportion and abundance. While habitat space was a
consistently good predictor, as expected, there was also a role for density of spawning
salmon, followed by other features of habitats. Spawning chum salmon abundance best
explained juvenile coho size across streams with a range of spawning salmon
abundances, and coho were larger at sites below natural barriers to spawning chum and
pink salmon than above them. Streams with more spawning salmon had a higher
proportion of age 0 to age 1 coho, suggesting that larger coho in streams with more
spawning salmon may be more likely to migrate to the ocean in their first year than in
their second. Further, spawning pink salmon abundance was the best predictor of

juvenile coho abundance, better than any feature of habitat.

The vast majority of the coho studied were young of year, and had little to no

direct contact with spawning chum and pink salmon at the time of sampling. Therefore,
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these results suggest an indirect, time-delayed influence of spawning chum and pink on
juvenile coho at the individual and population levels. Furthermore, those fish sampled
that were in their second year in the stream and had the potential to directly consume
spawning salmon tissue, eggs, or emerging fry showed the strongest influence of

spawning salmon on juvenile coho size.

The results here also suggest an impact of spawning salmon nutrient subsidies
at the community level, although further research would be required to confirm these
findings. The negative impact of larger intraguild predators, coastrange and prickly
sclupin, on juvenile coho salmon was reduced in streams where more salmon nutrients

were available, suggesting weakened competitive and predatory effects.

The findings in this thesis are relevant to fisheries and stream management, and
may be particularly useful as ecosystem-based management approaches become more
in demand. For example, we pointed to the importance of habitat features which reduce
extreme water flows and scouring events, and which moderate high temperatures for

spawning chum and pink salmon.

While habitat features were important for spawning chum and pink salmon and
juvenile coho, | found the nutrients provided by the spawning adults were more important
than the habitat features that | measured for juvenile coho, at the individual and
population level. The use of a fairly large sample size of streams and my statistical
techniques (AlCc) allowed me to directly compare the effect of many habitat variables
with spawning salmon, and spawning salmon were clearly the best predictors of juvenile
coho size and abundance. This size of comparison had not been made previously.
Further, | was able to use naturally-occurring spawning salmon, which is uncommon in
the literature, and is more realistic than previous carcass addition studies because this
approach includes the full effects of spawning salmon, such as nutrients from tissues,
eggs and excreta, as well as bioturbation and engineering effects from spawning
activities. We found stronger evidence of an effect of spawning salmon on juvenile coho
than previous artificial carcass additions, and this may be because studying naturally-
occurring spawning salmon provides a better picture of the real ecological implications of

spawning salmon.
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The implications of these findings to fisheries and stream management may be
significant considering the investment of resources currently being made in habitat
restoration for juvenile salmonids. Improving spawning salmon returns through changing
fisheries management strategies may have greater impacts on juvenile salmonid
production. In addition, the time-delayed influence of spawning salmon | found in stream
food webs may have important implications for fisheries management by considering

how different species of salmon affect each other.

Further, where this thesis illustrates the effects of spawning salmon nutrients at
multiple ecological scales, it suggests extensive multi-trophic impacts on stream food
webs through indirect interactions. This must be taken into consideration, particularly if
ecosystem-based management is being implemented. Further research into the full
ecological implications and integration into management may be useful. In addition,
while our streams were fairly pristine, it would be useful to also study a range of habitat
quality that encompasses disturbed streams, such as those under pressure from forestry
or urban development, to determine if spawning salmon nutrient subsidies are as
important. It is possible that in streams with lower habitat quality, juvenile coho size or
abundance may be not be limited by spawning salmon nutrient availability. For example,
in streams with very little protection in the form of pools and large wood, juvenile coho
may be limited by predation pressure, while additional nutrients from spawning salmon
may not have a strong effect. Further study would help inform management in areas of

high land use and development pressure.

| found the influence of the marine nutrient subsidy and potential engineering
effects by spawning salmon in freshwater streams had both direct and indirect effects at
multiple ecological scales, which suggests far-reaching effects on stream food webs.
These interactions have not been fully elucidated, and freshwater streams may provide a
fascinating model system for research on the ecological implications of spatial and
temporal nutrient subsidies. Further, | found some evidence of a trophic cascade
stimulated by nutrient subsidies through an intraguild predation relationship. While the
impact of nutrient subsidies on food web ecology has been explored, the incorporation of
multi-trophic interactions has been fairly limited, as has the role of multi-trophic

interactions in trophic cascades.
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Because freshwater stream fish communities are fairly simple, and can have
fairly low productivity, this system again may provide a very useful model for advancing
our understanding of the full ecological effects of nutrient subsidies. For example, while
salmon nutrient subsidies may affect species abundance through a bottom-up
mechanism by increasing stream primary productivity, | also found some evidence of a
top-down (or side-ways) mechanism through their effect on an intraguild predation
(competition) relationship. The importance of bottom up and top down effects on the
occurrence and strength of trophic cascades is still unclear, and may be elucidated with
further study in this system. The theory around the maintenance and stability of
intraguild relationships is still being explored as well, and current theory suggests it is
related to ecosystem productivity (Huxel and McCann 1998). Spatial and temporal
nutrient subsidies, such as those provided by spawning salmon to freshwater streams,

may provide a natural experiment to further study these complex food web relationships.
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Appendix A. Supporting material for 4.0: Time-delayed
subsidies: Interspecies population effects in salmon

Table A.1. Component loadings of 17 habitat variables for the first three
components, which collectively explain 64.8% of the total variance

in the data
Variable PC1 PC2 PC3
39.10% 14.30% 11.40%
Catchment area 0.388 -0.017 0.0407
Stream length 0.461 0.108 0.177
Maximum stream depth 0.256 0.047 0.019
Stream width at bankfull 0.412 -0.088 0.073
Stream wetted width 0.432 -0.079 0.067
Percent undercut -0.079 0.341 -0.037
Pool volume 0.184 0.127 -0.069
Pool to riffle ratio 0.018 -0.005 -0.067
Large wood volume 0.029 -0.305 -0.288
Gradient -0.051 -0.543 0.009
Percent fines -0.059 0.209 0.222
Canopy density 0.051 -0.218 0.236
Maximum temperature -0.005 -0.232 -0.564
pH 0.012 -0.523 0.241
Dissolved nitrate -0.094 -0.169 0.472
Dissolved ammonia -0.18 -0.07 -0.154
Dissolved phosphorous -0.354 -0.001 0.367
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Summer juvenile cohe density logqg

Fall juvenile coho density 10g4g

Figure A.1. Relationships between the densities of spawning pink and chum
salmon and habitat principal components, and density of juvenile
coho salmon in summer prior to spawning (A-C) and during
spawning in fall (D-F). Large values of PC1 correspond to variables
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