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Abstract
Subsidized predators and imperiled prey: the impact of avian predators on salmonids
by

Ann-Marie K. Osterback

Generalist predators can alter or limit the survival of individuals and the
dynamics of populations, especially for imperiled prey. The effects of predation can be
further exacerbated if anthropogenic subsidies provide novel food sources to predators
that decouple predator-prey dynamics and contribute to extinction risk of native prey.
However, quantifying predation rates on rare prey is challenging; as is identifying shifts
in predator diet and resource use over time. For my research, I developed new
approaches and integrated existing methods to quantify predation and evaluate the
impact of predation risk of a generalist avian predator (Western Gull, Larus occidentalis) on
threatened populations of steelhead (Oncorhynchus mykiss) in central California (USA), and
document temporal shifts in anthropogenic resource use by gulls and the effect on
predation risk for steelhead.

This dissertation focuses on three key components to disentangle the
relationship between generalist gull predators, threatened steelhead prey, and the role of
anthropogenic subsidies in impacting predator-prey dynamics. In Chapter 1, I quantified
predation by Western Gulls on imperiled steelhead populations through a novel Bayesian
integration of fish tag recoveries, an experiment to quantify tag transportation rates, and
monitoring to quantify tag loss. Together, these analyses provide the most robust

estimates of avian predation on these imperiled fishes to date, and I found that predation

xi



rates are extremely high (median probability of per capita predation = 0.306 per year). In
Chapter 2, I compared individual traits of juvenile steelhead that influence survival to
maturity and predation risk by generalist gulls through analyses of over nine years of PIT
(passive integrated transponder) tag recapture data. I discovered that large and wild-
origin juvenile steelhead were more than 20 times more likely to survive the marine
ecosystem than small hatchery individuals, and gull predators preferably consumed wild-
origin steelhead, regardless of size class. Based on these data, I estimated that gull
predation provides an additive source of mortality and reduces the total population of
returning adults by approximately 24%. In Chapter 3, I used stable isotope analysis of
8"C and 8"N to conduct a 100-year retrospective analysis to identify changes in resource
use by Western Gulls and implications for threatened steelhead populations. Results
from this study suggest gulls have become increasingly reliant on anthropogenic food
sources which likely contribute to wider gull niche width and increased predation risk to
native steelhead.

Together, these dissertation chapters demonstrate that even opportunistic
predation from a generalist predator (i.e., Western Gulls) can provide a significant source
of additive mortality to imperiled prey (i.e., juvenile steelhead). Furthermore, my research
highlights the role of humans in contributing to the degradation of coastal ecosystems.
By providing new food sources from landfills, humans indirectly enhance abundance of
opportunistic generalist predators such as gulls and contribute to steelhead population

decline.
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Introduction

Predator-prey relationships are important components of ecosystems that can
drive co-evolution (Brodie et al. 2002), structure communities (Paine 1966), and regulate
populations (Holling 1959). While population regulation can occur between a single
predator and single prey species (Elton and Nicholson 1942), predation can also create
complex interactions and indirect effects within an ecosystem. For example, asymmetric
apparent competition occurs when the presence or increased abundance of one prey
species increases the population of a shared generalist predator and results in the
subsequent decline of another prey population (Holt 1977). Human subsidies can
contribute to asymmetrical apparent competition by providing renewable food sources
that sustain populations of generalist predators and result in continued predation
pressure on native prey (DeCesare et al. 2010, Oro et al. 2013). Thus, subsidies can
decouple predator -prey relationships and can result in the loss of one or many species
(Huxel and McCann 1998).

Coastal ecosystems are particularly susceptible to the effects of anthropogenic
alterations due to concentrated human populations and high rates of resource extraction
from coastal environments. Many populations of opportunistic gull species (Larus spp.)
thrive in these altered coastal landscapes where anthropogenic food sources from
fisheries discards or human food at landfills have subsidized their diet and contributed to
population increases (Blokpoel and Spaans 1991, Yorio and Giaccardi 2002, Duhem et
al. 2008). In some cases, subsidized gull populations subsequently contribute to the
decline of native prey (Voorbergen et al. 2012). On the central California coast (USA),

Western Gulls (Larus occidentalis) have been observed feeding on a wide variety of



resources, including anthropogenic sources (e.g., landfills) and threatened and
endangered populations of juvenile salmonids (Oncorhynchus spp.). Furthermore, the
breeding population of Western Gulls has increased and is currently 2-4 times larger than
in the 1980’s (Hester et al. 2013). For my dissertation, I was motivated to disentangle

the relationship between generalist gull predators, their imperiled salmonid prey, and the
role of human subsidies in shaping predator-prey dynamics. Specifically, I aimed to
quantify predation rates by Western Gulls on juvenile steelhead (O. zykiss) to understand
whether gull predation may limit the recovery of imperiled salmonids, and explore
whether anthropogenic resources indirectly contribute to salmonid decline by subsidizing
gull diet.

Until recently, the impact of avian predation on salmonids was largely unknown,
especially in central California (Bond et al. 2008, Evans et al. 2011, Frechette et al. 2012).
Furthermore, quantifying predation on small populations is inherently difficult, so
methods that provide robust estimates for rare predation events were lacking. Therefore,
for Chapter 1 of my dissertation, I aimed to provide the first estimate of Western Gull
predation on juvenile steelhead and developed a novel technique to estimate predation
indirectly. Within a Bayesian modeling framework, I was able to indirectly estimate the
probability a juvenile steelhead would be consumed by a Western Gull by incorporating
estimates of salmon tag recoveries on a gull breeding colony, an experiment to quantify
tag transportation rates, and monitoring to quantify tag loss. Out of the six study creeks,
juvenile steelhead in the three creeks closest to the gull breeding colony experienced the
highest predation rates, consuming approximately 30% or more of the tagged juvenile

steelhead population per year. The results of this chapter provide a novel approach to



indirectly estimate rare predation events and also demonstrate that opportunistic
generalists can have a significant impact even through opportunistic and incidental
predation.

The impact of predation on prey populations largely depends on whether
predation is additive such that it contributes to the overall prey mortality rate, or
compensatory such that prey would otherwise die from other causes (Burnham and
Anderson 1984). For example, predators that target prey with high chances of survival
have a larger impact on the prey population than if they targeted individuals susceptible
to mortality from other sources such as from other predators or climactic stress (Griffin
et al. 2011). Therefore, Chapter 2 of my dissertation evaluated whether Western Gulls
remove individual steelhead from the population that have characteristics that lend them
to high survival and are likely to contribute to the productivity of these imperiled prey
populations. To do this, I compared individual characteristics of juvenile steelhead such
as origin (hatchery verses wild) and body size that were consumed by gulls to the
characteristics of juveniles that survived to maturity. The results of this study show
overlap in the characteristics that end in these two fates, such that wild-origin steelhead
were both more likely to survive and to be eaten by gulls. Interestingly, gulls consumed
individuals across the entire range of steelhead body sizes, while large individuals
experienced greater survival to maturity. The results of this study suggest that while gulls
are not selecting steelhead based on body size, they are removing a higher proportion of
wild steelhead from the population, including the large individuals that are important for

population recovery. As a result, I estimate gull predation may reduce the spawning adult



population by approximately 24%, and likely provide at least a partially additive source of
mortality for threatened and endangered salmonids.

The previous two dissertation chapters document the impact of Western Gull
predation on juvenile steelhead population dynamics and recovery; in Chapter 3 of my
dissertation I evaluate the underlying sources that contribute to high rates of gull
predation. For this chapter, I used a 100-year retrospective stable isotope analysis of §"°C
and 8"N to identify how long-term changes in gull diet, gull population size, and
steelhead population size contribute to predation risk of juvenile steelhead. Through the
use of Bayesian stable isotope mixing models (MixSLAR, Stock and Semmens 2013), I
determined that gull reliance on anthropogenic resources has increased substantially over
the last 100 years, while the contribution of steelhead to gull diet has declined. Even
though modern gulls consume relatively less steelhead per individual, the large increase
in gull populations and precipitous decline in steelhead populations over the last 100
years results in approximately 2.4 times the per capita predation risk for modern
individual juvenile steelhead. These data support the possibility that anthropogenic
sources may be contributing to increased gull predation on steelhead, although many
other factors may also be contributing to gull population increases. This link between
anthropogenic sources and gull population increase has been suggested in many other
systems (Blokpoel and Spaans 1991, Yorio and Giaccardi 2002, Duhem et al. 2008).
Regardless of the source of gull population increase, this study documents gulls have
increased reliance on anthropogenic sources over the last century, and along with rising
gull populations and plummeting salmonid populations, individual steelhead experience

higher predation risk.



Human alteration to the landscape can significantly alter predator-prey
interactions, and can even result in decline of native prey (DeCesare et al. 2010, Oro et
al. 2013). This dissertation contributes novel research that provides robust quantitative
estimates of predation rates by gulls on juvenile steelhead, reveals predation provides an
additive source of mortality thus impacting steelhead population sizes, and incorporates
the role of human subsidies in contributing to predation risk of salmonids. Together,
these chapters emphasize that even incidental predation or opportunistic generalist
predators have a significant impact on the native prey species, and humans are likely
contributing to increased predation rates by providing gulls with human food at landfills
and other urban areas. These data suggest that management might consider reducing
subsidies to generalist predators to reduce predation on imperiled steelhead. More
generally, our data suggest that management of imperiled salmon should consider the
food webs that they inhabit, including their predators. By further understanding the
impact of Western Gull predation on juvenile steelhead and the sources that contribute
to predation risk, we can better inform management actions directed at recovery of

imperiled salmonids.



1. Chapter 1 - High predation on small populations: avian

predation on imperiled salmonids

1.1. Abstract

Generalist predators can contribute to extinction risk of imperiled prey populations even
through incidental predation. Quantifying predation on small populations is important to
manage their recovery, however predation is often challenging to observe directly.
Recovery of prey tags at predator colonies can indirectly provide minimum estimates of
predation, however overall predation rates often remain unquantifiable because an
unknown proportion of tags are deposited off-colony. Here, we estimated overall
predation rates on threatened wild juvenile steelhead (Oncorhynchus mykiss) by generalist
adult Western Gulls (Larus occidentalis) in six central California (USA) watersheds. We
estimated predation rates by gulls from the recapture of PIT (passive integrated
transponder) tags that were originally inserted into steelhead and were subsequently
deposited at a Western Gull breeding colony, Afio Nuevo Island (ANI). We combined
three independent datasets to isolate different processes: (1) the probability a tagged
steelhead was consumed during predation, (2) the probability a consumed tag was
transported to ANI, and (3) the probability a transported tag was detected at ANI.
Together, these datasets parameterized a hierarchical Bayesian model to quantify overall
predation rates while accounting for tag loss between when prey were tagged and
subsequent tag detection at ANI. Results from the model suggest that low recovery rates
of PIT tags from steelhead at ANI were mostly driven by low probabilities of

transportation (<0.167) of consumed tags to ANI. Low transportation probabilities



equate to high per-capita probabilities of predation (=0.306 per yr) at the three
watersheds in closest proximity to ANI, whereas predation rates were uncertain at
watersheds farther from ANI due to very low transportation rates. This study provides
the first overall estimate of Western Gull predation rates on threatened wild juvenile
steelhead and suggests gull predation on salmonids is a larger source of mortality than
was previously estimated from minimum predation rates. This study thus represents an
important example of high rates of incidental predation by a generalist consumer on an
imperiled prey and provides a quantitative framework to inform robust estimates of
predation rates on small populations that can be applied to other systems where direct

observation of predation is not feasible.

1.2. Introduction

Predation on imperiled populations may contribute to extinction risk or limit
their recovery. In some cases, small prey populations may be relatively buffered from
predation when refuges are available or if predators switch to target more abundant prey
(Holling 1959, Ackerman 2002, Twardochleb et al. 2012). Furthermore, if predators are
specialists, their populations may decline following the decline of their prey, thereby
reducing predation rates (Elton and Nicholson 1942, Hanski et al. 2001). Alternatively, if
generalist predators continue to prey on small populations, these prey populations may
suffer local extinction (Spiller and Schoener 1998) or may experience further population
decline even when predation is incidental (Vickery et al. 1992). In these scenarios, there
may be few prey individuals relative to the number of predators, and even incidental

predation can result in high predation rates (Wittmer et al. 2005). Therefore, the role of



predation by generalist predators can be an important factor in the dynamics of small
prey populations.

Quantifying predation rates on imperiled populations is often difficult as
predation is a rare event with few prey relative to predators. For this reason, researchers
have applied a variety of approaches to estimate predation rates indirectly. Estes et al.
(1998) estimated predation rates on sea otters (Enbydra lutris) by comparing long-term
population trends in locations with and without predatory killer whales (Orcnus orca).
Visual observations and bioenergetics models were combined to quantify the impact of
killer whale predation on sea otter populations (Estes et al. 1998, Williams et al. 2004).
Alternatively, Fernandez-Olalla et al. (2012) combined long-term monitoring of
population decline of a vulnerable grouse species (Tetrao nrogallus) with the removal of
mesopredators to quantify the impact of predation on the grouse population growth rate
which guided management strategies for population recovery. In both studies, long-term
datasets and natural or intentional experiments facilitated quantification of the impact of
predators on the decline of native prey. However, long-term population data are rare,
especially in conjunction with manipulations of predator populations. Therefore,
estimating predation in the absence of long-term data may be necessary to identify
significant sources of mortality for populations at risk of extirpation.

In systems with central-place foragers, the return of predators with prey items to
their roosting or nesting sites can be used to estimate rates of predation. Specifically,
where prey can be uniquely marked with identification tags, recovery of regurgitated or
defecated prey tags at predator roosting or breeding sites can be used to quantify

minimum predation rates. This method has been applied in freshwater and marine



systems where fish tags were recovered within colonies of piscivorous avian predators
(e.g., Evans et al. 2011, Frechette et al. 2012). For example, passive integrated
transponder (PIT) tags are often used to individually mark juvenile salmonids
(Oncorhynchus spp). These tags can be subsequently detected at piscivorous avian predator
colonies once predators have regurgitated or defecated the consumed tag. For example,
by using the recovery of PIT tags, Evans et al. (2012) estimated that predation by
Caspian Terns (Hydroprogne caspia) and Double-crested Cormorants (Phalacrocorax anritus)
constitute between 2.5% and 16% of juvenile salmonid mortality in the Columbia River.
Because PIT tags are passive and therefore cannot be detected remotely, estimates of
predation rates using recoveries of prey tags require that tags are (1) consumed during
predation, (2) transported to the predator colony, and then (3) successfully detected at
the colony with a mobile PIT tag antenna (Figure 1-1). Successful recoveries of tags,
therefore, only represent consumed tags that undergo all three steps and therefore do
not include tags that were lost between steps. Thus, as acknowledged by previous
studies, predation estimates from tag recoveries only represent minimum predation rates
(Evans et al. 2012, Frechette et al. 2012). To this point, no peer-reviewed study has
incorporated estimates of these three processes and their uncertainty to estimates of
predation.

Pacific salmon and steelhead (Oncorbynchus mykiss) populations along the west
coast of North America have declined over the last century due to destruction of habitat,
climate change, artificial propagation from hatcheries, construction of dams, over-
harvest, and other anthropogenic and natural factors (Ruckelshaus et al. 2002, Gustafson

et al. 2007). Consequently, approximately half of the unique Pacific salmon populations



in the United States (managed as Evolutionary Significant Units for salmon or Distinct
Population Segments for steelhead) have been listed as threatened or endangered under
the Endangered Species Act (Good et al. 2005). Whereas anthropogenic factors have
substantially reduced many salmon populations (Sheer and Steel 2000, Selbie et al. 2007),
the added impacts of predation may drive further population decline or impede recovery.
Concerns regarding the impact of avian predation on salmonid populations has resulted
in extensive research in large river systems such as the Columbia River Basin (Collis et al.
2001, Antolos et al. 2005, Good et al. 2007, Evans et al. 2012) and the Sacramento-San
Joaquin River Basin (Evans et al. 2011, Adrean et al. 2012), whereas relatively little is
known about the impact of avian predators on salmonids in the many small coastal
watersheds along the coast of California (but see Frechette et al. 2012). California salmon
populations are at the southern extent of the species’ ranges and are of particular
concern as many populations are declining (Moore et al. 2011). For example, coastal
populations of endangered coho salmon in small central California watersheds are
nearing extinction (Miller 2010). Due to a lack of data on natural sources of mortality,
the recently released central coast coho salmon recovery plan recommended an
assessment of avian predation on coho salmon to determine the impact predation has on
salmon mortality (National Marine Fisheries Service 2012). Therefore, quantifying
predation on imperiled populations of salmon may identify a critical factor that
influences their recovery or extirpation.

Here we estimate predation rates on imperiled populations of threatened wild
juvenile steelhead by adult Western Gulls (Larus occidentalis) in central California

watersheds. Western Gulls are abundant generalist predators that feed on trash, carrion,
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and are known to prey on outmigrating juvenile salmonids (Frechette et al. 2012). In this
study, we ask: what are overall predation rates by Western Gulls on wild juvenile
steelhead and how do predation rates by these central-place foragers vary among
watersheds and years? We use a large dataset of tagged juvenile steelhead and associated
recaptured tags at Afilo Nuevo Island (ANI) where a large Western Gull colony is located
to provide estimates of predation. We develop a Bayesian model that integrates three
datasets to provide estimates of gull predation that account for tag loss between the
initial PIT tagging of juvenile steelhead and the subsequent detection of PIT tags at ANL
These methods provide the first overall estimate of adult Western Gull predation rates
on threatened populations of central California coast steelhead. From a methodology
perspective, this research highlights the importance of estimating multiple processes of
unobserved tag loss and using a robust quantitative framework to accurately estimate

predation rates.

1.3. Methods

1.3.1. Study System

We studied six coastal watersheds within San Mateo and Santa Cruz counties
(California, USA) and Afio Nuevo Island (ANI), a small island (10 ha) located 1.6 km off
Point Afio Nuevo (Figure 1-2). ANI provides habitat to many species of seabirds and
marine mammals, and is one of the three largest Western Gull colonies in central
California (Carter et al. 1992, Capitolo et al. 2009). All six study watersheds (Gazos

Creek, Waddell Creek, Scott Creek, San Lorenzo River, Soquel Creek, and Aptos Creek)

11



drain directly into the Pacific Ocean and support wild populations of threatened central
California coast steelhead. The populations of steelhead in the study watersheds are
small; for instance, the abundance of adult steelhead in Scott Creek from 2004 through
2012 ranged from only 109 to 440 individuals (Hayes et al. 2013). We focused on wild
juvenile steelhead for this study because they are the only salmonid species present at all
six study watersheds. It is worth noting that Scott Creek also supports hatchery-raised
steelhead and a small run of wild and hatchery-raised endangered coho salmon
(Oncorbynchus kisutch). The Scott Creek population of coho salmon is generally recognized
as the southernmost population of coho (Federal Register 2005) and although they are
also likely exposed to gull predation, their numbers are too small to quantify predation.

The study region is dominated by a Mediterranean climate with warm dry
summers and mild wet winters. Stream flow in the study creeks varies with episodic
rainfall in the winter, whereas in the late summer and fall the combination of low stream
flow and oceanic wave action at creek mouths result in a bar-built estuary that creates a
freshwater lagoon. Typically, sand bar formation creates a barrier between creek surface
flow and the ocean, thereby restricting the timing of juvenile salmonid outmigration to
the winter and spring seasons when the creeks are connected to the ocean (Hayes et al.
2008, 2011, Bond et al. 2008).

During the juvenile salmonid outmigration period (typically December through
June), Western Gulls use shallow creek mouths to drink, bathe, and opportunistically
prey on outmigrating juvenile salmonids as they migrate to the ocean (Figure 1-3).
Therefore, Western Gulls prey primarily on juvenile steelhead after steelhead survived

the mortality bottlenecks within their first year of life and completed the freshwater

12



rearing phase of their lifecycle. The number of adult Western Gulls breeding at ANI
increased by almost an order of magnitude from 1976 to 2003 (Thayer and Sydeman
2004). This increase is possibly due to accessibility of anthropogenic food sources,
including local waste management facilities (i.e., landfills), which may subsidize the gull
population and could contribute to incidental predation and local extinction of steelhead
populations (Chapter 3).

There is both direct and indirect evidence that Western Gulls are predators of
juvenile salmonids in the study region. First, we directly observed both juvenile and adult
Western Gulls feeding on outmigrating juvenile salmonids at the shallow mouth of Scott
Creek (Frechette 2010). These predation events were infrequent or sporadic enough that
quantifying predation rates through direct observation alone was not feasible. Second,
we previously documented that between 0.1 and 4.6% of all PIT tags from juvenile
salmonids from each of the six study watersheds were detected at ANI (Frechette et al.
2012). Although other species of piscivorous birds and mammals use ANI for breeding
and roosting habitat, we identified adult Western Gulls as the primary predator species
and age class responsible for deposited PIT tags at ANI (Hayes et al. 2012, Frechette et
al. 2012). The predation rate estimates reported by Frechette et al. (2012) represent
minimum estimates because PIT tags were recaptured after being consumed during
predation by a gull, transported to ANI, and subsequently detected at ANI (Figure 1-1).
As a result, overall predation rates are potentially much higher than the reported

minimum predation rate estimates.
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1.3.2. Data Collection and Modeling

We combined three independent datasets to parameterize the variables required
to estimate overall predation rates of juvenile wild steelhead by adult Western Gulls at
each of the six study watersheds. We describe the first two datasets in turn. The third
dataset is from a previous study (Frechette et al. 2012) and is incorporated in the model
parameters. We then detail a model for estimating predation rates from these data.
Therefore this study evaluates all three steps of tag recapture at ANI, and quantifies the
probability tagged steelhead were preyed on, transported to, and detected at ANI (Figure
1-1).

Steelhead Tag Recapture Study —We and the National Marine Fisheries Service
(NMFS) PIT-tagged wild juvenile steelhead in the six study watersheds and subsequently
scanned ANI annually to detect any deposited PIT tags that were regurgitated or
defecated by Western Gulls. This component of the study represents the recapture
probability, which is the net probability of predation, transportation, and detection
probabilities (Figure 1-1). PIT tagging of juvenile steelhead in the study watersheds was
conducted by the NMFS between 2003 and 2011. Fish were captured through a
combination of downstream migrant trapping, beach seining, and backpack
electrofishing. At Gazos Creek, San Lorenzo River, and Aptos Creek, juvenile steelhead
were captured exclusively in the lagoon by beach seining. Although fish were also
captured with beach seining in the lagoons of the other three watersheds (Waddell, Scott,
and Soquel Creeks), steelhead were also captured in downstream migrant traps in the
creek mainstem (Waddell and Scott Creeks only) and during electrofishing surveys in the

upper watershed (Scott and Soquel Creeks only). Individuals tagged in the lagoon are
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predominately age 0+ and age 1+ steelhead, whereas individuals tagged in the creek
mainstem and upper watershed include the entire range of age classes, some of which
may never attempt to out-migrate (Hayes et al. 2008). Therefore, our estimates reflect
Western Gull predation on the entire tagged wild juvenile steelhead population in each
watershed as they migrate out to the ocean. All juvenile steelhead were handled
according to Hayes et al. (2004), where date, time, watershed, and morphometric features
(fork length and weight) were recorded for each fish. We quantified watershed distance
as the linear distance of the creek mouth to Afio Nuevo Island (ANI). Beginning in
20006, we scanned ANI annually to recapture deposited PIT tags. We conducted scans by
traversing the entire island with a mobile PIT antenna (for equipment specifications, see
Bond et al. 2007) and GPS to mark location and identification of deposited tags (for
more details, see Frechette et al. 2012). Because annual scans at ANI did not begin until
20006, we excluded from our analysis all steelhead PIT-tagged prior to 2005. This was
done to avoid the complication of potential loss of tags to wave action or burial in years
prior to annual scanning that could skew recapture rates for those years.

To account for the variation in outmigration timing of juvenile steelhead, we
assigned each steelhead an outmigration year based on the date each fish was last
handled and the date of lagoon closure at Scott Creek. For example, tagged juvenile
steelhead last handled prior to lagoon closure (January until lagoon closure) were
assumed to out-migrate that same calendar year before low stream flow resulted in
lagoon closure. Tagged juveniles last handled after lagoon closure were categorized as
outmigrants in the following year because outmigration cannot resume until the

following winter when adequate rainfall opens the lagoon and reconnects the creek with

15



the ocean. The date of lagoon closure at Scott Creek was applied to the other five
watersheds because consistent data are lacking on the timing of lagoon closure at other
sites.

Transportation (“Hotdog”) Experiment —In 2010, we fed between 43 and 586
PIT tags to adult Western Gulls at each creek mouth and then subsequently scanned
ANI to quantify the proportion of experimental tags that were successfully transported
and detected on the island. Therefore this experiment evaluated the last two steps of tag
recapture at ANI: transportation and detection (Figure 1-1). From 18 March 2010
through 7 July 2010, we fed gulls at two watersheds on each sampling day using stratified
sampling to randomly select watershed and order (first or second site of the day).
Stratified sampling was conducted to minimize effects of season and time of day on
transportation rates by ensuring that all sites were visited at least once before any one site
was revisited, and all sites were visited with a similar representation of first or second
feedings of the day. PIT tags were fed to gulls at creck mouths using two different
vehicles of delivery. For the first method, PIT tags were inserted into miniature hotdogs
(Hillshire Farm Beef Lit'l Smokies®) and tossed out with a folding slingshot to maximize
the number of different individual gulls that ingested tags. Hotdogs were used as an
economical way to deliver PIT tags to gulls. We also inserted PIT tags into pre-thawed
Icelandic capelin (Mallotus villosus) in a paired experiment to evaluate whether hotdogs
were appropriate substitutes for PIT-tagged fish. The Icelandic capelin is a pelagic fish
similar in size and shape to juvenile steelhead. The two delivery methods (hotdogs and
capelin) were used as proxies for juvenile steelhead since feeding tagged juvenile

steelhead to avian predators was not permitted due to the threatened status of these fish.

16



A primary observer directly observed tag consumption by gulls with the unaided eye and
a second observer confirmed each consumption event using 8 x 42 binoculars. Species
and age class were recorded for each bird that consumed an experimental tag, and the
total count of each species and age class of all birds at the creek mouth were recorded at
each site after all tags were fed.

To evaluate whether feed type, time of day, or season influenced transportation
rates of PIT tags to ANI, we conducted paired analyses at the three most northern
watersheds: Gazos Creek, Waddell Creek, and Scott Creek. We evaluated these
comparisons at the northern watersheds only because we postulated watersheds closer to
ANI would have the highest transportation rates and therefore yield a larger sample size
to adequately address these comparisons. We evaluated the influence of feed type on
transportation rates by feeding both hotdogs and Icelandic capelin at all three of these
watersheds. To evaluate whether time of day influences transportation rates, we also
conducted paired evening (between 18:00 and 19:00) and subsequent morning (between
07:00 and 11:00) feedings at Gazos Creek. We also compared transportation rates
between seasons at Waddell Creek in order to capture variation in transportation rates
due to different periods of juvenile salmonid outmigration activity, such as (1) the peak
outmigration period (March-May), and (2) after the completion of outmigration (June-
July). To reflect these different outmigration periods, seasonal feedings were categorized
into Spring (2 April 2010 through 7 May 2010) and Summer (16 June 2010 through 6
July 2010) at Waddell Creek. After completion of the feeding experiments, we scanned

Afo Nuevo Island for PIT tags from hotdogs and Icelandic capelin. The entire colony
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was scanned twice, once during 2010 and once during early 2011, to increase our
probability of detecting deposited experimental tags.

We restricted our analysis of predation and transportation rates to experimental
PIT tags eaten by adult Western Gulls only, because they overwhelmingly represent the
dominant species and age class of gulls that use ANI for breeding and roosting habitat
and were identified as the dominant species and age class responsible for tag deposition
at ANI (Frechette et al. 2012). If an adult Western Gull was uniquely identifiable (e.g.,
natural external markings or location during feeding) and ate more than one tag during a
single feeding event, we only included one tag in the analysis to preserve sample
independence. Additionally, we restricted the analysis to fed PIT tags where the
observers were confident of bird species identification, age classification, and
confirmation that the tag was consumed. Therefore, we excluded tags from our analysis
that were either out of the observers’ sight before being consumed by a gull or when gull
species and age class were uncertain. We used a Fisher’s Exact test to evaluate whether
adult Western Gulls exhibited significantly different transportation and detection rates
depending on differences in feed type, time of day, or season of each feeding.

Estimating Transportation and Predation —In this section, we present a
hierarchical Bayesian method to combine all three datasets to estimate the annual
predation rate of adult Western Gulls on wild juvenile steelhead at each watershed, and

when possible, each year. We assigned 6, as the probability that a wild PIT-tagged
juvenile steelhead is consumed by an adult Western Gull in outmigration year y at

watershed i. Let @ be the probability that a tagged steelhead is transported to ANI
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given it was consumed at watershed i, and y be the probability that a PIT tag is
detected at ANI given it was transported to the island. The parameters 6, , @ ,and @
are bounded between 0 and 1. Assuming independence among the three steps of
predation (6,), transportation (¢,), and detection (), the probability of recapturing a
PIT tag from a steclhead tagged at a given site and year is the product of these three
probabilities: & gy . Similatly, the probability of observing a PIT tag from a tagged
hotdog or capelin at ANI that was fed to an adult Western Gull is @i because all PIT

tags included in the analysis were consumed by a gull in this experiment and therefore

6, = 1. For the probability of detecting a PIT tag that had been deposited at ANI (),

we used the estimated probability of tag capture (0.644 £ 0.083 SE) reported by
Frechette et al (2012). Briefly, this detection probability was generated using the POPAN
variant of the Jolly-Seber model within Program MARK, for combined PIT tag
recapture data from all six study watersheds during scans of ANI conducted between
2006 and spring 2009 (see Frechette et al. 2012 for detailed methods). From surveys of

ANI, we observed k;, PIT tags from tagged steelhead out of n, deployed during
steelhead tagging (see Table 1-1 for sample sizes) and observed |, PIT tags from tagged

hotdogs or capelin out of M; that were fed to adult Western Gulls during the

transportation experiment (see Table 1-2 for sample sizes).

We assume the probability of transportation is a smooth function of the distance

of each site from ANI in kilometers d,, and can be modeled as a logistic function.
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We estimated the predation rate hierarchically at the two sites for which we have

at least four years of salmonid PIT tags detected at ANI (Waddell Creek and Scott

Creek) and only estimated a single 6, at the remaining four sites. For hierarchical sites,

we modeled the predation rate in each year as a draw from a site-specific beta

distribution, 0, ~ Beta(y,0,). This formulation allows for inference about among-year

variation in predation at each site.
We were interested in estimating the joint posterior distribution of all of the

parameters given the observed data. Throughout, bold symbols indicate vectors. For

notational simplicity let £2 indicate the set of non-hierarchical parameters, £2 = {(Z B, W}
and X indicate the observed data, X= {k, n,I,m,d} . Then p(.Q,@,}’,5|X)is the joint
posterior distribution of the parameters given the data, p(X| 0Q.0,y,0 )is the joint

likelihood, and P(£2,0,y,8)is the joint prior distribution for the parameters. By Bayes’

theorem,

p(£2.0.7.5]x)x p(x|£2.0,7.6)p(£2.0.7,5)

« p(X|£2.0)p(6]y.5)p(£2.6.7.5) ?

with the second line in Eq. 2 showing how the likelihood can be factored into two
components. The second term, p(9| 7,0 ), is the beta likelihood for the hierarchical

parameters. For a single site | ,
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Where F( ) indicates the gamma function and Y is the number of years observed. For

the sites where we do not estimate hierarchical parameters and assume p(0| y,0 ) 1s
proportional to 1.
The first component of the likelithood, P ( X|.Q ,9) is the product of two

binomial likelihoods corresponding to the steelhead tag recaptures and transportation

experiments, respectively, where | indicates the total number of sites,

I Y
=1 i

p(x[2.6)= H[(%qﬁfw)k”’ (1-6,0)" " ] 9

!
i =1
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Finally, we specified independent prior distributions for parameters. Because
previous research estimated detection probabilities for PIT tags at ANI (Frechette et al.

2012), we used a strongly informative independent beta prior distribution for y,
p(?/}) - Beta(Zl.OS,l 1 .65); this is the methods-of-moments estimator for y derived

from the detection probabilities reported in Frechette et al. (2012). For all other

parameters we used diffuse priors. The deposition parameters of & and f exist on the

real line, so we used normal distributions with very large variances: p(a) ~N (0,] 00002)

, p( B ) ~N (0,] 00002). These priors are effectively uniformly distributed. The

hierarchical parameters y and 8 must be positive, so we used uniform priors for both
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sites: p(y) ~ Unif(0,25),p(5) ~ Unif((),25). Alternate priors had negligible effects on

the estimated postetior.

We estimated all parameters for the model using standard Markov chain Monte
Carlo (MCMC) approaches in R (v. 2.15.0; R Development Core Team 2012). MCMC
sampling was conducted with 1,020,000 draws; the first 20,000 iterations were removed
as burn-in. We retained every 200th posterior sample to provide 5,000 independent
draws from the posterior distribution. We ran three replicate chains and confirmed
model convergence using Gelman-Rubin diagnostics (Gelman and Rubin 1992).

Model Assumptions —HEstimated predation rates are based on assumptions made
during our individual parameter estimates and our comparisons of tagged fish between
watersheds. We mention the major assumptions of the model here and refer readers to
the appendix for a thorough justification of the model. The above model assumes (1) the
probability of detecting tags is constant across all years; (2) transportation probabilities
are constant among years; (3) experimental transportation rates are comparable to
transportation rates of consumed steelhead, 4) PIT tags recovered at ANI were
transported by adult Western Gulls, and 5) PIT-tagged steelhead are representative of
the outmigrating steelhead population. In most cases, our assumptions are necessary and

will tend to slightly under-estimate gull predation rates (see discussion and Appendix A).

1.4. Results
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1.4.1. Steelhead Recapture Study

We recaptured PIT tags at ANI that were originally inserted into wild juvenile
steelhead. In total, we PIT-tagged 16,701 wild juvenile steelhead in the six study
watersheds combined and 218 of these were recaptured at ANI (Table 1-1). We
observed a higher proportion of recaptured PIT tags from fish from watersheds with
increasing proximity to ANI (Figure 1-4). For Waddell Creek, the watershed in closest
proximity to ANI, the observed proportion of recaptured tags for all years combined
was 3.98%, whereas zero tags were recovered from the furthest watershed from ANI,
Aptos Creek (Figure 1-4). The proportion of recaptured PIT tags at ANI represent the
proportion of all PIT tags from juvenile steelhead that were recaptured at ANI from

predation, after accounting for tag loss from transportation, and detection (Figure 1-1).

1.4.2. Transportation (“Hotdog”) Experiment

From visual counts, we observed variation in gull species composition and
Western Gull age class composition between sites. Of all gulls counted at creek mouths
(N=5,403), Western Gulls were the most abundant species (85.4%), with fewer (14.3%)
California Gulls (Larus californicus) and a very small percentage of other gull species (0.
3%, including Heermann's Gulls (Larus heermanni) and Glaucous-winged Gulls (Larus
lancescens). Adult Western Gulls were the most abundant species and age class at the
three watersheds closest to ANI, whereas they accounted for less than one-third to one-
tenth of the species composition at the three watersheds furthest from ANI (Figure 1-5).

The transportation (hotdog) experiment revealed low but spatially variable

probabilities of transportation. The vast majority of PIT tags deposited at ANI from the
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transportation experiment were originally fed to adult Western Gulls (95%), further
supporting the hypothesis that adult Western Gulls are the primary species and age class
responsible for PIT tag deposition at ANI (see Appendix A for more details). Of 1,470
PIT-tagged capelin and hotdogs fed to adult Western Gulls during the transportation
experiment, 56 tags were subsequently detected at ANI (Table 1-2). All of the detected
tags were from one of the three watersheds closest to ANI, whereas no PIT tags were
recovered at ANI from gulls that were fed at the San Lorenzo River, Soquel Creek, or
Aptos Creek (Figure 1-4). Thus, watersheds in closer proximity to ANI had higher
transportation probabilities.

Feed type, season, and time of day had variable influence on the transportation
rates of PIT tags fed to gulls during the transportation experiment. Although feed type
did not result in statistically significant differences in transportation rates (Waddell
Creek, p=0.208; Scott Creek, p= 0.070), capelin were almost always transported at higher
rates than hotdogs to ANI (Table 1-2, Figure 1-4). When compared to hotdogs, capelin
transportation rates were 1.5 times higher at Waddell Creek and 4.1 times higher at Scott
Creek, which results in a weighted average where capelin were transported 2.3 times the
rate of hotdogs. Therefore, in order to compare transportation rates among all study
watersheds, we removed capelin and only used hotdog data for subsequent analyses
because they were the only feed type used at all six study watersheds. After removing
capelin from the analysis, we detected no significant differences in hotdog transportation
rates for season at Waddell Creek (p=0.589). Gazos Creek had too few tag recoveries to
conduct statistical analyses on whether time of day influenced hotdog transportation

rates, however given similar sample sizes, transportation rates were similar for morning
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(1/209 = 0.005) and evening feedings (1/159= 0.0006). Therefore we combined the data
for both seasons and time of feeding for all hotdog tags fed at each watershed (N=1,137;

Table 1-2) to inform the transportation portion of the following model.

1.4.3. Estimating Transportation and Predation

We estimated the posterior probability distributions for transportation rates as a
component of the Bayesian model. Due to the differences in transportation rates
between hotdogs and capelin, we restricted the model to include hotdog data only to
provide among site comparisons. Estimated transportation rates based on hotdog data
were low and declined as a function of distance from ANI. At the three watersheds
closest to ANI, the median probability that a tagged hotdog consumed by an adult
Western Gull was transported to ANI each year was 0.073 (0.051-0.103, this and the
following represent 90% CI), 0.063 (0.045-0.088), and 0.032 (0.023-0.046) at Waddell
Creek, Gazos Creek, and Scott Creek, respectively (Figure 1-6A). Median estimates of
transportation probability declined sharply at the three watersheds furthest from ANI,
where less than 0.003 of all consumed tagged hotdogs were predicted to be transported
to the island. To convert hotdog transportation rates into corrected transportation rates
more representative of consumed steelhead, we incorporated a correction factor of 2.3

into the model, which multiplied hotdog transportation estimates by the average relative

difference from capelin transportation rates. This is equivalent to replacing @ in the first

line of eqn 4 with c @ and letting ¢ = 2.3. As a result, the corrected transportation rates

remain low, but increased to 0.167, 0.146, 0.074 at Waddell Creek, Gazos Creek, and
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Scott Creek, respectively, whereas transportation rates were less than 0.005 at all other
watersheds. We conducted analyses using both the corrected and uncorrected
transportation rates but present only the predation results using the corrected
transportation rates below.

Low transportation rates translate into high predation rates because tags detected
at ANI represented a relatively small proportion of the total number of consumed tags.
Opverall, the probability that a wild juvenile steelhead was consumed as it passed the
gauntlet of Western Gulls at the watershed mouth was highest in watersheds closest to
ANI (median hierarchical estimates for Waddell = 0.464 (0.260-0.726 90% CI) and Scott
0.306 (0.183-0.480); non-hierarchical median for Gazos = 0.387 (0.234-0.616); Figure
1-6B). Predation rates at the southernmost watersheds farther from ANI were highly
uncertain (Figure 1-6B) due to the relatively few recaptures of steelhead tags at ANI
from these watersheds (Table 1-1) and the lack of transported PIT tags from the
transportation experiment (Table 1-2).

For sites with multiple years of wild steelhead recaptures at ANI, gull predation
rates were highly variable among years. Median predation rates at Scott Creek ranged
from 0.075 to 0.673, over the seven years estimated (Figure 1-7). At Waddell Creek,
median predation rates ranged from 0.113 to 0.823 across the four years estimated.
Patterns of interannual variation were similar between the two watersheds for the four
years that both watersheds were sampled (Figure 1-7). Specifically, in both Waddell and
Scott Creeks, the median probability of predation was relatively high in 2006 and 2010,

average in 2009, and relatively low at both creeks in 2008 (Figure 1-7). Comparisons of
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predation rates between watersheds were not possible for 2005, 2007, and 2011 because

no steelhead were tagged in Waddell Creek during those years.

1.5. Discussion

We developed a robust quantitative framework to better understand the impact
of predation by an abundant generalist predator, adult Western Gulls, on populations of
threatened wild juvenile steelhead in central California watersheds. Our results suggest
predation rates at the three watersheds closest to ANI are high (median probability of
predation =0.300) and variable, ranging from 0.075 to 0.823 depending on the watershed
and year. Predation rate estimates increase with proximity to the breeding colony for the
three sites closest to ANI and grow increasingly uncertain at watersheds furthest from
ANI (= 33 km), driven in part by spatial patterns of transportation rates. Annual patterns
of predation varied similarly among years at the two sites where time-series data were
available. With the approach and model developed in this study we are able to generate
overall Western Gull predation rates on juvenile steelhead and further understand the
spatial and temporal influence of a central-place forager on threatened prey populations.

The predation rates estimated in this study provide the first estimate of overall
predation rates of adult Western Gulls on juvenile wild steelhead. Predation rate
estimates are almost an order of magnitude higher than minimum predation rates from
tag recoveries (Figure 1-4A), mark-recapture methods at ANI (Frechette et al. 2012), and
avian predation estimates on salmonids in other California watersheds (Evans et al. 2011,
Adrean et al. 2012). Therefore, our study reveals minimum estimates from tag recovery

may considerably underestimate predation rates and suggests predation by avian
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predators is a more significant source of mortality for juvenile salmonids than previously
recognized. In addition, PIT tags from critically endangered coho salmon from Scott
Creek have also been observed on ANI (Frechette et al. 2012) and while populations
were too small to quantify gull predation rates during this study, we expect gull predation
is a significant source of mortality for coho populations as well. Furthermore, because
we estimate predation for a single colony of the most common species and age class of
avian predator (adult Western Gulls), we have not quantified overall predation by avian
predators, including those species and age classes that do not breed or roost at ANL
Thus the total avian predation is likely higher than the already substantial rates reported
here.

We observed that transportation rates are low and declined with increased
distance from the Western Gull breeding colony (Figure 1-4B), controlling the spatial
scale of inference. Specifically, our model estimated the median transportation
probability was highest at Waddell Creek, the watershed in closest proximity to ANI, and
transportation probabilities declined rapidly for the three locations furthest from ANI
(Figure 1-6A). Because tags from distant sites are rarely transported to ANI, our
estimates of predation grow increasingly uncertain as distance from ANI increases, and
we could not make strong inference about predation rates at those sites (Figure 1-6B).
One possible explanation for the decline in transportation rates with distance from ANI
is the increased time between predation and return to ANI may result in higher rates of
tag loss. Alternatively, gulls that forage at watersheds further from ANI may be more
likely to be non-breeders (Figure 1-5) or may use breeding and roosting locations other

than ANI, which would reduce transportation rates from these more distant watersheds.
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Low transportation rates by Western Gulls may also be influenced by species-specific
behavior while on the colony, including how adults provision their chicks, where
Western Gulls feed chicks through regurgitation whereas other avian predators (e.g.,
terns) may feed whole fish to their chicks. Thus, different predator foraging behaviors
such as generalists (i.e., gulls) verses piscivorous specialists (e.g., terns) may likely control
the spatial scale of inference for this type of tag-recapture study. Our results thus provide
the first example that low transportation probabilities may dramatically alter estimates of
predation rates.

Estimated predation rates varied similarly across years at Scott and Waddell
Creeks (Figure 1-7). In other systems, variation in predation rates over time by visual
predators has been attributed to changes in regional environmental variables such as
stream flow (Antolos et al. 2005, Hostetter et al. 2012), ontogenetic requirements that
trigger diet switching (Annett and Pierotti 1989), or change in the abundance of prey
(Type 1II or III functional response [Holling 1959], Keefer et al. 2012). These factors may
have contributed to temporally coherent predation rates at Scott and Waddell creeks.
Furthermore, annual variation in tagging effort at different locations of the watershed
(i.e, upper watershed vs. lagoon) could be contributing to variation in estimates of
predation rates. The effect of tagging effort on predation rates is supported by an
observed negative correlation between annual predation rates and the number of
steelhead tagged in the upper watershed in Waddell Creek (Pearson’s correlation,
p=0.028) and Scott Creek (Pearson’s correlation, p=0.150). Therefore, we hypothesize
years with higher estimated predation rates were driven, in part, by the fact that a larger

proportion of steelhead were PIT-tagged in the lagoon. Lagoon-reared steelhead are
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more susceptible to gull predation because they are more likely to attain the size
threshold needed to survive the ocean phase of life and as a result are more likely to out-
migrate (Bond et al. 2008, Hayes et al. 2011). High predation rates of wild steelhead that
utilize lagoon habitat are of particular concern because lagoon-rearing individuals
constitute over 87% of the returning adult steelhead population (Bond et al. 2008) and
are therefore a critical component of the population for recovery of local steelhead.
High predation rates such as those observed in this study have significant
implications for small populations because the loss of a few individuals can dramatically
affect the probability of extirpation (Brook et al. 2008). At small population sizes, rare
and random events contribute to driving population variability (Lande 1998). The effect
of stochastic predation on small prey populations has been shown to decimate specific
cohortts; for instance predation events by mountain lions (Felzs concolor) resulted in
significant mortality of desert tortoises in 2003 and 2007 (Medica et al. 2012). In more
severe cases, stochastic predation may lead to the extirpation of populations. For
example, there is a greater than 50% chance that unpredictable mountain lion predation
events may result in the extirpation of isolated bighorn sheep populations (Ovis
canadensis) (Festa-Bianchet et al. 2000) and a greater than 23% chance that striped bass
(Morone saxatilis) predation will result in the quasi-extinction of winter-run Chinook
salmon populations (Oncorhynchus tshawytscha) (Lindley and Mohr 2003). Similar to these
examples, we documented high but variable predation rates by gulls on juvenile
salmonids. Although salmonid predation is likely rare from the perspective of the gulls,

incidental and stochastic predation can account for a large proportion of mortality for
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small salmonid populations and may contribute to salmon decline or potential
extirpation.

The impact of predation is likely exacerbated in this system by anthropogenic
subsidies to a generalist predator (Harrington et al. 1999, Kristan and Boarman 2007,
Esque et al. 2010). Previous research on Western Gulls has shown that landfills provide
one of the most important foraging habitats for most age classes of Western Gulls
(Spear 1988), and in other systems anthropogenic subsidies have been identified as the
source of increased gull populations (Duhem et al. 2008), gull reproductive success
(Weiser and Powell 2010), and juvenile and adult gull survival (Mudge 1978, Mudge and
Ferns 1982). On-going research is investigating the linkages between anthropogenic
subsidies and Western Gulls to better understand the role of subsidies in limiting the
recovery of imperiled salmonid populations (Chapter 3).

Small populations are particularly challenging to manage and are also the most at
risk of extirpation. Effective management of small populations requires quantification of
mortality sources, such as predation, that may contribute to further population decline.
Although directly quantifying predation on small populations is difficult, here we have
demonstrated how managers can estimate multiple sources of tag loss to result in
indirect, yet realistic, estimates of predation rates. Our approach of combining a Bayesian
model with experimental and monitoring data can be broadly applied to other systems to
estimate predation rates by central-place foragers. Predation rates, such as those
presented in this study, are critical to inform an ecosystem management approach for

fisheries, which depend on accurate estimates of the role of predation and other trophic
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interactions in fisheries population dynamics (Mangel and Levin 2005, Ward et al. 2012,

Naiman et al. 2012).
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1.6. Tables

Table 1-1. Sample sizes for the steelhead tagging experiment during each outmigration
year from 2005 through 2011 at each of the six study watersheds.

Watershed Outmigration year
Total
2005 2006 2007 2008 2009 2010 2011
Waddell
Taggedt 153 556 631 192 1532
Detectedf o 10 . 5 22 24 . 61
Gazos
Taggedt 474 68 542
Detectedf 16 3 19
Scott
Taggedt 947 1199 1204 1856 1501 1981 940 9628
Detectedt 5 26 9 5 21 31 37 134
San Lorenzo
Taggedt 252 9 261
Detected} 1 0 1
Soquel
Taggedt 823 1068 850 680 185 274 524 | 4404
Detectedf 1 1 1 0 0 0 0 3
Aptos
Taggedt 222 112 334
Detected} 0 0 0
Totals
Taggedt 2718 2609 2054 3092 2317 2447 1464 | 16701
Detectedf 23 40 10 10 43 55 37 218

T The total number of wild juvenile steelhead PIT-tagged at each watershed and
outmigration year, which corresponds with values of 7 in the model.

1 The number of PIT tags from wild juvenile steelhead that were subsequently detected
at Ano Nuevo Island (ANI), which correspond with values of £ in the model.
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Table 1-2. Sample sizes for the 2010 transportation experiment for each feed type
(hotdogs and capelin). All data are from spring morning (AM) feedings unless otherwise
indicated (i.e., PM, summer).

Watershed (kmt) and Feed Tags Fedi Tags Detected§
Waddell (5.5)

Hotdog 253 14

Hotdog (summer) 78 6

Capelin 131 9

Capelin (summer) 124 14
Gazos (6.6)

Hotdog 209 1

Hotdog (PM) 159 1

Capelin 35 0

Capelin (PM) 22 0
Scott (12)

Hotdog 228 8

Capelin 21 3
San Lorenzo (33)

Hotdog 71 0
Soquel (38)

Hotdog 96 0
Aptos (41)

Hotdog 43 0
Totals 1470 56

T The linear distance (km) between the mouth of a given watershed and Afio Nuevo
Island (ANI).

1 The total number of PIT tags fed to adult Western Gulls for a given feed type, season,
and time of day. For a given watershed, sample sizes for season and time of day were
combined (hotdog data only) and correspond with values of 7 in the model. Capelin
were excluded from the model (see text for more details).

§ The number of PIT tags fed to adult Western Gulls that were subsequently detected on
Afno Nuevo Island (ANI). For a given watershed, sample sizes for season and time of
day were combined (hotdog data only) and correspond with values of /in the model.
Capelin were excluded from the model (see text for more details).
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1.7. Figures
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Figure 1-1. The three-step process for how PIT tags from tagged juvenile salmonids are
recaptured on avian predator colonies, where each step has its own probability of
occurrence. For a PIT tag to be recaptured at an avian predator colony, a PIT-tagged
salmonid first has to be consumed by an avian predator (with probability ), transported
to the predator colony (with probability @), and then detected on the colony (with
probability ). Therefore, the probability of recapturing a PIT tag from a tagged
salmonid is the probability, or product, of all three steps occurring (with probability

Opy).
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Figure 1-2. Location of the six central California (USA) watersheds (Gazos Creek,
Waddell Creek, Scott Creek, San Lorenzo River, Soquel Creek, and Aptos Creek) and the
seabird breeding colony (Afio Nuevo Island) that compose the study area.
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Figure 1-3. A photo taken at the mouth of Scott Creek, just before the creek enters the
ocean. Hundreds of Western Gulls congregate at shallow creek mouths to bathe, drink,
and opportunistically feed on items that are transported downstream by stream flow,
including outmigrating juvenile salmonids.
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Figure 1-4. The observed proportion of PIT tags detected at Afio Nuevo Island (ANI)
during the steelhead tagging study (A) and the transportation experiment (B) for each
watershed. The proportion recaptured (A) is based on the proportion of PIT tags
recaptured at Afio Nuevo Island (ANI) relative to the number of tagged wild juvenile
steelhead at each site, where multiple years of recapture data are available for Waddell
(N=4 years) and Scott Creeks (N=7 years). The proportion of tags transported and
detected (B) is based on the proportion of PIT tags from PIT-tagged hotdogs and
capelin detected at ANI relative to the number fed to adult Western Gulls at each site
during the transportation experiment.
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Figure 1-5. Mean number of birds present at each watershed during the transportation
experiment, separated by species and by age class (for Western Gull species only). Data
were restricted to counts conducted during the spring and morning surveys only to be
comparable among sites.
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Figure 1-6. Site-specific parameter estimates for A) posterior estimates of the probability
of transportation (@) of a consumed PIT tag to ANI (median +/- 90% CI), before
incorporating the capelin correction factor of 2.3 and B) posterior estimates of
probability of predation (6) of a PIT-tagged steelhead, including sites with a single year
of data (white) and the across-year mean predation rate from the hierarchical model for
sites with > 3 years of data, which includes Waddell Creek (grey) and Scott Creek (black).
Beanplots show the full posterior distribution for each quantity after incorporating the
capelin correction factor of 2.3. Horizontal lines indicate median estimates.
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Figure 1-7. Posterior estimates for the probability of predation (€) of wild juvenile
steelhead by adult Western Gulls for individual years at two sites: Waddell Creek (grey)
and Scott Creek (black). Points show median estimates, thick vertical lines show
interquartile range, and thin lines show 90% CI.
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2. Chapter 2 - Linking individual size and rearing history to
survival and predation risk of threatened steelhead

(Oncorhynchus mykiss)

2.1. Abstract

In this study, we found that individual characteristics of steelhead strongly influence their
predation risk and marine survival. We identified characteristics associated with both
increased predation risk of individual threatened juvenile steelhead (Oncorhynchus nrykiss)
by a generalist avian predator (Western Gull; Larus occidentalis) and those associated with
survival to reproduction by tracking the fate of juvenile steelhead tagged with passive
integrated transponder (PIT) tags. Across six cohorts (2005-2010), the largest steelhead
experienced marine survival rates 20 to 40 times higher than the smallest individuals,
whereas, predation risk did not vary significantly with steelhead size, suggesting
predation by Western Gulls is not size-selective. Wild steelhead experienced both higher
predation risk and higher survival rates than hatchery fish of the same size. Although
gulls may not be size-selective, they are removing large wild steelhead from the
population that otherwise experience the highest adult return rates, potentially reducing
escapement by 24%. Instead of focusing on population size alone, conservation
measures could also be guided towards the recovery of individuals with specific

characteristics whose survival is paramount for population recovery.

2.2. Introduction
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Individual traits influence ecological parameters such as population dynamics and
survival (Palkovacs and Hendry 2010, Bolnick et al. 2011), which necessitates the
incorporation of phenotypic variability into fisheries management (Fraser 2013). For
most species of fishes, the greatest mortality rates occur during eatly life stages and only
a few individuals survive to reproduction (Type III survivorship curve; Deevey 1947). In
declining populations of Pacific salmon (Oncorbynchus spp.) where <0.1% of eggs survive
to maturity (Shapovalov and Taft 1954), the few survivors may bear traits influential in
shaping ecology and population dynamics. This likely explains the tremendous individual
variation in traits across Pacific salmon including morphology (Roni and Quinn 1995),
physiology (Hinch and Rand 1998), and life history strategies (Thorpe 2007).

Early ocean mortality may be the most critical life stage in determining salmon
population dynamics (Kareiva et al. 2000). Individual traits such as size (Ward et al. 1989,
Sogard 1997), estuarine residence time (Magnusson and Hilborn 2003, Bond et al. 2008)
and origin (wild or hatchery; Jonsson et al. 2003, Beamish et al. 2012) are commonly
associated with marine survival, but the relationship between these traits may differ
across systems or species. For example, size at outmigration is not always associated with
increased marine survival (Ward 2000). Therefore, identifying individual characteristics
which influence marine survival continues to be an important research direction and
critical for managing imperiled populations.

Predation is a significant source of mortality for many species (Sih et al.
1985),therefore traits that influence vulnerability to predation can impact prey population
dynamics (Pettorelli et al. 2011). The influence of predation will be substantially higher if

predators target prey with characteristics associated with high rates of survival compared
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to prey with characteristics already susceptible to other sources of mortality (Griffin et al.
2011). For juvenile salmon in the Columbia River, some avian predators select for larger
and hatchery-raised individuals (Collis et al. 2001, Ryan et al. 2003), which may affect
salmonid population dynamics in this system by providing an additive source of
mortality (Roby et al. 2003). The impact of avian predation on prey population dynamics
in other systems remains less understood. Previously, we estimated that Western Gulls
(Larus occidentalis) may consume approximately 30% of outmigrating juvenile steelhead
(Oncorhynchus mykiss) in a small California watershed (Osterback et al. 2013). However it is
unknown whether these predators select individuals that might otherwise survive.

Here we compare the individual characteristics of threatened juvenile steelhead
that were consumed by a generalist predator (Western Gull) or survived to return as a
spawning adult. We ask: (1) Are juvenile characteristics (i.e., size and origin) associated
with predation risk by Western Gulls? (2) Are these characteristics associated with
survival to maturity? (3) Do these characteristics overlap? By comparing the
characteristics of juveniles that are consumed to those that survive to maturity, we can
better understand whether predators are removing individuals from the population that
otherwise tend to have high marine survival and are likely to contribute to the

productivity of these imperiled populations.

2.3. Methods
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2.3.1. Study System

The study area includes Scott Creek, a small (~70 km?) central California coastal
watershed and Aflo Nuevo Island (ANI), a small coastal island (10 ha) which hosts the
third largest Western Gull breeding colony in central California (Capitolo et al. 2009) and
is located ~12 km north from the mouth of Scott Creek (Figure 2-1). Scott Creek
supports wild populations of threatened central California coast steelhead (Federal
Register 20006) and represents the putative southern range of endangered coho salmon,
O. kisutch (Federal Register 2005). A conservation hatchery on Scott Creek releases a few
thousand age-1+ hatchery steelhead and coho salmon into Scott Creek each winter or
spring, where individuals are progeny of wild adults captured in Scott Creek and are at
least one generation removed from the hatchery (Hayes et al. 2004).

Scott Creek is a dynamic system; the creek mouth is closed during part of the
year, which influences patterns of juvenile steelhead outmigration and predation by
Western Gulls. In the late summer and fall, the combination of low stream flow and
sand deposition from oceanic wave action results in a sand bar that separates the creek
from the ocean and creates a freshwater lagoon (Hayes et al. 2008, Bond et al. 2008).
Thus, the seasonal formation of the sand bar limits timing of juvenile salmonid
outmigration to the winter and spring when connectivity between the creek and ocean
exists (typically December through June). Concurrent with salmonid outmigration,
Western Gulls gather at the shallow mouth of Scott Creek to drink, bathe, and
opportunistically prey on items floating downstream, including outmigrating juvenile
salmonids (Frechette et al. 2012). Recovery of prey tags from the Western Gull breeding

areas on ANI revealed that gull predation may account for greater than 30% of the
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tagged wild juvenile steelhead population in Scott Creek during some years (Osterback et
al. 2013).

Recent research in Scott Creek highlights the prevalence of individual variation
of steelhead and how phenotypic traits influence survival or predation risk. For example,
size of an individual in conjunction with habitat-specific growth and mortality rates can
be used to predict habitat use, movement patterns, and timing of outmigration for
juvenile steelhead (Satterthwaite et al. 2012, Phillis et al. 2014). Specifically, the seasonal
lagoon provides high growth opportunities but at the cost of high mortality
(Satterthwaite et al. 2012), and as a result individuals who rear in lagoon habitat
experienced both higher rates of marine survival (Bond et al. 2008) and higher predation
pressure from avian predators (Frechette et al. 2013), including Western Gulls (Frechette
et al. 2012). In contrast, hatchery steelhead are less variable in their rearing patterns and
typically migrate directly out to the ocean after being released into Scott Creek as age-1+
juveniles (Hayes et al. 2004). To our knowledge, individual characteristics associated with
predation risk and survival in Scott Creek, or any other system have not been explicitly

compared to date.

2.3.2. Individual characteristics of juvenile steelhead

To identity individual characteristics of juvenile steelhead in Scott Creek, we and
the National Marine Fisheries Service Southwest Fisheries Science Center captured
juvenile steelhead between 2005 and 2010 through a combination of downstream
migrant trapping, seining, and backpack electrofishing, as well as tagging at the Monterey

Bay Salmon and Trout Project (MBSTP) conservation hatchery on Scott Creek. All
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steelhead were handled according to the methods described by Hayes et al (2004) and
had complete information for the following individual characteristics: origin (wild or
hatchery-raised), fork length (mm), and outmigration year. Each individual was assigned
an outmigration year to account for variation in outmigration timing. Outmigration year
was the same as calendar year for hatchery juveniles because they were released in the
late winter or spring as age 1+ juveniles and typically migrate out to the ocean soon after
release (Hayes et al. 2004). For wild individuals captured in the lagoon, we assigned the
outmigration year for the following year (calendar year + 1) because outmigration can
only occur the following winter after the lagoon opens and the creek is no longer
separated from the ocean (see Hayes et al. 2008 for more details on outmigration timing
of juvenile salmonids in Scott Creek).

All individuals were PIT (passive integrated transponder) tagged to provide a
unique identification for each tagged individual. PIT tags have high tag retention rates
(>95%,; Sogard et al. 2009) and contain no battery so they can last beyond the lifespan of
a tagged individual. As a result, PIT tags can provide unique information on an
individual many years after the initial tagging event (i.e., recaptured as an adult 1-3+ years
after tagged as a juvenile) and even beyond an individual’s lifespan (i.e., recaptured after
deposition on ANI).

For this study, we only included wild and hatchery juvenile steelhead that were
present in Western Gull foraging areas during lagoon residence or outmigration. For wild
steelhead, we included individuals that were observed in lagoon habitat near the mouth
of Scott Creek and therefore spatially overlapped with Western Gulls. All wild steelhead

included in the analysis were observed during seining events in the Scott Creek lagoon,
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which typically occurred in the late summer and fall when the lagoon was separated from
the ocean. We excluded wild steelhead that were never directly observed using lagoon
habitat because many of these individuals were likely a younger age class that may not
have initiated downstream migration towards the lagoon or ocean (Hayes et al. 2008).
For hatchery juveniles, we restricted our analyses to individuals that were tagged at
MBSTP in late winter/eatly spring just prior to being released into Scott Creek as age 1+

juveniles and were assumed to outmigrate soon after release (Hayes et al. 2004).

2.3.3. Effects of size and origin on predation risk

We hypothesized that gulls selectively consumed steelhead with characteristics
that also benefit marine survival, thus predation risk would be higher for large
individuals of wild origin. To test this hypothesis, we compared the characteristics (i.e.,
size and origin) of PIT-tagged juvenile steelhead in Scott Creek to those steelhead whose
PIT tags were deposited on Afio Nuevo Island by Western Gull predators (Osterback et
al. 2013). To control for unmeasured inter-annual variation in other biotic and abiotic
factors, comparisons were only made between fish of the same outmigration year.

We identified which juvenile steelhead were consumed by gulls by scanning Afio
Nuevo Island annually from 2006 through 2013 to recapture PIT tags from steelhead
that had been consumed and deposited by Western Gulls. Scans of ANI include
traversing the island with a portable PIT antenna and GPS to document the location and
unique identification code of each deposited tag (for more details, see Frechette et al.
2012). Mobile PIT antenna specifications are described in Bond et al. (2007). It is

important to note that the recapture of PIT tags addresses relative predation risk and
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does not quantify overall predation rates. Overall predation rates are much higher than
the recapture rates reported in this study because the majority of consumed tags are
deposited off-colony (Osterback et al. 2013).

We quantified factors associated with predation risk of juvenile steelhead in Scott
Creek with a Generalized Linear Model (GLM) with a logit transformation, where the
binary response variable was “recaptured on ANI” (1) or “not recaptured on ANI" (0).
“Recaptured on ANI” individuals were juveniles whose PIT tags were detected on ANI
after presumably being consumed and defecated by Western Gull predators. For “not
recaptured on ANI” individuals, we have no evidence they were consumed by gulls.
Four factors were included as possible predictors in the candidate models: the main
effects of fork length (mm), origin (hatchery vs. wild), and outmigration year, and an
interaction between origin and fork length. We included the interaction term to
determine whether the influence of size on predation risk varied depending on the
origin. Outmigration year was included as a random factor to account for interannual
variation to assess whether the effect of fork length and origin on predation risk was
consistent among years. Due to the limited years of data (N=6) we were unable to assess
specific factors that drive year to year variation.

We used a multimodel inference approach to identify parameters that best
support the data (Burnham and Anderson 2002, Grueber et al. 2011). With the MuMIn
package in Program R (R Development Core Team 2013), we used the dredge function
to evaluate the set of all possible candidate models and used Akiake’s Information
Criteria for small sample sizes (AICc) to compare model fit between candidate models.

We conducted model-averaging which is recommended when the weight of the top
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model is less than 0.9 and multiple candidate models are within two AAICc units of the
best approximating model (Grueber et al. 2011). We used the natural average method of
estimating parameter weights because all parameters are of interest and some may have
relatively weak effects when compared with other factors (Grueber et al. 2011).

To estimate the relative effects of each parameter within the averaged models, we
standardized the input data of the continuous variable (i.e., fork length) by subtracting
the mean and dividing by two times its standard deviation to allow comparisons of all
parameters on a similar scale (Gelman 2008). Data standardization was conducted using
the arm package in Program R (R Development Core Team 2013), where fork length
was modeled as a continuous parameter and the other parameters of origin and
outmigration year were modeled as categorical factors. Effect sizes of each parameter
were then compared to a reference state to determine how changes in a given parameter
would affect the response variable. The reference state for all analyses was a wild
steelhead with a mean fork length in outmigration year 2010.

The above modeling approach assumed that fork length at last capture was
indicative of an individual’s size when exposed to gull predators, however it is possible
that the majority of gull predation does not occur in the greater lagoon area but instead
occurs upon outmigration in the winter or spring during the last several meters of the
lagoon just before it enters the ocean (Frechette 2010). For hatchery steelhead, the vast
majority of individuals are known to outmigrate to the ocean soon upon release into
Scott Creek (Hayes et al. 2004), so individual measurements taken at the hatchery before
their release are likely relatively equivalent to their size during exposure to gull predation.

However, the size of wild lagoon-reared steelhead may have been recorded from one day
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to several months before outmigration and therefore if gull predation happens upon
outmigration, their recorded size may be substantially smaller than their size upon
outmigration. In order to address this potential bias, we used the same modeling
approach as described above, except we replaced the observed fork length with an
adjusted fork length for wild lagoon-reared individuals. The adjusted fork length is the
estimated size of a wild lagoon-reared individual upon outmigration, and is based on the
estuarine specific growth rate equation in Hayes et al. (2008) and the number of days
between when an individual was last captured in the lagoon and the first date the lagoon
opened for that given outmigration year. Comparisons between this model and the
previous model will reveal whether the effect of fork length on predation risk changes

depending on when predation occurs.

2.3.4. Effects of size and origin on survival

We hypothesized that survival will be highest for large, wild steelhead when
compared to smaller individuals or individuals of hatchery origin. To identify
characteristics (i.e., size and origin) associated with survival, we compared the
characteristics of PIT-tagged juveniles to those individuals that survived the marine
ecosystem and returned to Scott Creek 1-3+ years after ocean entry as mature adults.
Size and origin of the juveniles that survived to spawn were then compared to the size
and origin of all juveniles that were assigned the same outmigration year.

To identify PIT-tagged juveniles that survived to become spawning adults, we
captured adults returning to Scott Creek during the spawning season (typically December

through June) between 2005 and 2013 through a combination of snorkel surveys and
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daily operation of a floating resistance panel weir (Bond et al. 2008). All returning adults
were scanned for PIT tags and cross-referenced with juvenile PIT tag data to identify the
juvenile characteristics of each returning adult from juvenile outmigration years 2005
through 2010.

To identify characteristics associated with survival, we used the same analysis as
the predation risk analysis, including a Generalized Linear Model (GLM) with a logit
transformation, a multimodel inference approach, and data standardization for effect
sizes to identify factors that inform the response variables. For the survival analysis, the
binary response variables included “survived to spawner” (1) and “did not survive to
spawner” (0). “Survived to spawner” included juveniles that were subsequently captured
in Scott Creek as an adult and therefore survival was confirmed. Individuals defined as
“did not survive to spawner” included the remaining juvenile tagged steelhead that did
not return as adults, for which we have no evidence they survived to spawn. The same
four factors assessed in the predation risk analysis were included as possible predictors
for the survival analysis: the main effects of fork length (mm), origin (hatchery vs. wild),
and outmigration year, and an interaction between origin and fork length. Similar to the
predation risk analysis, we re-ran the model using the adjusted fork length to assess
whether the effect of size on survival for wild individuals is sensitive to the timing of

predation (i.e., in the lagoon verses upon outmigration).

2.4. Results

Between outmigration years 2005 and 2010, we PIT-tagged 7,523 juvenile

steelhead in Scott Creek (Table 2-1). Of the tagged juveniles, 93 were subsequently
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recaptured on ANI after presumably being consumed by a Western Gull, 61 individuals
returned to Scott Creek as spawning adults, and 7,369 individuals had an unknown fate
(Table 2-1). Thus, average annual recapture rates of PIT tags on ANI were 3.2% for wild
lagoon-reared steelhead and 0.7% for hatchery juveniles. Average annual survival rates
were 2.9% for wild lagoon-reared steelhead and 0.3% for hatchery juveniles. Because
recapture probabilities are high both for detecting PIT tags on ANI (~64%, Frechette et
al. 2012) and for capturing returning adults in Scott Creek (~73%, Hayes et al. 2013),
there is a low probability that individuals of unknown fate either were deposited on ANI
or returned as an adult and went undetected. Instead, individuals of unknown fate likely
died while in the freshwater or marine environment, which is supported by typically very

low smolt to adult survival for Scott Creek steelhead (~1.6%; Hayes et al. 2013)

2.4.1. Effects of size and origin on predation risk

Predation risk was influenced by the individual characteristics of steelhead in
Scott Creek. Origin and outmigration year were the strongest predictors of predation
risk, as demonstrated by their inclusion in all of the best-approximating models (Table
2-2). Wild steelhead were consistently more susceptible to predation than were hatchery-
raised individuals (Figure 2-2A), where predation risk was over three times higher for
wild individuals when compared to individuals that were reared at the hatchery (Figure
2-3A). Predation risk was almost twice as high for juvenile steelhead that outmigrated in
2006 (Figure 2-2A), when compared to individuals that outmigrated during the reference
year (2010), which had similar predation risk as the other four years of the study (Figure

2-2A). In contrast to our predictions, fork length was a weak predictor of predation risk
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(Figure 2-2A), where predation risk was similar across all size classes (Figure 2-4).
Although the interaction between fork length and origin were also included in the
averaged model (Table 2-2), the interaction was a relatively weak predictor of predation
risk (Figure 2-2A).

The adjusted fork length for wild lagoon-reared individuals had little effect on
the model, suggesting that regardless of predation timing, size remained a weak predictor
of predation risk. The model using adjusted fork length (Figure 2-5A) had similar results
to the original model (Figure 2-2A), where predation risk was highest for wild steelhead
(Figure 2-5A). The year effects were also similar between the original model and the
model using adjusted fork length, where predation risk was highest in 2006. These
results suggest the influence of size on predation risk is similar whether using observed

length at capture or predicted length at outmigration.

2.4.2. Effects of size and origin on survival

Individual characteristics of juvenile steelhead strongly influenced the probability
an individual survived to return as a spawning adult. Consistent with our predictions,
survival was best predicted by origin, fork length, and outmigration year, whereas an
origin by fork length interaction had a relatively weak effect (Table 2-2; Figure 2-2B).
Origin had a significant effect on survival rates; wild individuals experienced over ten
times the survival rate of hatchery fish (Figure 2-3B). The most influential factor was
fork length; the largest wild individuals (250 mm) were over 20 times more likely to
survive than the smallest wild individuals (65 mm), and the largest hatchery-raised

individuals were over 40 times more likely to survive than the smallest hatchery
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individuals (Figure 2-4). Individuals that outmigrated in 2009 experienced less than one
fifth the survival rate as individuals that outmigrated during the reference year (2010),
which was similar to the other years of the study (Figure 2-2B). The results from the
survival analysis support our hypothesis that large wild steelhead experience the highest
survival rates.

The influence of size, origin, and year on survival did not change significantly
when using the model with predicted fork length at outmigration (Figure 2-5B) when
compared to the original model that included the observed fork length at last capture
(Figure 2-2B). In the adjusted model (Figure 2-5B), survival remained highest for large,

wild individuals, and those migrating in 2009 experienced the lowest survival.

2.4.3. Comparing effects of size and origin between predation risk and survival
Similar factors influenced predation risk and survival. Wild juvenile steelhead
experienced both higher predation risk by Western Gulls and also experienced higher
survival when compared to juveniles raised at the hatchery. While predation risk was
similar across all fork lengths, the odds of survival increased dramatically with each
incremental increase in fork length, such that the largest individuals are more than 20 to
40 times more likely to survive when compared to the survival rate of the smallest
individuals (Figure 2-4). Therefore, origin may similarly affect an individuals’
susceptibility to predation and survival, whereas fork length may increase an individual’s

probability of survival significantly more than its probability of predation.

2.5. Discussion
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Here we examined individual characteristics that influenced survival and
predation. We found that wild individuals experience more than three times the
predation risk and over ten times the survival rates than those reared at the hatchery.
Large individuals experience a minimal increase in predation risk, and over 20 to 40
times the survival rates than smaller individuals. Thus, if large, wild juveniles can survive
the gauntlet of gull predation during their outmigration to the ocean, they will likely
experience high survival once in the ocean and contribute to the overall productivity of
the population. Although previous work in Scott Creek identified or predicted
characteristics associated with survival of juvenile salmonids (Bond et al. 2008,
Satterthwaite et al. 2012, Sogard et al. 2012) and documented high rates of Western Gull
predation on these same populations (>30%, Osterback et al. 2013), it was unknown
whether gulls consumed individuals that would otherwise experience high survival rates.
The results from this study provide the first empirical evidence that though gulls may not
target large individuals, they are consuming wild steelhead across all size classes,
including the large wild individuals that are critical to the persistence of the population.

We observed strong evidence that origin influenced predation risk of juvenile
steelhead, where wild individuals experienced over three times the predation risk than
individuals raised at the hatchery (Figure 2-2A, Figure 2-3A). This is contrary to many
systems where hatchery-raised individuals experience similar or increased predation rates
(Collis et al. 2001, Ryan et al. 2003). There are several mechanisms that may predispose
hatchery fish to predation in other systems but do not apply to Scott Creek. For
example, hatchery-reared salmonids may also be more susceptible to predation risk than

wild fish because they feed closer to the surface and are therefore more conspicuous to
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visual predators (Collis et al. 2001). However, in Scott Creek depth preference is not a
factor as the shallow creek mouth forces all steelhead to travel near the surface, making
both hatchery and wild fish susceptible to avian predation. Hatchery fish typically
experience increased predation rates from genetic domestication (Berejikian 1995).
However, in Scott Creek, hatchery steelhead may share more characteristics with their
wild counterparts when compared to other systems because they are raised in a small
conservation hatchery where stock are progeny of wild-reared adults (Hayes et al. 2004).
However, other studies have shown hatchery fish even just one generation removed
from the wild can result with maladaptive antipredator responses (Jackson and Brown
2011). One important factor that may lead to higher predation risk on wild fish verses
hatchery steelhead is predator satiation, where increased abundance of outmigrating
juveniles may reduce the risk of any one fish to predation (Ryan et al. 2003, Hostetter et
al. 2012). In Scott Creek, hatchery steelhead are released into the creek as age-1+
juveniles and most individuals outmigrate to the ocean within one month (Hayes et al.
2004). In contrast, wild steelhead outmigrate from Scott Creek in smaller numbers and
over a period of several months which may increase the time exposed to predators and
the individual risk of predation. Regardless of the mechanism, the individual risk of
being eaten by an avian predator is greater for wild fish compared to hatchery fish.

Interestingly, size of an individual had a weak and non-significant relationship
with predation risk. Our results are contrary to much of the existing literature, where size
of an individual is often directly related to predation risk. For example, small individuals
can be more susceptible to predation because they have reduced swimming ability

(Taylor and McPhail 1985) or are less likely to survive the physiological challenges
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associated with transition from fresh to salt water (Beakes et al. 2010). In contrast, avian
predators are one of the few predators of teleost fishes that prefer larger individuals as
prey (Sogard 1997), as is supported by a study in the Columbia River where Caspian
terns preferred larger juvenile steelhead to smaller juvenile Chinook salmon (Collis et al.
2001). Interestingly, we found a non-significant relationship with size and predation risk
in Scott Creek which suggests Western Gulls are not size-selective, but instead are eating
across the size ranges of steelhead available. In general, gulls are generalists and have a
flexible diet (Pierotti and Annett 1990), however Western Gulls have demonstrated
individual specialization for specific prey (Annett and Pierotti 1999) including size-
selective predation of urchins in the rocky intertidal (Snellen et al. 2007), and selection of
larger prey by larger males when compared to smaller females (Pierotti 1981). Therefore,
although Western Gulls may be size-selective of certain prey species, we did not observe
strong size-selection of juvenile salmonids by gull predators in this study.

Survival rates were generally low across all years of the study, but survival
increased dramatically for large individuals (Figure 2-3B). We found that a large
individual has 20-40 times the survival rate than a small individual (Figure 2-4), which
suggests the characteristics of individuals may be just as, if not more important, than the
number of individuals for population recovery. Our results support our predictions and
are similar to other studies that have shown relative body length is an important
predictor of survival within juvenile salmonid populations (Henderson and Cass 1991,
Zabel and Achord 2004). Additionally, increased growth rates can be attained by rearing
in estuarine habitat (Hayes et al. 2008), which may contribute to higher survival (Levy

and Northcote 1982). Previous research in Scott Creek has shown the importance of
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lagoon habitat, which provides elevated growth opportunities that allow individuals to
attain large body sizes and experience higher survival. As a result, lagoon-reared
individuals contribute more than 87% of the returning adult steelhead population (Bond
et al. 2008). Therefore, our finding that large individuals experience higher survival rates
is consistent with other studies and previous research conducted in Scott Creek.

Consistent with our predictions, we found wild steelhead had significantly higher
survival rates than hatchery-raised individuals (Figure 2-3B). In a recent review article
(Araki et al. 2008), results suggest the reproductive success (e.g. fitness) of salmonids is
typically lower for hatchery fish, even if they are progeny of local wild-reared individuals.
Decreased fitness of hatchery salmonids is often attributed to relaxed or maladaptive
selection for the natural environment (Lynch and O’Hely 2001) because individuals
avoid selection events at the hatchery that they would have been exposed to in the wild.
Interestingly, hatchery and wild steelhead have demonstrated similar relative
reproductive success once they return to Scott Creek (Charrier et al. Iz Prep). Therefore,
management approaches that focus on increasing juvenile survival by addressing avian
predation and restoring lost lagoon rearing habitat may result in disproportionately more
individuals reaching adulthood than other restoration or management activities.

We found strong overlap among some characteristics associated with predation
risk and those associated with increased survival. Consequently, our results suggest that
gulls consume large wild steelhead juveniles, and were it not for gull predation many of
these individuals may otherwise experience a relatively high probability of survival.
Specifically, we estimate that in the absence of gull predation, we might expect

approximately an additional 50 wild and 3 hatchery adults to return to Scott Creek,
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which would increase the average annual adult escapement by approximately 24%
(average Scott Creek steelhead escapement is 219 adults; Hayes et al. 2013). These
estimates were calculated by multiplying 1) the average number of wild steelhead that
recruit to the Scott Creek lagoon or are released from the hatchery each year (1,876 and
5,581 individuals, respectively; Hayes et al. 2013), 2) the average proportion of the
juvenile wild lagoon-reared population (0.671) and hatchery population (0.147) that are
expected to be consumed by gulls each year, and 3) the average survival rates of wild
(0.029) and hatchery (0.003) individuals from this study, corrected for the capture
efficiency of adults that return to Scott Creek (73%; Hayes et al. 2013). The proportion
of wild (0.671) and hatchery (0.147) juveniles expected to be consumed by gulls were
estimated from the average recapture rates of tags on ANI for wild (0.032) and hatchery
(0.007) juveniles from this study, divided by the probability that a consumed tag at Scott
Creek is transported to ANI (0.074; Osterback et al. 2013) and the probability a
transported tag is detected on ANI (0.644; Frechette et al. 2012). This indicates gull
predation is an additive source of mortality, similar to modeling work from the Columbia
River Basin, which predicted an increase in salmonid population growth with a reduction
in Caspian tern predation (Roby et al. 2003). However, gulls are not the only predators
that may contribute additive sources of mortality. The relatively stronger relationship
between size and survival when compared to size and predation risk (Figure 2-2, Figure
2-3) suggests other sources of mortality besides gull predation, such as that by predatory
fishes (e.g., Willette 2001) likely drive size-based survival patterns. Our results suggest,
therefore, that gulls are removing wild individuals from the population, including the

large ones that are important for juvenile steelhead population recovery and may increase
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total escapement by 24%. However other factors are also contributing to size-dependent
survival rates.

Both predation risk and survival rates varied among years; however the
mechanism for interannual variability remains unclear. Predation risk was relatively high
in 2006, whereas survival was relatively low for those individuals that outmigrated in
2009 (Figure 2-2). Predation risk and survival of salmonids can be affected by many
environmental and biological factors including stream flow (Connor and Tiffan 2012,
Hostetter et al. 2012), upwelling (Scheuerell and Williams 2005), and the abundance of
prey (Type II or III functional response; Holling 1959). Demographic stochasticity can
also contribute to variability in mortality rates and contribute to extinction risk,
particularly for small populations (Lande 1998). The mechanisms contributing to the
interannual variability observed in this study could not be identified with such few years
of data (N=0). Environmental, biological, and demographic factors may contribute to
annual fluctuations in survival and predation risk, and can contribute to extinction risk or
inhibit recovery of salmonid populations.

Size-based patterns of survival and predation risk were robust to relaxing
assumptions about fork length. For the original model (Figure 2-2), we assumed the fork
length measurements taken at the hatchery (for hatchery individuals) or at the lagoon
(for wild individuals) were representative of their size when exposed to gull predation or
marine entry. However, since the timing of predation is unknown, especially for wild
lagoon steelhead, we re-ran both the survival and predation risk analysis using the
adjusted fork length (an estimated fork length at the end of lagoon rearing) and found

similar results to those presented in the original model, where fork length was still a weak
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predictor of predation risk and a strong predictor of survival (Figure 2-5). Therefore, we
demonstrated potential biases in size assighment for wild lagoon steelhead are not
substantial enough to eliminate the relationship between size and predation risk or
survival. Furthermore, the strong relationship between size and survival has been
documented in other studies with wild steelhead in Scott Creek (Bond et al. 2008) and
was observed with hatchery individuals in this study (Figure 2-4), where size assignment
was more robust.

Identifying successful management and conservation measures is a priority for
imperiled populations of Pacific salmon. Although conservation efforts often focus on
increasing population size by improving habitat or altering hatchery practices (Sharma et
al. 2005), the results of this study emphasize that recovery actions should consider
individuals whose characteristics contribute disproportionately to population
productivity. In Scott Creek, large (>200 mm fork length) wild individuals are less than
1% of the outmigrating steelhead population yet experienced 10-20 times the survival
rate than small wild individuals. Therefore, restoration activities that increase growth and
size of steelhead could have dramatic impacts on population size. For instance, future
management actions could include efforts to restore the Scott Creek lagoon to its
original larger size which would expand rearing habitat and high growth opportunities
that support larger, wild individuals. Although Western Gulls were not size-selective,
they still removed large, wild individuals from the population. Therefore, reducing gull
predation is a potential management option, especially since Western Gull populations

have increased (Hester et al. 2013) perhaps from increased anthropogenic subsidies
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(Chapter 3). The results from this study can inform conservation approaches towards the

recovery of individuals whose survival is paramount for population recovery.
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2.6. Tables

Table 2-1. Sample sizes for the predation risk and the survival analysis for Scott Creek
steelhead in outmigration years 2005 through 2010. The total number of tagged
steelhead (*), the number of tagged individuals subsequently recaptured on ANI after
presumably being eaten by a Western Gull (1), and the number of tagged individuals that
survived to return as an adult (}), are indicated.

Outmigration Year

I? rlgtlin/n # Individuals Totals
ocatto 2005 2006 2007 2008 2009 2010
Taggedt 170 261 57 192 393 465 1538
wild/ Recaptured on ANIf 1 8 5 3 6 16 49
Lagoon
Returned as Adult§ 6 17 1 4 1 15 44
Taggedt 499 534 474 961 2955 562 5985
Hatchery Recaptured on ANIF 6 19 2 6 7 4 44
Returned as Adult§ 4 0 0 8 3 2 17
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Table 2-2. Best approximating models for the predation risk and survival analysis. All
models within < 2 AAICc of the best-approximating model are shown below and were

incorporated into an averaged model for each analysis, which is recommended when no
single candidate model contains more than 0.95 of the model weights ( W), as discussed

in Grueber et al. (2011).

Response Variable Independent Variables AICc; AAICc; wi

Origin + Outmigration Year + Fork Length

+ Fork Length:Origin 946.8 000 0381

EATEN . L
(Recaptured on ANT) Origin + Outmigration Year 946.9 0.06  0.370
Origin + Outmigration Year + Fork Length 947.7 091  0.242
SURVIVED Origin + Outmigration Year + Fork Length 597.5 0.00  0.648
(Returned as adult) Origin + Outmigration Year + Fork Length 508.7 120 0352

+ Fork Length:Origin
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2.7. Figures
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Figure 2-1. Map of the study location, including the Scott Creek watershed (California,
USA) and Afno Nuevo Island.
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Figure 2-2. Model averaged parameter estimates for both the predation risk (A) and the
survival (B) analysis. Effect sizes were standardized by subtracting the mean and dividing
by two times its standard deviation as recommended by Gelman (2008). Effect sizes of
each parameter were then compared to a reference state (dashed line with coefficient =
0) to determine how changes in a given parameter would affect the response variable.
The reference state for both the predation risk and survival analysis was a wild steelhead
with a mean fork length, in outmigration year 2010. All points are coefficient estimates
of the averaged model, with 95% confidence intervals.
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Figure 2-3. The probability of A) predation risk (i.e., tag recapture on ANI), and B)
survival for a wild steelhead across the range of fork lengths. Estimates are based on
juveniles from outmigration year 2010, which was a year with typical predation risk and
survival. Estimates are calculated from the model averaged logistic regression model for
both analyses. Shading indicates 95% confidence intervals.
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Figure 2-4. The increase in odds of survival or predation risk with fork length for wild
(A) and hatchery (B) steelhead. Odds ratios were calculated by dividing the survival or
predation risk at a given fork length by the survival or predation risk of a fish at the
smallest size (65mm).
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Figure 2-5. Model averaged parameter estimates for both the predation risk (A) and the
survival (B) analysis upon outmigration by using the adjusted fork length for wild
lagoon-reared individuals. Effect sizes were standardized by subtracting the mean and
dividing by two times its standard deviation as recommended by Gelman (2008). Effect
sizes of each parameter were then compared to a reference state (dashed line with
coefficient = () to determine how changes in a given parameter would affect the
response variable. The reference state for both the predation risk and survival analysis
was a wild steelhead with a mean fork length, in outmigration year 2010. All points are
coefficient estimates of the averaged model, with 95% confidence intervals.
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3. Chapter 3 - Anthropogenic subsidies and the shifting
resource base of a generalist predator: implications for

native prey

3.1. Abstract

Opver the last century, human activities have altered coastal ecosystems by fishing down
the marine food web and increasing anthropogenic resources (e.g. landfills), which
together can have cascading effects on native predator-prey interactions. In this study,
we used stable isotope analysis of §°C and 8" N to conduct a 100-year retrospective
analysis of changes in resource use of a generalist (Western Gull, Larus occidentalis) and
piscivorous seabird (Brandt’s Cormorant, Phalacrocorax penicillatns) in Monterey Bay
(California, USA). We applied a Bayesian mixing model (MixSIAR) to historical (early
1900’s) and modern (early 2000’s) populations of Western Gulls to investigate temporal
shifts in relative resource use, individual variation and niche width, and the implications
of gulls” shifting resource use on one of their native prey—threatened steelhead
populations (Oncorhynchus mykiss). Our results document a significant decline in the 8N
value for both seabird species, suggesting prey in the marine environment has shifted to
a lower trophic level in the last 100 years. Interestingly, the shift in 8"°N was significantly
larger for Western Gulls, suggesting a shift in gull resource use to prey not in the marine
environment. Mixing models suggest anthropogenic resources (e.g., landfills) comprise
the majority of modern gull diet, whereas it contributed relatively little to gull diet in the
early 1900’s. In addition, we estimated relative predation risk of steelhead by Western

Gulls between historical and modern populations and found although steelhead
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contribute relatively less to overall modern gull diet, increasing gull populations and
simultaneous steelhead population decline likely results in higher per capita predation
risk to modern steelhead populations. This study highlights the impact of human

activities on coastal predators and the potential consequences for native imperiled prey.

3.2. Introduction

Human exploitation and alterations to food webs have caused disturbances to
coastal and marine ecosystems worldwide (Jackson et al. 2001, Oro et al. 2013).
However, anthropogenic effects on ecosystems typically occur incrementally and these
shifting baselines may go unnoticed or under-estimated (Pauly 1995). Over time, shifting
baselines in fisheries exploitations have resulted in a decline in the mean trophic level of
ocean fishes (Pauly et al. 1998), phase shifts in species abundance and diversity (Hughes
1994), and species extinctions (Dulvy et al. 2003, Jackson 2008). Anthropogenic effects
not only include the removal of species, but also the addition of new resources that
induce ecosystem change. For example, human subsidies such as unintended byproducts
of agriculture, commercial fishing, waste discharge, and access to human refuse (e.g.,
landfills) can provide novel resources which can alter population dynamics and the state
of ecosystems (Oro et al. 2013).

Temporal shifts in resource use or population size of generalist predators can
have important consequences throughout the food web and can contribute to declines of
native prey. The introduction of novel food sources can subsidize generalist predator
populations beyond what native prey can support, thereby increasing per capita

predation risk for native prey (Polis et al. 1997), sometimes described by terms including
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hyper-predation, apparent competition, or subsidized predation. Furthermore, human
subsidies provide predictable and renewable food sources that sustain populations of
generalist predators and can result in extinction of native prey (DeCesare et al. 2010).
For example, an increase in anthropogenic resources in the Mojave Desert subsidized
multiple predatory species that subsequently increased mortality rates of their prey, the
threatened desert tortoise (Gopherus agassizii; Kristan et al. 2004, Esque et al. 2010).
Therefore, identifying shifting resource availability for generalist consumers and the
impact of subsidized populations may provide insight into the management of imperiled
species.

Seabirds reside at the nexus of two major human-induced changes, where
overfishing has reduced the mean trophic level of their marine prey resource (Becker and
Beissinger 2006, Wiley et al. 2013), and increased accessibility to fishery discards and
human refuse can subsidize seabird diets and populations (Yorio and Giaccardi 2002,
Weiser and Powell 2010). The consequences of shifting ocean and anthropogenic
resources are particularly noticeable with gull populations (Larus spp.), where human
trash via expanding landfills, increasing urban development, or fishery discards are
thought to have contributed to the expansion and increase in gull populations worldwide
(Conover 1983, Blokpoel and Spaans 1991, Vidal et al. 1998, Duhem et al. 2008).
Consequently, these subsidized populations can contribute to increased predation rates
on native prey species. For example, increased availability to human food has
contributed to a rising population of kelp gulls (L. dominicanus) in South Africa, and
subsequently increased predation pressure on a near-threatened Cape Cormorant

(Phalacrocorax capensis) population (Voorbergen et al. 2012). Within subsidized seabird
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populations, the impact of an individual seabird on prey species can vary substantially
due to the large variation in the composition of prey species that contribute to individual
seabird diet (Votier et al. 2010). In central California (USA), Western Gulls (L.
occidentalis), are native generalist seabirds and are an important predator of imperiled
salmon populations (Frechette et al. 2012, Osterback et al. 2013), potentially reducing
adult steelhead returns in some watersheds by approximately 24% (Chapter 2; Osterback
et al. In Review). Furthermore, Western Gull populations in central California (USA) have
increased over the last 30 years (Hester et al. 2013). Although the exact mechanism for
gull population increase remains unknown, it is possible that local landfills and urban
waste have increasingly subsidized gulls. Understanding the relationship between
anthropogenic subsidies, the gull population increase, and subsequent increase in
predation risk to salmonids is of critical importance for the recovery of imperiled
salmonids, yet has not been investigated to date.

Identifying human-induced changes to food webs can be especially challenging in
systems without historical monitoring, however the use of stable isotope analyses can
provide a tool to retrospectively document changes in food web dynamics over long
periods of time (Schmidt et al. 2009). This method is particularly useful in avian ecology,
where the stable isotope signature of feathers can be sampled non-lethally from the
current population of birds and can be compared to feathers of historical museum skins
to determine changes in diet over time (Becker and Beissinger 2006, Hilton et al. 2000,
Rayner et al. 2011, Farmer and Leonard 2011, Pedro et al. 2013, Bond and Lavers 2014).
Diet can be inferred from the stable isotope signature of feathers because the relative

abundances of 8"°C and 8"N stable isotopes vary predictably by environment and
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trophic level, and therefore create a “signature” for a given organism (Hobson and Clark
1992). Thus, relative abundances of 8°C and 8N in tissues of an organism compared
between modern and historical populations can give insight to changes in the diet of an
organism over time.

Here we used retrospective stable isotope analysis to ask the question: how has
the resource base of coastal avian predators changed over time and what are the
potential implications of these shifts on native threatened steelhead prey? Specifically, we
compared stable isotope signatures between a generalist consumer (Western Gull) and a
marine piscivore (Brandt’s Cormorant, Phalacrocorax penicillatus) to evaluate the shifting
baseline of marine and anthropogenic resources for seabirds in central California (USA)
over the last 100 years and explore the potential consequences for threatened steelhead.
The four objectives of this study are to 1) compare shifts in the resource base over the
last 100 years between a generalist consumer and a marine piscivore to determine
potential shifts in the marine prey resource base verses other prey resources, 2) quantify
temporal change in the relative resource use of the generalist consumer through
application of stable isotope mixing models, 3) investigate changes in individual variation
and niche width as a result of shifts in resource use over time, and 4) examine how
changes in gull and steelhead abundances over the last 100 years translate to predation
risk of steelhead. This study investigates the role of human activities in supporting
predators that may contribute to the decline of endangered prey populations, such as
imperiled salmon, and may also inform actions towards recovery of salmonid

populations.
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3.3. Methods

3.3.1. Study System

We conducted our study on Western Gulls and Brandt’s Cormorants in the
Monterey Bay area (California, USA), including Afio Nuevo Island, Monterey Bay, and
coastal creek mouths in Santa Cruz County (California, USA). Afio Nuevo Island (ANI)
is a rookery just north of Monterey Bay that hosts a suite of seabirds and marine
mammals including breeding populations of Brandt’s Cormorants and the third largest
Western Gull breeding territory in California (Capitolo et al. 2009). Over the last couple
decades, the number of breeding Brandt’s Cormorants on ANI has fluctuated, likely due
to variation in ocean productivity (Hester et al. 2013). In contrast, the Western Gull
breeding population on ANI has increased and the current breeding population is 2-4
times larger than in the 1980’s (Hester et al. 2013). Western Gulls are known to consume
human refuse at landfills (Spear 1988, Annett and Pierotti 1989), thus one potential
reason for the recent increase in Western Gull populations on ANI is because of an
increase in anthropogenic resources (e.g., landfills, urban beaches) that subsidize gulls or
buffer gulls from years with poor ocean productivity. Although human refuse and
marine fishes contribute to the majority of modern gull diet (Annett and Pierotti 1989),
gulls are opportunistic generalists that feed on a wide variety of organisms from marine
mammals, intertidal organisms, and estuarine fishes, including federally threatened
steelhead populations.

We included Brandt’s Cormorants, a marine piscivore, in this study to represent

the marine baseline resource over time for both Western Gulls and Brandt’s
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Cormorants. Brandt’s cormorants are an appropriate seabird to provide a baseline for
available marine prey in Monterey Bay for both species over time because they consume
similar prey to Western Gulls when gulls forage in the marine environment. The diet of
Brandt’s Cormorants primarily includes fishes such as northern anchovy (Engranlis
mordax), juvenile rockfish (Sebastes spp.), and sanddabs (Citharichthys spp.) as well as some
cephalopods such as market squid (ILo/zgo opalescens; Baltz and Morejohn 1977, Ainley et
al. 1981, Webb 2013). These diet items are similar to those consumed by Western Gulls
when gulls forage in the marine environment: Western Gull marine prey includes a
variety of marine forage fishes such as northern anchovy, midshipman (Porichthys notatns),
and juvenile rockfish as well as some marine invertebrates such as euphausiids and squid
(Pierotti 1981, Annett and Pierotti 1989, Sydeman et al. 1991). In addition, these two
species likely experience spatial overlap while foraging in Monterey Bay because both
species breed on ANI (Hester et al. 2013) and are unique in that they both reside year-
round in Monterey Bay, whereas other seabird species occur seasonally (Baltz and

Morejohn 1977).

3.3.2. Sample Collection

We collected breast feathers for stable isotope analysis from the historical (1910-
1941) and current (2008-2013) populations of adult Western Gulls and Brandt’s
Cormorants near Monterey Bay (California, USA). We used breast feathers from adults
only to standardize sampling technique and to reduce variability in tissue turnover rates
among tissue types. Feathers integrate stable isotope signatures from diet items over the

time period during which they were grown (Kelly 2000). However, molt sequences in
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Western Gulls are a relatively continual process and occur over a long time frame (>6
months; Howell and Corben 2000), making it difficult to identify which season is
represented by the isotopic signature for a single breast feather. Similarly, feather molt is
a continuous process in Brandt’s Cormorants (Bridge 2000), allowing for weak inference
on seasonal time of feather growth. Therefore, we assume that because we collected
feathers from multiple seasons and years, that combined they are representative of
average seabird diet throughout the historical and modern time periods.

In May 2008, and February and May 2009, we captured live Western Gulls at the
mouths of two coastal creeks (Scott and Waddell Creeks, Santa Cruz County, California)
and sampled breast feathers for stable isotope analysis. To capture gulls, we positioned
and concealed two cannon nets on the beach near the creek mouth where gulls typically
congregate. Bait such as human food (e.g., bread) lured gulls within range of the canon
nets, and black powder and compressed air catapulted projectiles and the net over the
feeding gulls. All gulls were disentangled from the net and transported back to the
National Marine Fisheries Service Southwest Fisheties Center lab in Santa Cruz,
California (USA). Sample collection for this project was conducted in collaboration with
another project that entailed more intensive sampling and thus required transportation of
live gulls to the lab (for more details on gull capture and handling, see Frechette et al. I
Review). At the lab, breast feathers were sampled from each adult Western Gull, and
feathers were stored in a dry location until samples were prepared for stable isotope
analysis. All gulls were subsequently released at their beach of capture.

In collaboration with the Coastal Ocean Mammal and Bird Education and

Research Surveys (BeachCOMBERS), we collected breast feathers from the current
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population of adult Brandt’s Cormorants from carcasses on beaches surrounding
Monterey Bay. BeachCOMBERS volunteers survey Monterey Bay beaches on a monthly
basis to provide an estimate of seabird and marine mammal mortality (Nevins et al.
2011). In October 2012 and May 2013, we added the additional objective of collecting
breast feathers from adult Brandt’s Cormorant carcasses when encountered. Volunteers
sampled breast feathers from each encountered carcass and stored them in a dry location
until samples were prepared for stable isotope analysis.

Historical adult Western Gull and Brandt’s Cormorant feathers were sampled
from study skins at the University of California Berkeley’s Museum of Vertebrate
Zoology. Individuals chosen for analysis included adults collected near Monterey Bay
from 1910 through 1941. Breast feathers were sampled from each individual and were
stored in a dry location until samples were prepared for stable isotope analysis. To
correct for the change in carbon isotope ratios in atmospheric CO, over time (called the
‘Suess Effect’), we applied the correction factor described in Equation 4 by Verburg
(2007) to 8"C values to historical feathers only. We used 2000 as the reference year to

compare with modern samples.

3.3.3. Sample Processing

All feathers were cleaned, dried, and analyzed on a mass spectrometer for stable
isotope analysis of 8"°C and 8"°N. To remove surface lipids and contaminants, individual
feathers were placed in 15ml vials, completely submerged in a 2:1 methanol-chloroform
solution, and placed in a sonic water bath for 2 minutes. The process was repeated twice,

using only methanol as a solvent. Feathers were dried at 60°C for 48 hours and
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subsequently stored in airtight vials. We cut feather barbs into small pieces and weighed
approximately 0.70 mg of sample into 5x9 mm tin capsules (Costech Analytical
Technologies). We ran each sample for 8°C and 8"°N on a Carlo Erba 1108 elemental
analyzer coupled to a ThermoFinnigan Delta Plus XP isotope ratio mass spectrometer
(University of California, Santa Cruz Stable Isotope Laboratory). All samples were
corrected with standards (i.e., Pugel and Acetanilide), and we ran duplicates for 12% of
the samples to ensure consistency of sample preparation (R* >0.96 for both 8"C and

8"N signatures).

3.3.4. Comparing shifts in resource baselines between two consumers

To identify shifts in the resource baseline over the last 100 years, we compared
the mean 8"°C and 8"°N signatures of modern and historical breast feathers between a
generalist consumer (Western Gulls) and a marine piscivore (Brandt’s Cormorants). By
tracking the stable isotope signature of Brandt’s Cormorants over a long time period
(~100 years), we can identify changes to the marine resource baseline. As a result, we can
compare the shift in resource baselines of Western Gulls to those of Brandt’s
Cormorants to determine if shifts in gull diet can be mostly attributed to shifts in the
marine resource baseline or is likely due to changes in other resources. For example, if
the stable isotope signatures are similar between historical and modern gulls when
compared to historical and modern Brandt’s Cormorants, then we may conclude that a
change in gull isotopes is the reflection of the shift in in the marine environment.
Alternatively, if the change in Western Gull stable isotope signatures differs from that

observed with Brandt’s Cormorants, then we can infer that their shift in isotopes comes
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from a different prey resource (e.g., anthropogenic, intertidal, etc.). Mean stable isotope
signatures were compared between species and time periods using a Welch Two Sample

t-test (R Development Core Team 2013).

3.3.5. Quantifying relative resource use in a generalist consumer over time

To determine relative contributions of different resources to the current and
historical diet of adult Western Gulls, we used MixSIAR, a stable isotope mixing model
that uses a Bayesian approach and a mixed effects framework to estimate relative
contributions of potential prey items to the consumer population in addition to estimates
for individual consumers (Stock and Semmens 2013). Thus, the model structure of
MixSIAR allows for estimates of variation in diet among individuals by including
individuals as a random effect. Within MixSIAR, we conducted Markov chain Monte
Carlo (MCMC) sampling by running three replicate chains each with 1,020,000 draws.
We removed the first 20,000 iterations as burn-in and kept every 200th posterior sample,
resulting in 5,000 independent draws from the posterior distribution. We confirmed
model convergence using Gelman-Rubin diagnostics (Gelman and Rubin 1992).We did
not use any informative priors (i.e., flat priors) for gull diet because quantitative diet
composition for modern Western Gulls is lacking. We selected five potential prey
sources that represent the prey items available within a range of different habitats in
which gulls forage: estuarine fishes (e.g., steelhead), human food (e.g., in landfills),
intertidal invertebrates, marine fishes, and marine mammals (Table 3-1).

Stable isotope signatures of potential prey were compiled from published

literature and from data collected during this study (Table 3-1). The §"°C and §"N stable

83



isotope signature of estuarine fishes are represented by lagoon-reared steelhead from
Scott Creek (Collins 2008) because steelhead represent the dominant biomass for
estuarine fishes in most Santa Cruz County lagoons (Beck et al. 20006). For marine
mammals, we used the stable isotope signature of muscle tissue from Stellar sea lions
(Eumetopias jubatus) from Ano Nuevo Island (Sydeman et al. 1997); Western Gulls are
known to feed on sea lion placenta and carcasses (Schreiber 1970). Although Stellar sea
lions are currently less common on Afio Nuevo Island, they have similar diets to
California sea lions (Zalophus californianus), which are the most common pinniped near
central and southern California (Antonelis and Fiscus 1980) and is the most abundant
marine mammal species on Afio Nuevo Island. For intertidal invertebrates, we used the
8"C and 8" N stable isotope signatures reported by Newsome et al. (2009) for three
common intertidal invertebrate species in Monterey Bay (snails- Tegula spp.; mussels-
Mytilus californianus; and seastars- Pisaster spp.), which are all documented prey of Western
Gulls (Hunt and Hunt 1976, Snellen et al. 2007, Rogers and Elliott 2013). We then
calculated a weighted mean stable isotope signature among these three species by
incorporating their relative percent cover at seven biodiversity sites near Afio Nuevo
Island. Percent cover of intertidal invertebrates was estimated by the Partnership for
Interdisciplinary Studies of Coastal Oceans (PISCO) between 2006 and 2008. To
represent an integrated isotopic signature of modern human food, we used the stable
isotope signature of human fingernails from a local population in Menlo Park, California
(USGS 2006), which has a similar stable isotope signature to other human populations in
the United States (Nardoto et al. 2006). For marine fishes, we chose modern Brandt’s

Cormorant diet to represent an integrated signature of marine forage fishes available in
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the greater Monterey Bay area, thus we applied feather stable isotope values from the
current population of Brandt’s Cormorants reported in this study to represent Brandt’s
cormorant diet (i.e., marine fishes).

The isotopic signatures of consumers are typically enriched by +3-5%0 8"°N and
0-2%o 8"C when compared to their diet because bonds of lighter isotopes break easier
during biochemical processes and are thus preferentially excreted (Fry and Sherr 1984,
Peterson and Fry 1987) . However fractionation values are specific to many factors
including species, diet type, and diet quality (Caut et al. 2009), therefore identifying
appropriate fractionation values is important to correctly interpret the data from food
web studies (Bond and Jones 2009). Due to a lack of data, we used the mean and
standard deviation of published fractionation factors for related species, following the
methods of previous studies (Weiser and Powell 2011, Steenweg et al. 2011, Lavoie et al.
2012). To correct for trophic enrichment of Western Gulls and Brandt’s Cormorants, we
used the mean fractionation factor for diet to feathers of different seabird populations
summarized by Becker et al. (2007) and calculated a standard deviation from these values
(N=11). Therefore, the diet-feather fractionation factor we used for this study is 1.4+ 0.9
A”C and 3.6+ 0.6A "N

Because trophic fractionation is different between

prey-feather prey-feather.

seabirds and humans, we took two steps in order to compare the stable isotope signature
of finger nails to seabird feathers. First, we corrected for trophic enrichment between
human diet and fingernails by combining the fractionation factor between diet- human
hair calculated from humans in the USA (Schoeller et al. 1986; +1.4%0 A"”C,, .. and
+4.4%0 A "N, 41 and the fractionation factor between human hair and human
fingernails (O’Connell et al. 2001; +0.2%0 A”C

Land -0.65%0 A °N, ,, ...)- Second, we

hair-nai hair-nai
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calculated the difference between the seabird diet-feather fractionation and the human
diet-nail fractionation in order to get a fingernail-feather correction factor. Because
fractionation values vary among individuals, we applied the standard deviation in
isotopic signatures in human hair reported among individuals by Schoeller et al. (1986 ;
+ 0.5%0 8"°C and £ 0.6%0 815N) to the variation among fractionation factors between
diet and human hair, which is consistent with individual vatriation in fractionation factors
within other human populations (Hedges et al. 2009). To examine the sensitivity of our
results to alternative fractionation values, we also ran the mixing model using alternative
published fractionation factors that are species-specific in order to account for possible
variation between gull and cormorant diet-feather fractionation. The results of this
alternative mixing model were similar (Appendix B, Figure 5-1). Therefore, we focus on

results based on the fractionation factors in Table 3-1.

3.3.6. Investigating individual variation and relation to foraging locations in a

generalist consumer

We investigated how individual variation in resource use and niche width varied
with time period and foraging locations. First, we compared variation among individual
inferred diets (i.e., posterior distributions of standard deviation across individuals
estimated by MixSIAR) between historical and modern Western Gulls as an index of
intra-population dietary differences. To identify if these distributions of individual
variation among groups are significantly different, we calculated the difference between
the modern and historical posterior distributions. If the resulting distribution does not

significantly overlap with zero, then the individual variation among historical individuals
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is significantly different than modern individuals. Second, we used a subset of the
modern individual gulls to compare their diet (relative proportions of prey) with their
occurrence in different foraging locations around Monterey Bay. Paired stable isotope
data with occurrence in foraging locations was possible because feather collection from
modern Western Gulls during this study was conducted in collaboration with a radio-
tracking study for Western Gulls (Frechette et al. Iz Review). Therefore, we sampled
feathers for isotope analyses and then a subset of these gulls was subsequently outfitted
with VHF radio-transmitters. For the few months following feather sampling and initial
radio-tagging, researchers identified the location of radio-tagged individuals through a
combination of active tracking, passive listening stations, and aerial surveys (for more
details, see Frechette et al. I# Review). Tracking locations included Afio Nuevo Island,
coastal creeck mouths, the Santa Cruz landfill, and the Santa Cruz wharf. Even though
stable isotope diet data from feathers (diet previous to sampling) and radio-tracking data
(foraging after sampling) do not temporally overlap, these paired datasets may still reveal
whether known presence at distinct foraging locations can be predicted by stable isotope

data.

3.3.7. Linking gull population size with steelhead predation risk

We used results from the mixing models and previous research to explore how
predation rates on steelhead may have changed over the last century. Specifically, we
compare modern to historical per capita predation risk of steelhead by incorporating
historical and modern estimates of Western Gull and steelhead population sizes, and the

proportion of gull diet comprised of steelhead. Because robust estimates of Western
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Gull and steelhead abundances in the early 1900’s are lacking, we created a suite of
realistic scenarios that included hypothesized historical gull and steelhead abundances
and included them as inputs into the model. The relative per capita predation risk (K) is

defined as,

R=Log d_g
S
where each factor in the equation is the ratio between modern and historical values: & is
the ratio of the relative contribution of steelhead of modern gull diet compared to
historical diet, gis the ratio of the modern population size of Western Gulls on ANI
compared to historical abundances, and s is the ratio of modern steelhead population
abundances compared to historical abundances. For example, when g=1 or 3, modern
population sizes of Western Gulls on ANI are equal to or three times that of the
historical population size in the early 1900’s, respectively. If s=0.3, modern steelhead
population size is 30% of the historical population size. Values of R are log-transformed
such that R=0 suggests no change in relative risk to steelhead between modern and
historical time periods, and negative and positive values of R suggest modern steelhead
have decreased or increased predation risk to gulls, respectively.

We used a series of parameter estimates to explore potential changes in predation
risk. The relative contribution of steelhead to the diet of modern and historical Western
Gull populations (d), is taken directly from the mean of the MixSIAR posterior
distributions from both groups. To incorporate uncertainty around our estimate of 4, we

calculated 15,000 possible ratios of 4 by dividing all draws from the modern posterior
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distribution that estimates the contribution of steelhead to gull diet by all draws from the
historical posterior distribution. We subsequently substituted the upper and lower 90%
ClIs into the predation risk model to identify upper and lower Cls of relative predation
risk. We explored a potentially realistic range of the relative change in Western Gull
populations (¢) where the modern gull population is 0.5, 0.75, equal, 2, 3, 5 or 10 times
the historical population. Among these possible values of g, we hypothesize that the
modern Western Gull population is likely at least three times larger than it was
historically, and potentially much larger. Although there is no reliable estimate of gull
abundance in the early 1900’s, we know that over the last 30 years Western Gull
populations on ANI have increased (Hester et al. 2013). ANI was a functioning light
station until 1948, with full-time residents that likely occupied much of today’s Western
Gull breeding areas. Furthermore, in the early 1900’s the Western Gull population at the
nearby Farallon Islands was one-third of what it was in 2008 due to human disturbance
and egg harvesting (Ainley and Lewis 1974, Warzybok et al. 2012). Other species of gulls
also increased during a similar time period: the breeding number of Calfornia gulls in the
western United States increased by 2.7 times between 1930 and 1980 (Conover 1983).
Thus, we suspect there was likely at least a three-fold difference between historical and
modern Western Gull population sizes on ANI. To assess how the relative per capita
predation risk of steelhead (R) is influenced by changes in steelhead population size, we
calculated R where modern steelhead abundance was 10%, 20%, and 30% of the
historical population. Central California coast steelhead abundances have declined by 80-
90% in the last 50 years (Moyle et al. 2008), though the exact magnitude of this

difference is unknown. However, in 1910, 437 adult female steelhead were captured in
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Scott Creek (Moore et al. 2011), whereas only 131 adult female steelhead were captured
in 2008 after extensive sampling (Hayes et al. 2013). Thus, we can conservatively

estimate that modern populations are less than one-third of the historical population.

3.4. Results

3.4.1. Comparing shifts in resource baselines between two consumers

We collected breast feathers from a total of 80 adult seabirds, including modern
populations of Western Gulls (N=41) and Brandt’s Cormorants (N=11), and historical
museum study skins of Western Gulls (N=15) and Brandt’s Cormorants (N=13). Stable
isotope signatures of both Western Gulls and Brandt’s Cormorants shifted over time,
based entirely on significantly lower mean 8N isotopic signatures of modern feathers
(Figure 3-1A and Figure 3-1B). The shift suggests modern consumers may be feeding at
a lower trophic level than historical consumers. In contrast, 8"°C signatures were similar
across species and time (Figure 3-1A and Figure 3-1B). Interestingly, the difference in
8"N signature for modern (14.7 £ 1.9 SD %o 8"N) and historical (17.4 = 1.0 SD %o
8"N) Western Gulls was greater than the difference between modern (16.2 + 0.9 SD %o
8"N) and historical (17.0 + 0.7 SD %o 8"°N) Brandt’s Cormorants, suggesting different
resource use between the two species. There were no significant differences between the
mean 8"C isotopic signature for all pairwise comparisons between the "C isotopic
signature for modern gulls (-16.1 + 0.8 SD %o 8"°N), modern cormorants (-15.4 + 1.3
SD %o 8"°N), and mean Suess-corrected 8"C isotopic signature for historical gulls (-16.2

+ 0.5 SD %o 8"°N) and cormorants (-16.2 + 1.6 SD %o 8°N).
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3.4.2. Quantifying relative resource use in a generalist consumer over time

The range of stable isotope signatures of potential prey sources was wide and
encompassed the range of isotope signatures observed in both historical and modern
Western Gull feathers (Figure 3-1C). Prey sources spanned over 5 parts per mil for §"°C
and over 10 parts per mil for §°N (Table 3-1), and gull isotope signatures were
distributed throughout this range, suggesting the relative contribution of prey sources
varied among individuals (Figure 3-1C).

The posterior distributions from MixSIAR suggest the relative contribution of
prey sources to gull diet differed substantially between modern and historical Western
Gulls (Figure 3-2). The largest temporal differences in gull diet was the increase in the
mean relative contribution of human food to modern gull diet (0.31; 0.18-0.44 95%
credible intervals (CI)) when compared to historical gull diet (0.10; 0.01-0.26 CI).
Another substantial difference was the smaller contribution of steelhead to modern gull
diet (0.06; 0.00-0.16 CI) when compared to historical diet (0.25; 0.08-0.41 CI). Relative
changes in the proportion of other prey sources to gull diet over time were highly
uncertain. There was little to no difference in the relative contribution of Western Gull
diet over time for intertidal organisms (modern = 0.20; 0.05-0.38 CI; historical =0.10;
0.00-0.25 CI), marine fishes (modern = 0.16; 0.01-0.40 CI; historical = 0.16; 0.01-0.41

CI), or marine mammals (modern = 0.26; 0.13-0.37 CI; historical = 0.39; 0.27-0.52 CI).
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3.4.3. Investigating individual variation and relation to foraging locations in a
generalist consumer

Individual variation in the diet of modern gulls was significantly larger than
historical gulls (p<<0.05; Figure 3-3), suggesting modern gulls encompass a larger niche
space. This difference is likely driven by significantly larger variance in 8"°N signature of
modern gulls when compared to historical gulls (F test; p=0.011; Figure 3-1A, Figure
3-1C). Greater individual variation in the diet among modern gulls is also demonstrated
by the increased range in the relative contribution of a specific diet item (e.g., human
food) to modern gulls when compared to historical gulls. Specifically, the proportion of
human food comprises a large and variable proportion of modern gull diet (mean
posteriors were between 0.23 and 0.43; Figure 3-4), whereas human food contributes a
smaller and less variable proportion to historical gull diet (mean posterior was between
0.09 and 0.11; Figure 3-4).

Paired stable isotope signatures and individual tracking data suggest presence of
gulls in foraging habitat is not clearly related to relative contributions of specific sources
to overall diet. Of the 41 adult modern Western Gulls sampled for stable isotope
analysis, 27 of them were successfully tracked using radio-telemetry for a related study
(Frechette et al. In Review). There were no systematic differences in relative proportion of
human food to gull diet among gulls observed in different foraging habitat, suggesting
observed location of gulls does not predict past relative diet sources of an individual
(Figure 3-4). Whereas we determined via radio-telemetry that gulls move between
different habitats (Frechette et al. I» Review): the stable isotope data suggest gulls forage

while in these different habitats.
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3.4.4. Linking gull population size with steelhead predation risk

We explored the sensitivity of predation risk to the estimates of historic and
modern gull consumption of steelhead. Even though the mean contribution of steelhead
to gull diet has apparently decreased over time (modern gull diet is estimated to be
approximately 24% of what it was historically; Figure 3-2), the relative per capita risk of
steelhead to predation by gulls is still likely much higher for modern gulls than for
historical gulls (Figure 3-5). This is because increasing gull populations and declining
steelhead populations result in increased predation risk to modern steelhead despite
contributing relatively less to gull diet. For example, even if we assume no change in the
population of Western Gulls on Afio Nuevo Island (x=0), only a 24% reduction in
steelhead populations would result in increased predation risk to steelhead. Similarly, if
we assume no change in steelhead abundance (Figure 3-5, black points), only a 4-fold
increase in the gull population would result in increased predation risk to steelhead. We
hypothesized that both of these trends have occurred, such that gull populations have
likely tripled, and steelhead populations are likely no more than 30% of their historical
values (Figure 3-5, red square). After incorporating 90% confidence intervals (CI) for 4,
we estimated the mean ratio in the contribution of steelhead to gull diet between modern
and historical populations (&) was 0.24 with 90% CI that ranged from 0.024 to 0.766.
Through this process of incorporating uncertainty, and given this scenario where gull
populations have tripled and steelhead abundances are 30% of historical, we estimate the
mean per capita predation risk of modern steelhead is 2.4 times the predation risk when

compared to historical steelhead, but based on 90% CI, may range from 0.24 to 7.7
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(Figure 3-5, red square). Of the possible values of 4 included within the 90% Cls, 77% of
them result in positive estimates of predation risk (R), further suggesting per capita

predation risk has increased for steelhead over the last 100 years.

3.5. Discussion

In this study we used stable isotope analysis to retrospectively document a
shifting baseline of resources in the marine environment in Monterey Bay,
demonstrating that both modern generalist and piscivorous seabirds now feed at a lower
trophic level than they did historically. Our results also suggest anthropogenic food
sources have become a larger component of modern gull diet; however the contribution
of human food to modern gull diet can vary substantially between individuals, thereby
increasing the niche width of modern gulls. Although it remains unknown as to whether
anthropogenic sources (e.g., landfills) have directly contributed to gull population
growth, our results indicate that human food is the dominant resource of most modern
gulls, which may contribute to sustaining the current population size of Western Gulls
and the increased predation risk of native prey, such as threatened steelhead. Therefore,
our results demonstrate how the human activities have impacted a coastal food web and
may indirectly limit recovery of threatened and endangered salmonids.

We observed a decline in "N for Western Gulls and Brandt’s Cormorants over
the last 100 years suggesting modern birds are eating at a lower trophic level; however
the magnitude of decline varied between species suggesting different resource use
between modern populations (Figure 3-1). Decline in the trophic level of the marine

food web due to fisheries exploitation has been documented in other systems, where
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modern seabirds feed lower in the food chain when compared to historical populations
(Hilton et al. 2006, Farmer and Leonard 2011, Pedro et al. 2013). Similar patterns have
been observed in Monterey Bay, where Becker and Beissinger (2006) documented that
over 100 years the diet of modern endangered Marbled Murrelets declined by 14% - 38%
of a trophic level (0.5 - 1.4 %o 8"°N), depending on the season and ocean conditions.
Lower 8N values were attributed to eating lower trophic level prey and not due to a
temporal shift in the isotope signature of the base of the food web because research on
zooplankton in the California Current suggests 8"°N has not changed significantly since
1951 (Rau et al. 2003). As a result, change in 8"°N of seabirds likely reflects change in
identity of relative consumption of prey items and not change in stable isotope
composition of similar prey over time. We found a similar decline in the marine
environment as Becker and Beissinger (2006) over the same temporal and spatial scale,
where modern Brandt’s Cormorants diet in this study declined by 22% of a trophic level
(0.8 %o 8"N). Thus, our results in conjunction with previous studies provide more
evidence of a region-wide decline in marine trophic level at which seabirds feed.
Interestingly, we found a relatively larger decline in 8"°N of Western Gulls over time
when compared to Brandt’s Cormorants, suggesting an increase in the relative resource
use of prey in a location other than in the marine environment.

Mixing models allowed reconstruction of the potential temporal shifts in
resource use of different prey (Figure 3-2). The most notable difference is the larger
contribution of anthropogenic resources to modern gull diet when compared to historic
gull diet, which is likely driving the relatively larger decline in 8"°N in Western Gulls

when compared to Brandt’s Cormorants, a primarily marine-feeding species (Figure 3-1).
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Increased reliance on anthropogenic sources is well-documented in seabirds, especially
for gulls (Duhem et al. 2008, Pedro et al. 2013). In Monterey Bay, we have observed
thousands of gulls foraging at local Santa Cruz County landfills, and new GPS tracking
data confirms regular daily foraging trips to local landfills by Western Gulls breeding on
Ano Nuevo Island (Shaffer, unpublished data), confirming use of the landfill resource by
breeding gulls. The second largest temporal change in gull diet was the decreased
contribution of steelhead to modern gull diet. A reduction in steelhead to gull diet is not
surprising, given that steelhead populations have declined in the area (Moyle et al. 2008,
Moore et al. 2011). There was no clear difference in the proportion of intertidal
organisms, marine fishes, or marine mammals between modern and historical gull diet. It
is surprising the contribution of marine mammals to gull diet did not increase over time
because California sea lion populations were historically exploited but have experienced
extremely high growth rates in the last 30+ years (Lowry and Maravilla-Chavez 2005,
NMES 2011). This suggests that relative abundances of prey is not the only factor
driving diet composition of gulls. For example, diet of Western Gulls is often not
controlled by relative abundances of prey, but instead is driven by preference for specific
species or prey size (Snellen et al. 2007, Rogers and Elliott 2013). In addition, gulls live
on coastal islands so regardless of their foraging destination they have consistent overlap
with marine prey, which may result in more consistent use of those resources. Our
results suggest that gull diet has changed over time, and now includes a higher
proportion of anthropogenic sources.

There was higher individual variation of inferred diets for modern gulls than

historic gulls (Figure 3-3). Increased individual variation in diet increases the niche width

96



of the population, which can result when individuals within the population exploit
different subsets of resources (Bolnick et al. 2007). One potential reason for increased
niche width in modern gulls is the increased amount of anthropogenic food (e.g.,
landfills) available to gulls now when compared to the early 1900’s. This is supported by
the rising human population and production of refuse, where in only the last 50 years the
population of Santa Cruz more than doubled (SCPL 2000) and the per capita amount of
trash generated by each individual in the United States increased by 11% (USEPA 2008).
This addition of refuse may have added another axis to the gulls’ niche. Increased niche
width from heterogeneous use of resources between individuals within a population can
increase population stability (Layman et al. 2007), which could contribute to increased
gull populations and therefore affect population dynamics and interactions with prey.
The relative contribution of prey sources to overall diet was not related to presence of
individuals at foraging sites (Figure 3-4). It appears that the foraging behavior of
individuals is not a perfect predictor of apparent consumption patterns. This is likely
because tracking data only captured a snapshot in time of individuals foraging over a
large area and presence data at other prey source locations went unrecorded.
Furthermore, these results suggest individual gulls forage in multiple environments and
likely do not specialize or limit their prey to only one or a few species or locations. Thus,
the results from this study show movement of individual gulls between prey source
locations, however the relative importance of each prey source is more variable between
modern individual gulls.

Our study demonstrates that anthropogenic sources have become increasingly

important to modern gull diet as gull populations have increased. We acknowledge we
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cannot directly identify anthropogenic subsidies as the mechanism for gull population
increase; however this link has been made in other systems. For example, a long-term
study in the French Mediterranean demonstrated that gull populations increased on
islands with increasing availability to anthropogenic food sources (Duhem et al. 2008).
Previous research has shown anthropogenic sources are particularly important to gull
diet when ocean productivity is low (Spear 1988), which suggests human food may
buffer gull populations from prey fluctuations in the marine environment. However,
increased access to refuse is likely not the only possible reason for increased gull
populations but might instead be a result of other environmental change, such as a
decrease in pesticides. For example, bald eagles (Haliaeetus lencocephalns) made remarkable
population recoveries following the 1972 ban of DDT, a widespread insecticide that
caused egg shell thinning and reduced clutch success (Stokstad 2007). DDT has been
found both in Brandt’s Cormorants (Jarman et al 1996) and Western Gulls (Jimenez-
Castro et al 1995). The relative role of DDT and anthropogenic subsidies to gull
population increase remains unknown and should be the focus of future research.

Regardless of the mechanism for growth of gull populations, the results from our
predation risk model show that predation risk of steelhead has likely increased over the
last 100 years (Figure 3-5). Even though modern gulls apparently consume less steelhead
on an individual basis than historically, the decline in steelhead abundance and increasing
gull population leads to increased risk of an individual steelhead being eaten. However, it
is important to consider the uncertainty associated with parameters that informed the
relative predation risk model. While we are confident that gull populations have

increased and steelhead populations have declined over the last 100 years, the magnitude
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of these shifts remain largely unknown. And although alternative modeling scenarios
support that steelhead have become a smaller proportion of gull diet over time
(Appendix B, Figure 5-1), our estimates of the relative contribution of steelhead to gull
diet over time were uncertain (Figure 3-5). Thus, if gulls substantially decrease predation
on steelhead or switch to alternative prey altogether, relative per capita predation risk for
steelhead may decline (Figure 3-5). However, if gulls continue to rely on predictable
anthropogenic food subsidies, it can continue to stabilize predator populations (Oro et
al. 2013) and contribute to the extinction of native prey (DeCesare et al. 2010).

Stable isotope analysis provides a powerful tool to evaluate the relative
contribution of diet sources to a consumer (Moore and Semmens 2008), retrospectively
document change in diet over time (Pedro et al. 2013), and evaluate niche breadth within
a population (Newsome et al. 2007). Here we discuss and evaluate some assumptions
associated with our mixing models. For example, temporal mismatch between prey and
consumer tissue samples used for stable isotope analysis can lead to incorrect
interpretation of the data (Inger and Bearhop 2008), as can inappropriate use of
fractionation factors. For this study, we collected feathers across a broad range of
seasons, years, and locations and therefore assume we captured general trends in regards
to changes in gull diet over time and minimize seasonal variability. In addition, we also
ran the model using an alternative set of fractionation factors and concluded they had
minimal effect on the overall results from this study (Appendix B, Figure 5-1). As with
all stable isotope mixing models, we assumed our prey sources were representative of all
gull diet items. It is particularly difficult to capture all prey items for generalist predators,

such as gulls, which is why most prey sources were presented as a weighted average for
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multiple species within a common gull foraging habitat. Additionally, consumer data
were encompassed by all prey species in isotope space (Figure 3-1C), further supporting
that we captured the range of diet items consumed by gulls. Another assumption was
that the stable isotope signatures of modern prey have not changed since the early 1900’s
and that a shift in the 8"°N over time (in both Brandt’s Cormorants and Western Gulls)
was due to a change in prey identity, not changing stable isotope signatures for the same
prey over time. Changes in 8"°C and 8"°N for prey sources since 1900 were not available
for most prey species in our specific study system, however previous studies suggest
there has been little change in the 8"°N of the base of the marine food web in the
California current since the 1950’s (Rau et al. 2003, Ohman et al. 2012). To further
address this, we re-ran the mixing model for historical gull diet using the historical stable
isotope signature of Brandt’s Cormorants to represent historical marine fishes and found
virtually no change to the model results (Appendix B, Figure 5-2), suggesting shift in
prey baselines have little effect on overall model trends. Regardless, the relatively larger
decrease in 8N for Western Gulls when compared to Brandt’s Cormorants (Figure 3-1)
suggests the change in gull diet occurred in a location other than in the marine
environment. Lastly, we assumed feather samples from gulls and cormorants were
represented equally between species and sampling periods. Although sample sizes
differed between groups, Bayesian modeling takes into consideration sample size and
variation and incorporates this uncertainty to provide robust estimates of gull diet. While
it is impossible to determine if feather samples from museums, carcasses, and live

individuals were representative of the live population for a given species and time, we
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were limited by the samples available. Although retrospective stable isotope analysis
requires these assumptions, we believe the general conclusions are robust.

By altering coastal ecosystems with commercial fisheries (Pauly et al. 1998,
Essington et al. 2000) and increasing the availability of alternative food sources, humans
have modified the resource landscape for mobile generalist predators and this has
cascading consequences throughout the food web. In this study, we demonstrated a shift
in the marine resources over time for both generalist Western Gulls and piscivorous
Brandt’s Cormorants. Furthermore, generalist Western Gulls demonstrated shifts in their
diet, including increased reliance on anthropogenic resources and relatively less reliance
on estuarine fishes such as steelhead. Despite consuming fewer steelhead per individual
gull, the combination of increasing gull populations and declining steelhead populations
suggest that there is increased predation risk to steelhead. Based on current patterns of
predation, we previously estimated that Western Gulls can eat approximately 30% of the
juvenile steelhead population each year at some central California coast watersheds
(Osterback et al. 2013). One potential management option to reduce predation rates
would be to manage the anthropogenic subsidies to gulls such as reducing access to
landfills. Suggested management actions to prevent gulls from accessing anthropogenic
subsidies in other systems have included prohibiting fishery discards (Bicknell et al.
2013) or selective culling (Thiériot et al. 2012), however the effectiveness of these
actions on native prey populations remains unknown. Selective culling may not be
teasible in this system because most individual gulls exhibit a generalist diet, thus it is not
only specific individuals that impact steelhead populations, but the collective sum of

many. Given anthropogenic subsidies to generalist predators may have profound
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consequences to their native prey, it is necessary to expand management scopes to

address this issue.
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3.6. Tables

Table 3-1. Literature values for stable isotope signatures and fractionation factors for
8"C and 8" N of five potential prey sources of Western Gulls that were incorporated

into MixSIAR.
Stable Isotope Signatures Fractionation Factors
Sources Mean SD | Mean | SD Mean | SD | Mean | SD
o13C o13C OBN | 6N " oB3C oBC | 8BN | 6N
steelhead! -20.6 1.2 11.2 0.6 11 1.4 0.9 3.6 0.6
human food? -18.8 0.8 9.2 0.6 485 0.2 0.5 -1.45 0.6
Intertidal® -16.2 0.8 9.9 0.3 7 1.4 0.9 3.6 0.6
marine fishes* -15.4 1.3 16.2 0.9 11 0 0.9 0 0.6
marine mammals® | -15.2 0.5 19.8 0.6 5 1.4 0.9 3.6 0.6

Sources:

! Stable isotope values (Collins 2008); Fractionation (Becker et al. 2007)
2 Stable isotope values (USGS 2000); Fractionation (Schoeller et al. 1986, O’Connell et al. 2001,

Becker et al. 2007)

3 Stable isotope values (Newsome et al. 2009); relative percent cover (PISCO, unpublished data),
Fractionation (Becker et al. 2007)

4 Stable isotope values (this study), Fractionation-standard deviation only (Becker et al. 2007)

5 Stable isotope values (Sydeman et al. 1997); Fractionation (Becker et al. 2007)
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3.7. Figures

21
19
17
15
13

11

8"°N (%)

24
22

20 —

18
16
14
12
10

—A —1B
O historical

- < modern -

I I I T I T T I T T I

-21 19 17 15 13 -1 -21 19 17 15 13 -1

- C *
| steelhead

® human food

intertidal

® marine fishes

® marine mammals
— ® WEGU-historical

@® WEGU-modern
— —¢—

| I I I [ I I
-20 -19 -18 -17 -16 -15 -14

8"3C (%o)

Figure 3-1. Isotope signatures of 613C and of 815N of breast feathers from historical
and modern adult Western Gulls (A), historical and modern adult Brandt’s Cormorants
(B), and isotope signatures of 313C and of 615N of breast feathers from historical and
modern Western Gulls (mean * 95% CI) with isotope signatures of potential prey
sources, after accounting for fractionation (mean * SD; Table 3-1) (C). Note the ellipses
in 1A and 1C contain identical data, but axes are at different scales. Individual feather
samples are indicated by open symbols, means are indicated by filled symbols, and 95%

CI are represented by ellipses. 5°C isotope values from historical feathers were Suess-
corrected to the reference year 2000 using equation 4 in Verburg (2007).
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Figure 3-2. Proportion of diet sources that contribute to historical (A) and modern (B)
Western Gulls. Data are represented as posterior densities from the mixing model output

from MixSIAR, using potential prey sources from Table 3-1. 5 C isotope values from
historical feathers were Suess-corrected to the reference year 2000 using equation 4 in
Verburg (2007). Note that posterior densities less than 0.0 result from a smoother
function to create this graphic.
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Figure 3-3. Variation in isotopic signatures among individuals from historical (A) and
modern (B) Western Gulls. Data are represented as posterior densities from the mixing

model output from MixSIAR. 5 °C isotope values from historical feathers were Suess-
corrected to the reference year 2000 using equation 4 in Verburg (2007). Note that
posterior densities less than 0.0 result from a smoother function to create this graphic.
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Figure 3-4. The proportion of human food that contributes to individual gull diet for
historical and modern Western Gulls. Data are represented as mean posteriors (points)
and 90% credible intervals (lines) for prey source of human food from the mixing model
output from MixSIAR. Of the 41 modern gulls with isotopic data, 27 of them were
radio-tracked and their presence in different foraging locations are indicated in the
legend. 5 C isotope values from historical feathers were Suess-corrected to the reference
year 2000 using equation 4 in Verburg (2007).
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Figure 3-5. The relative per capita predation risk (R) of modern verses historical juvenile
steelhead (SH) based on the ratio of modern to historical proportion of steelhead to gull
diet across a suite of relative increases in gull population size. Relative predation risk was
also evaluated across a suite of proportional population decline in steelhead, where
different lines denote where modern steelhead abundance is equal (black circle), 30%
(dark grey circle), 20% (light grey circle), or 10% (white circle) of historical abundance.
The grey shaded region represents the 90% confidence intervals of the proportion of
steelhead to gull diet assuming modern steelhead abundance is 30% of the historical
abundance. The red square denotes our hypotheses of relative gull and salmonid
abundance. Note data are presented on a log scale, such that where x=0 denotes zero
change in gull population size, and where y=0 denotes zero change in relative per capita
predation risk of salmonids.
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4. Appendix A — Assumptions of the Model (Chapter 1)

This study likely provides the most robust accounting to date of potential
sources of uncertainty to estimate avian predation rates on salmon. Through propagating
uncertainty of the various processes, we generated realistic posterior probability

estimates of predation. Below we present and discuss assumptions.

4.1. Detection Probability

We held the probability of detection constant across all years for the
consumption model even though detection probability was somewhat variable among
years. We investigated the sensitivity of model results to changes in the tag detection rate
and found predation rates varied minimally (<0.002 change in median probability of
predation) with fairly substantial changes (£0.23) to the published estimates for
detection probability (0.644 £ 0.083 SE, reported by Frechette et al (2012)). The
marginal effect of detection probabilities on estimated predation rates is primarily driven
by low transportation rates, such that increases in detection rate have little impact on
transportation rates, and subsequently have minimal effects on estimates of predation. In
the following two paragraphs, we discuss how detection rates varied depending on the
year, however given the results of the model sensitivity analysis such slight differences in
detection probabilities among years likely have little to no effect on our estimated
predation rates.

The model assumed scanning effort on Afio Nuevo Island (ANI) was constant
among years. Although standardized scanning effort resulted in constant detection

probabilities for most years (i.e., 2006 through spring 2009; Frechette et al. 2012),
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deviations from typical scanning effort in 2005, 2010, and 2011 likely affected the true
detection probabilities during those years. Detection probability was likely lower for PIT
tags deposited in 2005 because tags may have been washed away or buried before the
first full scan of ANI in November 2000. In contrast, detection probability was higher in
2010 and 2011 when scanning effort increased to ensure tag detections from the
transportation experiment. As a result, these variations in detection effort may result in
slightly under-estimated predation rates in 2005 (due to reduced scanning effort) and
over-estimated predation rates for 2010 and 2011 (due to increased scanning effort).
Because the transportation experiment was conducted during a year with
increased detection probability (i.e., 2010), our transportation estimates are inflated for
years with less scanning effort (2006 through spring 2009) which would therefore under-
estimate predation rates for those years. As a result, the accurate median predation rate
may be higher than the estimated predation rates for watersheds with recapture data only
prior to 2009 (Gazos Creek, Aptos Creek, and the San Lorenzo River), and may be less
variable than the estimated predation rates for watersheds that spanned all years of

scanning effort (Waddell Creek, Scott Creek, and Soquel Creek).

4.2. Transportation Probability

We assumed transportation probabilities were the same across years even though
it is possible that annual differences in foraging patterns may differ among years, thereby
influencing estimates of predation. Since it is impossible to retrospectively quantify
transportation rates, we are constrained by the reality of the system and applied 2010

transportation rates to all years of the study. This unaccounted for variation in
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transportation probabilities among years may also be reflected in the coherent annual
variation in predation rates between Scott and Waddell Creeks. For example, if
transportation rates varied systematically across years, the assumption would generate
greater variation in the estimated annual predation rates between both creeks.

Transportation estimates also assume PIT tagged hotdogs or Icelandic capelin
are consumed, processed, and transported to ANI in a way that represents eating a PIT
tagged steelhead. Results from the transportation experiment demonstrate that capelin
were consistently transported to ANI at a higher rate than hotdogs. Although no paired
experiment was possible to compare capelin and steelhead transportation rates due to
the threatened status of steelhead, we assume the difference in transportation rates
between capelin and steelhead is minimal. This is supported by a study of Herring Gulls
that reported minimal differences in mean gut retention time (<7% difference) when fed
three different species of fish prey (Hilton et al. 1998). Therefore, it is likely that fish
species such as capelin and steelhead are processed similarly by gulls in our system, and
we therefore assume capelin transportation rates are representative of steelhead
transportation rates. Because we did not feed capelin at all six study watersheds, we were
constrained in using hotdog data only to compare transportation rates among sites. We
then multiplied the hotdog transportation rates by a capelin correction factor of 2.3 to
result in transportation rate estimates more comparable of consumed steelhead. This
multiplier increased the transportation rates, and therefore resulted in lower, and hence
more conservative, estimated probabilities of predation at all study watersheds.

In our model, we assume the majority of steelhead PIT tags deposited on ANI

were transported by adult Western Gulls, which was supported by the results of the
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transportation experiment. Of the 3,141 PIT tagged hotdogs and Icelandic capelin fed to
birds present at creek mouths, an overwhelming majority of these were consumed by
Western Gulls, where 51.4%, 23.4%, and 17.1% were consumed by adult, subadult, and
juvenile Western Gulls, respectively, and the remaining 8.2% were consumed by
California Gulls and other gull species. Of these consumed tags, 59 tags were
subsequently detected on ANI, mostly from adult Western Gulls (N=56) and a small
number from subadult Western Gulls (N=3). However, two of the three tags eaten by
subadults were likely eaten by the same individual because both tags were fed at the same
location and day and were detected next to each other on ANI. These results suggest
PIT tag transportation by other age classes of Western Gulls or other avian species is
rare, therefore supporting our assumption that the majority of deposited PIT tags are

from adult Western Gulls.

4.3. Recapture Probability: Steelhead Tagging

Our model assumptions include PIT tagged steelhead are representative of all
out-migrating steelhead within each watershed. Although lethal and non-lethal effects of
PIT tagging are of concern when applying results to a greater non-tagged population,
mortality of juvenile salmonids from PIT tagging is considered to be low (less than 2%)
and retention of PIT tags is considered to be high (95%; Sogard et al. 2009).
Additionally, over 27% of all PIT tagged steelhead in Scott Creek steelhead were handled
multiple times in the creek between the initial PIT tag event and their subsequent

recapture on ANI, suggesting tagging was not the source of mortality for these
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individuals. Therefore, it seems unlikely that tagging biases our estimates of predation
rates.

The model estimates predation rates on the tagged population of steelhead, and
it is important to note that the characteristics of the tagged population vary by
watershed. Specifically, tagging location and time may have an effect on survival before
individuals are exposed to gull predation, and therefore predation rates represent
different subsets of the wild juvenile steelhead population depending on when and where
fish were tagged for a given watershed. For example, individuals tagged in the lagoon are
predominately age 0+ and age 1+ steelhead, whereas individuals tagged in the creek
mainstem and upper watershed include the entire range of age classes, some of which
may never attempt to out-migrate (Hayes et al. 2008). As a result, a smaller proportion of
juveniles PIT tagged in the upper watershed may out-migrate to the ocean where they
are ultimately exposed to gull predation. Therefore, predation rates may be diluted at
watersheds where some juveniles were PIT tagged in the upper watershed (e.g. Waddell,
Scott, and Soquel Creeks) when compared to watersheds where juveniles were tagged
exclusively in lagoon habitat (Gazos Creek, San Lorenzo river, and Aptos Creek).
Although survival of juvenile steelhead is typically higher in the upper watershed when
compared to the lagoon environment (Satterthwaite et al. 2012), most out-migrating
individuals eventually use the lagoon habitat to rear before entering the ocean (Hayes et
al. 2011) and possibly experience greater cumulative mortality. These potential biases are
difficult to correct for individual cases. Regardless, these biases result in conservative

estimates of predation of out-migrating steelhead at some sites and likely do not affect
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the overall magnitude nor the negative relationship between consumption rates and

distance from ANIL.

114



5. Appendix B — Evaluating the sensitivity of MixSIAR to

input parameters (Chapter 3)

Stable isotope mixing models are sensitive to fractionation factors and the stable
isotope values of potential prey (Bond and Jones 2009), which necessitates a thorough
justification for which parameters are used. Here we examine how MixSIAR mixing
model results are affected by altering two parameters of the mixing model:
discrimination factors and prey isotope signatures. Our results suggest that although the
different parameters used to populate the model yield different results, the overall trend
remains qualitatively similar. Thus, the results of the model we present in the main
manuscript are maintained across a suite of fractionation factors and adjustments to the

stable isotope signature used to represent prey, such as marine fishes.

5.1. Fractionation Factors

Selecting appropriate fractionation factors is critical to the interpretation of
stable isotope mixing models (Caut et al. 2009), however here we demonstrate
qualitatively similar MixSIAR results despite using three different published literature
values for diet-tissue fractionation (Figure 5-1). First, we re-introduce the mixing model
results from Figure 3-2 (Figure 5-1A and Figure 5-1B), which used the fractionation
factors summarized in Table 3-1 and was based on the diet-feather fractionation factor
of 11 seabird studies (Becker et al. 2007) which we applied to both Western Gull and
Brandt’s cormorant feathers. We also incorporated fractionation factors between human

diet and human fingernails to (Schoeller et al. 1986, O’Connell et al. 2001) to determine
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the stable isotope signature of human food. This model is moderate in complexity, as it
incorporates different fractionation factors between diet and humans verses birds,
however uses an average diet-feather fractionation for both Western Gulls and Brandt’s
Cormorants.

Second, we re-ran MixSIAR using a slightly more complicated combination of
fractionation factors, yet the model yielded very similar results (Figure 5-1C and Figure
5-1D), suggesting our results from this study are robust to a suite of possible
fractionation factors. For this alternative model, we used the same fractionation factors
between human diet and human fingernails as in the previous model (Schoeller et al.
1986, O’Connell et al. 2001), however we replaced the diet-feather fractionation factor
with species-specific fractionation factors for Western Gulls and Brandt’s Cormorants. A
mean diet-feather fractionation factors for gulls (1.5 + 1.1 8°C, 4.2 £ 1.1 §"°N) was
applied to a previous study that used stable isotope mixing models to determine the diet
for Glaucous Gulls (Larus hyperborens; Weiser and Powell 2011), and was calculated as the
average fractionation factor between captive feeding studies of Ring-billed gulls (Hobson
and Clark 1992) and Great Skua (Bearhop et al. 2002). For this more complicated model,
we applied the fractionation factor calculated in Weiser and Powell (2011), before
correcting for growing chicks, to Western Gulls in this study. For Brandt’s Cormorants,
we used the mean diet-feather fractionation estimated during a captive breeding study of
Great Cormorant (Phalacrocorax carbo; Bearhop et al. 1999).

Lastly, we re-ran MixSIAR a third time using a general fractionation factor of
and 3.0% 0.5A "N

1.0+ 0.5 A”C

for all prey tissue to consumers

food-consumer food-consumer

ioure 5-1E, Figure 5-1F). Generalized fractionation factors of ~ +1.0 § "Cand +3.0 8
(Figu g
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"N are commonly used in studies that lack species-specific fractionation factors (Kelly
2000, Nardoto et al. 2006, Newsome et al. 2010), and have also been used for the
fractionation factor from diet-feather of Yellow-legged gulls (Pedro et al. 2013). The
results of this simplified model with generalized fractionation factors (Figure 5-1E,
Figure 5-1F) differ substantially from the moderate (Figure 5-1A and Figure 5-1B) and
complex (Figure 5-1C and Figure 5-1D) models. When using different consumers as
integrated signatures of their diet, care should be taken to use fractionation factors that
reflect differences in taxon and tissue specific fractionation factors.

By comparing the mixing model results of these three models, we conclude the
results of the first and second mixing models were indistinguishable from each other
despite differences in fractionation factors, and thus we believe our model is not
particularly sensitive to the fractionation factors used for this study. The third model,
which used the same fractionation factor for all consumers was substantially different
than the previous two models. Using generalized fractionation factors may be
appropriate for studies where stable isotope values from all potential prey are estimated
directly from prey tissue. However, when a variety of different consumers are
fractionated out to represent prey of a different consumer, this will likely yield incorrect
results.

We chose to apply the average seabird diet-consumer fractionation value for
both Western Gulls and Brandt’s Cormorants for this study (Figure 3-2, Figure 5-1A,
Figure 5-1B), instead of specific fractionation factors developed for closely related
species (Figure 5-1C, Figure 5-1D). Even closely related species can have large

differences in fractionation factors, as is demonstrated with a 2 per mil difference in the
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fractionation factors Ring-billed gulls (Hobson and Clark 1992) and Great Skua
(Bearhop et al. 2002). Therefore, we assumed an average seabird fractionation factor
would result in less biased results than those estimated for different species in different
systems. Regardless, the average (Figure 5-1A, Figure 5-1B) and species-specific (Figure
5-1C, Figure 5-1D) mixing model results are indistinguishable from one-another such

that either approach yields similar results.

5.2. Addressing shifts in prey isotope signatures in the marine

environment

Here we examine the assumption that prey isotope values remained consistent
over the last 100 years. This was a necessary assumption because we lack prey samples
from the early 1900’s in our study system. However, we documented a shift in the stable
isotope signature for seabird prey in the marine environment through stable isotope
analysis of Brandt’s Cormorants over time. Here, we re-ran the mixing model for
historical Western Gull diet but substituted the stable isotope signature for modern
Brandt’s Cormorant feathers (to represent marine prey) with the historical stable isotope
signature for Brandt’s Cormorant diet. We found no distinguishable difference between
the Western Gull diet composition using modern Brandt’s Cormorant diet (Figure 5-2A)
to the model that used historical Brandt’s cormorant diet (Figure 5-2B). Thus, we
determined shifts in prey isotopes over time likely do not significantly influence the

results of the mixing model in this study.
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5.3. Figures
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Figure 5-1. Comparing the proportion of diet sources that contribute to historical and
modern Western Gull diet given three different fractionation scenarios: moderate (panels
A,B), complex (panels C,D), and simplified (panels E,F). Data are represented as
posterior densities from the mixing model output from MixSIAR and 613C isotope
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values from historical feathers were Suess-corrected to the reference year 2000 using
equation 4 in Verburg (2007). Note that posterior densities less than 0.0 result from a
smoother function to create this graphic and that panels A and B are identical to Figure
3-2 in the main manuscript and are re-introduced here for comparison. See text for
details of the three different fractionation scenarios.
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Figure 5-2. Comparing the proportion of diet sources that contribute to historical

Western Gull diet given two different scenarios. Panel A uses the stable isotope signature
for current Brandt’s Cormorants to represent the stable isotope signature of historical
marine fishes and therefore assumes the historical isotope signature of marine fishes is
the same across time. Panel A is identical to Figure 3-2A in the main manuscript. Panel B
uses the stable isotope signature for historical Brandt’s Cormorants to represent marine
diet in the early 1900’s, whereas all other prey data are identical to Panel A and Table 3-1
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in the main manuscript. Data are represented as posterior densities from the mixing
model output from MixSIAR. 613C isotope values from historical feathers were Suess-
corrected to the reference year 2000 using equation 4 in Verburg (2007). Note that
posterior densities less than 0.0 result from a smoother function to create this graphic.

122



Discussion

Humans have altered the coastal landscape in ways that can promote
opportunistic generalist species and result in decline in native prey. My research has
shown these patterns hold true along the central California coast where subsidized gull
predators are contributing to predation risk of imperiled prey. Specifically, I
demonstrated that Western Gulls consume approximately 30% of juvenile steelhead per
year in some watersheds, thus contributing a significant source of mortality for
salmonids along the central California coast (Chapter 1). Interestingly, even though gulls
are not selecting juvenile steelhead based on body size, they are removing primarily wild
steelhead, including large individuals that are important for population recovery. Thus,
gulls are likely providing an additive source of predation for juvenile salmonids (Chapter
2). The impact of predation is likely exacerbated by humans as anthropogenic sources
support increasing gull populations and thus indirectly contribute to predation risk of
native steelhead. Even if gulls consume less steelhead per individual, predation risk of
juvenile steelhead will likely increase if gull populations continue to rise and salmonid
populations experience further decline (Chapter 3). Together, these chapters
demonstrate that human activity can indirectly affect predator-prey dynamics and
contribute to extinction risk of native prey.

This dissertation quantifies the increased predation risk steelhead experience as
an indirect result of human activities and prompts the need to identify effective
conservation actions to prevent extinction of steelhead populations along the central
California coast. The predation risk model in Chapter 3 sets the stage for discussion of

recovery action and predicts a reduction in predation risk if steelhead were to contribute
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less to gull diet, if gull population size decreases, or if steelhead population sizes
increases. Excluding gulls from steelhead-bearing creeks during juvenile steelhead
outmigration may significantly reduce the contribution of steelhead to gull diet and
alleviate predation risk. While deterring gulls may be successful at a watershed scale, this
action may only concentrate predation risk in nearby watersheds, thereby affecting
regional salmonid abundance. There is increasing emphasis in salmonid management to
manage multiple salmon populations as a stock complex, which contributes to
population resilience and persistence (Hilborn et al. 2003). Thus, gull deterrence
measures should be considered at a regional scale. Reducing salmonid predation risk can
also be achieved by decreasing gull population size. Managers have attempted to reduce
the impacts of avian predators on native prey directly through selective culling (Sanz-
Aguilar et al. 2009, Thiériot et al. 2012) or indirectly by banning fisheries discards to
prohibit gulls access to reliable food sources (Bicknell et al. 2013). While some of these
actions have been successful in recovering native prey, overall success remains unknown.
Efforts that increase steelhead population numbers, especially the wild and large
individuals important for population recovery (Chapter 2), will likely contribute to
reduced predation risk by gulls. This may include restoring coastal lagoons to their
original larger size to provide critical nursery habitat for these individuals (Bond et al.
2008). After considering all these options, it becomes clear that not just one action in
isolation will reduce salmonid predation risk by gulls. Instead, all these actions should be
pursued to maximize potential success for population recovery.

Predator-prey dynamics are ubiquitous in nature and define the structure of

communities throughout the world. As human populations increase, the structure of
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these natural communities is altered, often in ways that go undetected. While there has
been growing appreciation of how human activities can directly alter communities and
ecosystems (such as via harvest), there is arguably less appreciation of how
anthropogenic subsidies can propagate through a food web, ultimately impacting
imperiled species. Through understanding these pathways, we may gain insight into
restoration or management activities for imperiled species. For example, instead of single
predator management, can subsidies be managed? This research provides an example of
how humans are agents of global change in biological communities, and how these

impacts may be mitigated to protect imperiled species and foster healthy ecosystems.
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