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Abstract
Understanding the response of predators to ecological change at multiple temporal scales

can elucidate critical predator-prey dynamics that would otherwise go unrecognized. We
performed compound-specific nitrogen stable isotope analysis (CSIA) of amino acids on 153
harbor seal museum skull specimens to determine how trophic position of this marine predator
has responded to ecosystem change over the past century. The relationships between harbor seal
trophic position, ocean condition, and prey abundance, were analyzed using hierarchical
modelling of a multi-amino acid framework and applying 1-, 2-, and 3- year temporal lags. We
identified delayed responses of harbor seal trophic position to both physical ocean conditions
(upwelling, sea surface temperature, freshwater discharge) and prey availability (Pacific hake,
Pacific herring and Chinook salmon). However, the magnitude and direction of the trophic
position response to ecological changes depended on the temporal delay. For example, harbor
seal trophic position was negatively associated with summer upwelling, but had a 1- year
delayed response to summer sea surface temperature, indicating some predator responses to
ecosystem change are not immediately observable. These results highlight the importance of
considering dynamic responses of predators to their environment as multiple ecological factors
are often changing simultaneously and can take years to propagate up the food web.
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Introduction

The regulation of food web structure by resources (bottom-up control) is fundamental for
understanding food web responses to environmental, ecological, and anthropogenic change
(Carpenter et al. 1985, Hunter and Price 1992, Estes et al. 1998). Ecological communities are
continuously experiencing both biotic and abiotic disturbances (Paine et al. 1998) and the ability
of food webs to dynamically respond to these changes is crucial for ecosystem stability (Ghedini
et al. 2015). In marine food webs, physical ocean conditions can impact primary production and
ultimately constrain energy availability and thus biomass at higher trophic levels (Ware and
Thomson 2005, Chassot et al. 2010, Moore et al. 2018). Large-scale changes in nutrient
availability (Rykaczewski and Dunne 2010), primary productivity (Chassot et al. 2010), and top
predator abundance over the past century (Magera et al. 2013) means many food webs are
experiencing shifts in multiple mechanisms of regulation in tandem. However, impacts of
ecological change do not immediately propagate through the complete food web (Duguid et al.
2019, Smith et al. 2017) making it challenging to identify dominant drivers structuring food
webs over the long term.

Historical marine predator data that span multiple environmental, ecological, and
anthropogenic contexts are useful for identifying time scales over which predators respond to
ecosystem drivers. Compound-specific stable isotope analysis (CSIA) of amino acid nitrogen can
serve as a tracer of historical predator response to ecological and environmental change by
deriving retrospective trophic position estimates from museum specimens (McMahon et al. 2019,
Feddern et al. 2021). Source amino acids (i.e., phenylalanine, lysine, methionine) exhibit
minimal trophic discrimination (the difference in "'N/!'*N between trophic and source amino

acids in consumers from a trophic transfer) and thus are a proxy for the nitrogen stable isotope



signature of primary producers at the base of the food web. In contrast, trophic amino acids (i.e.,
alanine, glutamic acid, valine, proline) demonstrate trophic enrichment (McMahon and
McCarthy 2016) that varies for individual amino acids. Combined, this approach allows for
reconstruction of historic trophic position estimates under changing environmental conditions
when characterizing the isotopic baseline of past ecosystems may not be possible (McMahon et
al. 2019). Thus, CSIA is well suited to identify long-term drivers of food web dynamics when
analyzed with historic indices of ocean condition and prey availability.

Reconstructing time series of predator trophic position requires careful consideration of
physiological and ecological parameters that contribute to stable isotope values. First, taxa
exhibit different trophic enrichment factors based on excretion pathways, diet type (omnivory,
herbivory, carnivory), and growth (Nielsen et al. 2015). Second, the nitrogen production pathway
of vascular (i.e., seagrasses) versus nonvascular (i.e., marine diatoms) primary producers impart
distinct stable isotope fractionation factors (referred to as f) as inorganic sources of nitrogen are
converted to tissues (Ramirez et al. 2021). Assumptions about the relative contributions of
vascular versus nonvascular plants can therefore impact trophic position estimates (Choi et al.
2017). Finally, there is a delay between the time a prey source is consumed and when that prey
source has been assimilated by (and thus measurable in) consumer tissues (Martinez del Rio and
Carleton 2012). Rate of assimilation must be considered when comparing trophic position data to
ocean condition and prey availability covariates, as the consumer response to an ecological
change will not be immediately observable in consumer tissues.

Nearshore coastal ecosystems provide a model system to assess long-term changes of
food web drivers using archival museum specimens of a marine predator by applying CSIA.

Food webs of coastal Washington and the Salish Sea have experienced dramatic restructuring



over the past century due to declines and subsequent recoveries of marine predators (Jefferson et
al. 2021, Ohlberger et al. 2019). Decades of state-financed population control programs resulted
in harbor seals (Phoca vitulina) reaching a historic low in the 1970's, with an estimated
abundance of approximately 1,000 individuals (Jefferson et al. 2021). Following the cessation of
bounties in 1960 and the passage of the Marine Mammal Protection Act in 1972, harbor seal
populations increased 10-fold between 1970 and 2003 (Jefferson et al. 2021) due to legislation
restricting mortality. The increase in abundance of this top predator has been implicated in the
declines in economically and ecologically important prey species in the region (Chasco et al.
2017, Nelson et al. 2019), specifically, Chinook salmon (Oncorhynchus tshawytscha). Chinook
salmon are listed as endangered in the region and are an important prey species for the
endangered southern resident orca (Marshall et al. 2015). Simultaneously, the region has also
experienced changes in nutrients (Mohamedali et al. 2011), climate regimes (Corwith and
Wheeler 2002, Mantua and Hare 2002) and abundances of other important prey species such as
Pacific herring (Clupea pallasii, Siple and Francis 2016).

Harbor seals are a useful predator to trace ecosystem drivers in Washington. Harbor seals
are generalist, opportunistic, predators known to forage on species with recent abundance
changes, specifically Pacific salmon (Oncorhynchus spp.) and Pacific herring. In addition,
Pacific hake (Merluccius productus) make up a large portion of their diet along with other forage
fish and gadid species (Lance et al. 2012). Harbor seals have high site fidelity and home ranges
up to 100 km (Hardee 2008). Coastal Washington and Washington inland waters (Salish Sea) are
comprised of genetically distinct harbor seal stocks (Jefferson et al. 2021).

Here we examined a century of harbor seal trophic position data in coastal Washington

and the Salish Sea. The objective of this work is to identify the time scales at which physical



ocean conditions and prey availability exert bottom-up control on marine food webs as indicated
by predator trophic position. We assumed a correlation between trophic position and prey species
abundance is the result of increased or decreased consumption of that species. Similarly, we
assume a correlation between trophic position and ocean condition indicates an environmentally
induced change in food web structure that alters harbor seal prey availability. In conducting this
work, we established a multi-amino acid framework for measuring trophic position that improves
ecological accuracy by applying a species-specific trophic discrimination factor (McMahon et al.
2019). We also included a system specific f rather than a universal value, and applied temporal
lags to account for both physiological and ecological delays in consumer response.
Methods
Sample collection and analysis

Samples were obtained using methods described in Feddern et al. (2021). Briefly, harbor
seal bone was obtained from four museum institutions (the Burke Museum, the Slater Museum,
the Royal British Columbia Museum, and the Smithsonian Institute) and the National Marine
Mammal Laboratory (NOAA). A total of 153 specimens were sampled with field collection dates
ranging 1928-2014 (Figure 1, Appendix S1: Figure S1). Specimens were treated by maceration
in warm water and stored in acid free boxes. Only adult specimens were sampled and specimens
were divided into two main regions based on genetic stock delineations and expected foraging
ranges: coastal Washington and the Salish Sea (which included 18 specimens from British
Columbia). Specimens that provided long term temporal coverage and included sex, length, age,
and month of collection data were prioritized but this information was not available for all

sampled specimens. Museum specimens were primarily salvaged from beaches. While cause of



death was usually unknown, most adult strandings in the region are the result of trauma (i.e.,
fishing entanglements, boat strikes) or infectious disease (Ashley et al. 2020).
Trophic position determination

Bone collagen was decalcified, acid hydrolyzed, derivatized, and analyzed for nitrogen
CSIA (8'°N) of 12 individual amino acids. Collagen samples were measured in triplicate with a
laboratory standard containing a 12 amino acid mixture of known stable isotope value and a
linear drift correction was applied. Full analytical details are described in Appendix S1: Section
S, Section S2, and Table S1. Previous controlled feeding studies have determined the trophic
enrichment factor (TEF) for harbor seals is substantially lower than the conventional literature
value of 7.6%o. (Germain et al. 2013) and thus applying a harbor seal-specific TEF is more
accurate (McMahon and McCarthy 2016). Therefore, trophic position was calculated using a

harbor seal-specific "multi-TEF" approach, using the following equation:
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1. Trophic Position = (
where 6’°N; is the measured stable isotope value of a trophic amino acid i in a sample and 6’°N,
is the stable isotope value of a source amino acid o in a sample. & 15N(l-_0) represents the total
trophic enrichment that has occurred throughout the food web measurable from predator tissues.
TEF i.0);1s the trophic enrichment factor between trophic amino acid i and source amino acid o of
a specific consumer j (in this study, harbor seals) which occurs when consumer j assimilates
prey. f (i-o), v 1s the difference in enrichment between a specific trophic amino acid i and source
amino acid o for non-vascular primary producers N that occurs when primary producers

assimilate inorganic nitrogen (Nielsen et al. 2015; Appendix S1: Table S2). TEF;_,) represents

the mean trophic enrichment that occurs at other trophic levels in the food web, and is calculated



from the mean difference between trophic amino acid i and source amino acid o across all
consumers described in Nielsen et al. (2015).

p differs substantially between vascular and nonvascular primary producers (Ramirez et
al. 2021; Appendix S1: Table S2). In food webs that assimilate organic matter from both vascular
and nonvascular plants, including many nearshore food webs, £ will be intermediate. In addition
to testing a value that represents nonvascular primary producers exclusively (f-0), v), we also
applied a two-source mixing model using harbor seal carbon stable isotope data similar to Choi
et al. (2017). This generates a f that is weighted (fi-0), nv) based on the contributions of both
vascular and nonvascular plants specific to the Washington nearshore ecosystem by first
calculating the percent contribution of vascular plants to the food web:

2 0V = 3¢y —83cy
. 613CV—513CN

/ 100,
where 6 °Cy is the mean observed 8'°C value for Washington harbor seals; & °Cy is the carbon
stable isotope end member for vascular plants, v (-9.5 %o, derived from seagrasses Zostera spp.);
and 8 °Cy is the carbon stable isotope end member for nonvascular plants, 7 (-19.5 %o, derived
from phytoplankton). Carbon end members were specific to the Washington nearshore
ecosystems (Howe and Simenstad 2015). %V is the percent contribution of vascular plants to the
food web in which harbor seals forage. This assumes the trophic enrichment of '3C is generally
negligible (0—1%o, Deniro and Epstein 1978). fio), nv was then derived by:

3. Bu—oywv = Baoyy * NCH + (B gy * (1= %V)),
where fi.0)n1s the enrichment between an individual trophic amino acid i and source amino acid
o for aquatic phytoplankton and f.o), v represents the trophic enrichment of seagrass which are
vascular plants (Appendix S1: Table S2).

Quantifying bottom-up drivers of trophic position



To identify the most important explanatory variables of ocean condition and prey
availability on predator trophic position, we fit two sets of candidate models using a multi-amino
acid (glutamic acid, aspartic acid, alanine, proline, valine) hierarchical model. We selected 12
putative explanatory variables based on the length of the time series and divided them a priori
into our two categories of interest, ocean condition and prey availability, representing our
expected primary forcing mechanisms (Appendix S1: Tables S3 & S4, Section S3). We fit the
candidate models to trophic position and covariate data, and the candidate model set included a
null and location-only model (Appendix S1: Tables S5 & S6). Location (Salish Sea or coastal
Washington) was included as a factor in all candidate models except the null model. Due to the
correlation between the multivariate El Nifio Southern Oscillation index and the Pacific Decadal
Oscillation only one of these covariates were included in a single model. All timeseries were
standardized around a mean of 0 and standard deviation of 1. To avoid collinearity, no more than
four covariates (including location) were included in an individual model.

Nielsen et al. (2015) determined that the use of multiple amino acids improves estimates
of trophic position. Therefore, we used multiple trophic amino acids i (alanine, glutamic acid,
valine and proline) and one source amino acid o (phenylalanine) to calculate trophic position.
We selected amino acids based on: their prevalence in previous studies to derive parameters for
equation 2; tissue turnover time relative to the source amino acid, phenylalanine; and their
concentrations in bone collagen. The hierarchical linear model took the following structure:

4. yr = ap + BXi—q t €,
where y represents harbor seal trophic position from year ¢ and & represents four different trophic
amino acids (factors) used to calculate trophic position included as a random effect. X is a matrix

of continuous bottom-up drivers in year ¢. f1s a vector of predicted effects (coefficients) of



bottom-up drivers included in the model (Appendix S1: Tables S3 & S4) on harbor seal trophic
position, and « is the random effect representing predicted trophic position when all included
bottom-up drivers are at an average value (represented by 0) in the coastal region of Washington
for each trophic amino acid k. The variable d is the temporal lag between a change in bottom-up
drivers and when that change is reflected in harbor seal bone collagen. This lag can be due to
both physiological (isotope incorporation rate) or ecological effects (rate of propagation through
the food web). Size (Appendix S1: Section S4, Fig. S2), time (year, Appendix S1: Section S5,
Fig. S3), sex (Appendix S1: Section S4, Fig. S4), and month of collection (Appendix S1: Fig.
S5), were also considered as predictors of trophic position but no significant associations were
identified and thus these parameters were not included in the hierarchical modeling. The best
performing models for both of these approaches were selected using Akaike’s Information
Criterion (Akaike 1973) with a correction for small sample size (AIC.). Inclusion of predictors in
the model with the most support is indicative of ecological parameters that alter harbor seal
foraging ecology or food web dynamics. Additionally, magnitude and sign of the coefficients for
included predictors can be interpreted as the degree of trophic position change induced by
consuming different species, life stages of species, or groups of species, caused by a given
predictor.

A change in dietary stable isotope composition is reflected in bone collagen after
approximately 1 year (Hobson and Clark 1992, Newsome et al. 2006, Riofrio-Lazo and Aurioles-
Gamboa 2013). This means the stable isotope composition of bone collagen is time averaged
over approximately the last year of the harbor seal’s life. Therefore, the last month of a harbor
seal’s life should have minimal influence on the stable isotope composition of bone collagen and

as a result we assume cause of death does not impact trophic position (Appendix S1: Section S6).
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A 1-year lag (d) was applied to all harbor seal trophic position estimates to account for the
physiological delay from stable isotope incorporation rate of bone collagen, where the collagen
in a harbor seal collected in year ¢ reflects what the individual ate in the previous year, #-1.
Delayed harbor seal foraging response to ecosystem dynamics was also tested by applying
additional 2-year and 3-year lags to trophic position data; these models represent a 1-year and 2-
year ecological delay in addition to the 1-year physiological delay. For example, the association
between harbor seal trophic position and environmental conditions 2 years before the collection
year would indicate that there was a 1-year delay between when the environmental condition
changed and when the resultant changes propagated through the food web, after accounting for
1-year for the isotopes to be incorporated into bone collagen. To confirm there was no
collinearity in predictors in the models with most support (AAIC. < 2), we consulted matrix
scatterplots and calculated variance inflation factors. All analyses were conducted in R (R
Development Core Team, 2020).
Results
Drivers of predator trophic position

Among the physical variables tested, summer upwelling, sea surface temperature and
Columbia River discharge during high flow months all impacted harbor seal trophic position but
on different temporal scales. There was model selection uncertainty at all three temporal lags
(Appendix S1: Table S7-S9) but covariates and their coefficient estimates were consistent across
the most supported models (AAIC. < 2) (Fig. 2). There were five physiological delay models
(Fig. 2c) with substantial support (AAIC. < 2) all of which included location (Salish Sea versus
coastal Washington) as a factor with a coefficient of -0.29 (95% CI [-0.40, -0.19]) and a negative

coefficient for summer upwelling (-0.04[-0.07, -0.02]). There were four models with substantial
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support for the 1-year ecological delay (Fig. 2b) all of which included a negative coefficient for
summer sea surface temperature (-0.2 [-0.28, -0.11]) and a positive coefficient for spring
upwelling (0.03 [0.0,0.05]). Columbia River discharge during high flow months was included in
the five 2-year ecological delay models with the most support (Fig 2a) and had the highest
impact on harbor seal trophic position with a coefficient of 0.4 [0.22, 0.57]. All other coefficients
did not differ substantially from 0 (Figure 2). Summer upwelling exhibited an immediate impact
on harbor seal trophic position that resulted in overall lower trophic position during the same
year (after accounting for tissue turnover; Fig. 2¢). Summer sea surface temperature showed a
delayed impact, where harbor seals foraged lower in the food web the year following summers
with higher-than-average sea surface temperatures (-0.2 [-0.28, -0.11], Fig. 2). The coefficients
for upwelling (Fig. 2a-c) in all models were small compared to sea surface temperature (Fig. 2b)
and Columbia River discharge (Fig. 2a). Location had an ecologically significant coefficient of ~
-0.3 [-0.40, -0.19]) which was similar across all supported models at all three lags, demonstrating
harbor seals in the Salish Sea feed lower in the food web than their coastal Washington
counterparts.

Location, Chinook salmon abundance, and hake and herring spawning biomass were the
biological variables strongly associated with harbor seal trophic position. Similar to the ocean
condition analysis, there was model selection uncertainty but covariates and their coefficients
were similar across supported models (Appendix S1: Tables S10-S12, Figure 3). Chinook smolt
production (0.08 [0.02, 0.16]), and hake (0.13 [0.05, 0.21]) and herring spawning biomass (-0.06
[-0.14, 0.02]) were correlated with harbor seal trophic position in the two physiological delay
models with substantial support (AAIC. < 2) but the effect of herring spawning biomass on

harbor seal trophic position was not significantly different from 0 (Fig. 2f). Hake spawning
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biomass and Chinook salmon escapement were included in three out of four 1-year ecological
delay models with substantial support (Fig. 2f) and both were included in the best model.
Chinook salmon smolt production (combined index of hatchery releases and wild production of
Chinook salmon) was included in all four models with substantial support at the same lag (Fig.
2f). Both Chinook salmon smolt production (0.12 [0.06, 0.20]) and hake spawning biomass (0.06
[-0.0, 0.14]) in the 1-year ecological delay model were positively correlated with harbor seal
trophic position (Fig. 2f). Thus, harbor seals fed higher in the food web one year after hake
spawning biomass and Chinook salmon smolt production was high (Fig. 3). In contrast, Chinook
escapement counts were negatively correlated at the same time lag (-0.07 [-0.14,0.0]). Covariates
and the magnitude and direction of their coefficients were similar in the 2-year ecological delay
model (Fig. 2d) compared to the 1-year ecological delay model (Fig. 2e) but only three models
had substantial support (Fig. 2d).
Parameterization of the trophic position equation

Inclusion of multiple trophic enrichment factors (Appendix S1: Section S2), multiple
trophic amino acids, and a system-specific £ in the trophic position equation improved trophic
position estimates (Appendix S1: Figures S6 & S7) compared to the more commonly applied
single trophic enrichment factor, nonvascular f parameter, and using only the canonical trophic
amino acid, glutamic acid (Appendix S1: Section S7). Based on known foraging patterns a
trophic position of 3.5 — 5 would be considered ecologically realistic for harbor seals (Germain et
al. 2012). Seventy-six % of observations were considered ecologically realistic when applying a
system-specific fi-o),nv, harbor seal-specific trophic enrichment factor, and including the amino
acids glutamic acid, valine, alanine, aspartic acid, and proline (Appendix S1:Figure S7). This

parameterization offered a substantial improvement over other parameterizations of the trophic
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position equation, which ranged from 15% to 80% of observations being ecologically realistic,
and was more parsimonious than similarly performing equations (Appendix S1: Figures S6 &
S7). However, aspartic acid was more variable than other trophic amino acids in all
parameterizations and thus was omitted from the hierarchical modelling analysis (Appendix S1:
Section S7).
Discussion

Harbor seals vary in trophic position depending on ecological conditions and exhibit
delayed trophic responses to ecological perturbations. We found that both ocean conditions and
prey availability impact predator trophic position, however, the magnitude and time scale at
which predators exhibited trophic position responses to these bottom-up drivers varied. In fact,
some of the most influential drivers of predator trophic position (i.e., freshwater discharge) had a
multi-year delay in predator trophic position. Some effects of ecosystem change on nearshore
marine predators will not be immediately observable based on our results and others (Smith et al.
2017). Furthermore, changes in ocean conditions can alter top-down pressure on the ecological
community in subsequent years, as generalist top predators shift their trophic ecology in response
to their environment. Our data did not include observations of recent extreme marine heatwave
events but our results show delayed, linear, predator responses to environmental shifts.
Anticipating delayed ecological responses to environmental conditions is important given
environmental perturbations are becoming more common and severe in the northeast Pacific
Ocean (Suryan et al. 2021) and ecological impacts will not always be immediately observable.
Delayed trophic position response to environmental conditions

Multiple studies have shown that ocean conditions such as sea surface temperature,

upwelling, and freshwater discharge impact abundance and recruitment of nearshore fishes in
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coastal Washington (Reum et al. 2011, Greene et al. 2015, Duguid et al. 2019). Our results show
trophic position of top predators (harbor seals) also respond to bottom-up forcing of ocean
conditions with up to a 2-year delay. Abiotic factors in the region alter resources, primary
productivity, and prey availability that propagates through the entire coastal Washington food
web (Ware and Thomson 2005, Feddern et al. 2021). Reum et al. (2011) found age-0 Pacific
herring abundance in Puget Sound is positively correlated with annual upwelling in the Strait of
Georgia. This increase in abundance of low trophic level, juvenile, fish could explain the
correlation between harbor seal trophic position and upwelling (Figure 2C). In addition,
reproductive success of Salish Sea predators (Smith et al. 2017) and fish species (Duguid et al.
2019) have been correlated to sea surface temperature and, like harbor seal trophic position
(Figure 2B), the responses to sea surface temperature are delayed by a year. Freshwater
discharge introduces terrestrial derived nutrients to nearshore environments and in the case of
large river plumes can influence upwelling. In Washington, freshwater derived nutrients have
been associated with increases in primary production and fish abundance at multiple trophic
levels (Ware and Thomson 2005; Kudela et al. 2008). Based on our results and others, abiotic
factors associated with freshwater discharge alters resources that eventually propagate through
the food web and can impact predator trophic position.
Delayed trophic position response to prey abundance

Harbor seal trophic position responds to the abundance of multiple prey species and the
magnitude and direction of the response depends on both the individual species and temporal
delay. Pacific hake and Pacific herring have frequently been documented as common prey
sources in Washington harbor seal diet (Thomas et al. 2011, Lance et al. 2012). For some species

of hake, trophic level can differ by as much as 0.6 among individuals of different size classes
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(Ilitembu et al. 2012). In years when Pacific hake spawning biomass is high, and the years
following high spawning biomass, harbor seal trophic position increases, indicating harbor seals
are opportunistically feeding on large, adult-stage hake (Figure 3d). This agrees with previous
harbor seal scat studies in the region (Lance et al. 2012), which have shown that Pacific hake are
a major component of harbor seal diet but the relative abundance varies between years. The
relative abundance of adult to juvenile herring in harbor seal diet also varies between years
(Lance et al. 2012) and harbor seals are known to preferentially consume juveniles during the
herring spawning season and adult herring during the non-spawning season (Thomas et al. 2011).
Our results agree with these findings and indicate a trophic position shift in response to herring
spawning biomass (Figure 2c), which is likely a result of increased juvenile consumption during
the spawning season. Alternatively, this result may be due to covariation with a third variable.
For example, upwelling was also correlated to harbor seal trophic position in the physiological
delay model and is known to impact herring abundance (Reum et al. 2011).

Harbor seals opportunistically consume more low-trophic level juvenile salmon when
they are abundant which occurs in the two years after high spawner abundance (Figure 3).
Escapement counts represent the number of adult salmon that return to freshwater to spawn after
they have been both fished and predated on and serve as a strong predictor of out migrating
smolts during the next two years. After hatching, fry and parr reside in freshwater for 12-18
months before migrating to estuaries. The 1- and 2- year delayed negative response of harbor
seal trophic position to Chinook salmon escapement counts agrees with previous studies
documenting harbor seal consumption of out-migrating smolts (Fig. 3d, Thomas et al. 2017,
Lance et al. 2012). In contrast, a combined index of hatchery Chinook smolt production and wild

Chinook smolt production offers the best predictor of adult salmon availability to harbor seals
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(Figure 3). The positive relationship between harbor seal trophic position and smolt production
indicates harbor seals are consuming a greater proportion of higher trophic level fish in the years
following above average smolt production. Chinook salmon spend 1-7 years in the ocean before
returning to freshwater to spawn, and escapement counts only represent the age class of fish that
are returning to spawn in a given year. In contrast, smolt production in the current year and
during the previous two years provides an index of adult salmon abundance in the ocean that are
available to and predated upon by harbor seals (Figure 3d). Notably, the salmon abundance
estimates in this study were specific to Washington Chinook salmon. It is possible that harbor
seal trophic position estimates have stronger associations with metrics of total abundance of all
species of Pacific salmon if harbor seals do not selectively forage on a specific species. However,
data available for other species in the region did not provide enough temporal overlap with the
trophic position data and thus were omitted. Regardless, this analysis indicates both adult and
juvenile Chinook salmon contribute to harbor seal trophic ecology and predation on both age
classes may be an important component for at sea survival of Washington Chinook salmon.
Management of predators that consume threatened, economically important, prey species
such as harbor seals requires extensive tradeoffs (Marshall et al 2015). Harbor seals demonstrate
large variations in trophic position in response to location, prey availability, and ocean condition
thus, they exert dynamic top-down effects on the community in which they forage. The balance
of top-down versus bottom-up effects on food webs in response to resource perturbations is
determined by a top predator’s ability to exploit subsidies (McCary et al. 2021). Thus, our results
also show the response of trophic position (and assumed predation) change is often delayed on
the order of 1-2 years in response to ecological conditions. Currently, model estimates of total

biomass of Chinook salmon consumed by harbor seals is assumed to be static through time
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(Chasco et al. 2015). Based on our results and others (Wilson et al. 2014, Lance et al. 2012) this
is likely inaccurate as seasonality, spatial location, and individual behavior impact harbor seal
predation. This variability in foraging ecology should be carefully considered when assessing
tradeoffs of predator management decisions to ensure realized expectations for stakeholders.
Spatially distinct management strategies that are reevaluated in the context of changing
ecological conditions will likely be important for managing harbor seal prey given their dynamic
foraging strategies and trophic responses.
Advances in the application of amino acid based trophic position calculations

CSIA is a powerful tool for reconstructing historical ecological data that requires
consideration for system specific dynamics for accurate trophic position estimates. Despite its
benefits compared to traditional bulk stable isotope analysis, CSIA is sensitive to the
parameterization of the trophic position equation (McMahon et al. 2019, Germain et al. 2013;
Appendix S1: Figures S6 & S7). Application of a multi-TEF approach has led to consistent
underestimates of trophic position compared to known feeding ecology (McMahon et al 2019,
McMahon and McCarthy 2016, Germain et al. 2015) despite its more realistic representation of
metabolic pathways compared to a single-TEF approach. Thus, the utility and reliability of CSIA
for trophic position studies for retrospective analyses requires careful consideration of the trophic
enrichment factors, tissue turnover, and f applied. Harbor seals are expected to exhibit a trophic
position ranging from approximately 3.5 to 5 and only 12%-66% of data fell within this range
when applying Si-o)n (Appendix S1: Figure S6). Seagrasses are abundant in coastal Washington
and the Salish Sea and there is evidence of food web coupling in these coastal environments
(Howe and Simenstad 2015). Therefore, vascular primary producers are expected to contribute to

these food webs requiring a system specific £ value. Variation in vascular plant abundance over
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time could result in temporal changes to the relative contribution of these primary producers to
the food web which would require the application of a time-varying . We did not find evidence
of temporal trends in 8'3C data in harbor seals (Feddern et al. 2021) which would be expected if
seagrass contribution to the food web was time-varying and therefore a temporally static f was
appropriate for this study. By applying a system specific S based on expected proportions of
primary producer ecophysiology types entering the food web, we significantly improved the
realism of our trophic position estimates. We therefore recommend using a multi-trophic
enrichment factor approach with taxa specific trophic enrichment factors and system-specific S
when there is evidence of vascular plant contributions to the food web.

Conclusions

More research is needed to investigate how top predator trophic position change can
serve as an indicator of top-down control on the community, which undoubtedly depends on
food web structure of a given system (i.e., degree of omnivory, connectance). Regardless,
delayed predator dynamics are not limited to marine or nearshore environments, although the
temporal scales for delayed trophic responses for other predators and systems warrants
investigation. Anticipating delayed responses may be equally important for identifying long-term
ecological consequences in response to future climate perturbations, especially as extreme
climate events become frequent and more severe.

The regulation of food web structure by resources is foundational for understanding
ecosystem response to perturbations. Based on our findings, nearshore marine predators exhibit a
trophic position response to ecological change on multiple temporal scales, as different
ecological perturbations propagate through the food web at different rates. As such, changes to

predator trophic ecology can have consequences throughout the food web that are not
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immediately realized. Another example of delayed ecological responses to climate extremes is
the 2014-2016 marine heatwave in the Gulf of Alaska (the longest lasting event of the past
decade) the impacts of which are still being observed and some ecological responses have
persisted for up to 5 years (Suryan et al. 2021). Delayed responses of marine predators should be
considered when anticipating ecological responses following environmental and ecological
change as top-down pressure on the community in subsequent years is likely to change as
predators shift their trophic ecology in response to their environment.
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Figure Captions

Figure 1: Spatial distribution of harbor seal specimens (a) collected in the Salish Sea (yellow)
and coastal Washington (blue) with the year of specimen collection and total number of
specimens (n) for each year from 1928-2014 in the Salish Sea (b) and coastal Washington (c).
Darker colors on the map (a) indicate multiple specimens from one location.

Figure 2: Coefficient estimates (dots) for the best ocean condition (a-c) and prey availability (d-
f) hierarchical models with 95% confidence intervals (whiskers). Y-axis labels describe each
covariate for supported models (AAIC. < 2) and x-axis is the coefficient estimate for each
covariate (magnitude of trophic level change in response to the covariate). Colors correspond to
the temporal lags applied to the 2-year ecological delay models (pink, a and f), 1-year ecological
delay models (blue, b and ¢) and physiological delay models (green, ¢ and d).

Figure 3: Conceptual diagram interpreting the mechanism of trophic position response (d) to
estimated model coefficients (Fig. 2d-f) included in the best food web models (AAIC. < 2) for
the 2-year ecological delay models (a, pink arrows), 1-year ecological delay models (b, blue
arrows) and the physiological delay models (c, green arrows). Solid arrows indicate indirect
effects of covariates on harbor seal trophic position, signs indicate the direction of trophic
position response based on coefficient estimates, and dashed arrows conceptually represent the

mechanism directly impacting harbor seal trophic position.
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C. Physiological Delay
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C. Physiological Delay

D. Mechanism of Trophic
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