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ARTICLE INFO ABSTRACT
Keywords: As global climate change reorganizes marine ecosystems, understanding how predators will respond to variable
Traits

prey resources is critical to forecasting future community dynamics. Prey traits that affect the foraging process

PDfey selection and recur across unrelated taxa offer a means to better anticipate predator resource use by simplifying complex
Flet foraging dynamics. Here we compare taxonomic and trait-based indicators of resource use and selection for
orage

Pelagic ecosystem albacore tuna (Thunnus alalunga), a commercially valuable pelagic predator undergoing climate-driven range
Optimal foraging shifts. We synthesized datasets from 2005 to 2019 to evaluate diets of albacore tuna in relation to prey avail-
ability estimates from shipboard surveys in the California Current Large Marine Ecosystem. Analyses with these
data reveal that albacore and trawl surveys sample different aspects of the pelagic system, with albacore
consuming a subset of taxa identified within trawls. Albacore consistently selected coastal prey that are
schooling, undefended, silvered and countershaded, and have high energy density — suggesting that ecological
mechanisms driving albacore foraging outcomes may be conserved across time and space. Ecological traits
mediating predator-prey interactions consistently distinguished albacore diets from assemblages sampled by
trawls across years and regions. We demonstrate that a traits-based approach simplifies taxonomically diverse
predator-prey interactions and may be a valuable tool to facilitate predictions of prey resource use in changing

environments.
1. Introduction Petchey, 2000). However, open ocean (pelagic) predators have broad
geographic ranges and exploit diverse prey communities across space
Prey availability strongly influences predator habitat selection, en- and time (Nickels et al., 2023; Portner et al., 2017). Both diet complexity
ergetics, and ultimately population dynamics (Carroll et al., 2017; and sampling limitations complicate the search for strong trends in prey
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use and are barriers to creating prey-resource selection functions (i.e.,
evaluating consumption relative to resource availability; Hunsicker
et al., 2011). As a result, distribution models for pelagic predators
typically focus exclusively on environmental conditions (Wisz et al.,
2013), incorporate only a few common prey items, or have limited
explanatory power (Torres et al., 2008).

Traits-based approaches are emerging as a tool for anticipating how
abiotic and biotic interactions will affect both the distribution and
abundance of organisms in changing environments (Barnett et al.,
2019). These approaches are rooted in optimal foraging, including the
marginal value theorem, which provides a framework for predicting
predator foraging decisions based on the relative profitability of prey
(Charnov, 1976). Hypotheses about feeding interactions are formulated
around the morphological, behavioral, nutritional, and life history
characteristics of prey that are predicted to impact the foraging process
(i.e., encounter, pursuit, attack, capture, consumption). The initial
analysis requires estimates of predator diet composition, environmental
prey availability, and trait information for the potential prey species
involved (Railsback and Harvey, 2013). Identifying traits that are
selectively consumed by a focal predator facilitates forecasting of
predator-prey interaction strengths in novel and data-limited contexts
(Iannone et al., 2016; Linardich et al., 2021). This approach has proven
useful in simplifying complex foraging dynamics for pelagic predators
that encounter diverse prey across their ranges (Hardy et al., 2023) and
ultimately can facilitate predictions of prey resource use in environ-
ments that are being reassembled by climate change.

Here, we use a highly migratory marine predator that supports
commercial fisheries globally (Nikolic et al., 2017), the albacore tuna
(Thunnus alalunga, hereafter “albacore™), as a test case for quantifying
trait-based prey selection in pelagic ecosystems. Juvenile North Pacific
albacore (~2-6 years old) migrate to productive foraging grounds in the
California Current Large Marine Ecosystem (CCLME) each summer until
they mature and migrate to spawning grounds in the Central Tropical
Pacific (Childers et al., 2011). Intensifying ocean climate change in the
CCLME, including the prevalence and intensity of marine heat waves, is
expected to alter the location and extent of suitable habitat for albacore
as well as hundreds of other taxa in the next century, although at
different rates and directions (Hazen et al., 2013; Liu et al., 2023; Morley
et al., 2018). Northward shifts in the location of fisheries landings for the
species historically (Clark et al., 1975), and especially over the past two
decades, suggest that changes in the distribution of albacore in the
CCLME may already be occurring (Frawley et al., 2021; Phillips et al.,
2014).

Historical albacore distribution and abundance have been linked to
dynamic environmental conditions in the CCLME (Phillips et al., 2014),
and are thought to be influenced by trophic interactions (Pearcy, 1973).
On a population level, albacore diets are taxonomically rich (hundreds
of prey species) and variable across time and space (Hardy et al., 2023;
Nickels et al., 2023; Nikolic et al., 2017). In the CCLME, information on
the distribution of common prey species has not been incorporated into
habitat suitability models for albacore (e.g., Muhling et al., 2019),
owing to a lack of data and the sheer number and functional redundancy
of interacting species (Carroll et al., 2017; Link, 2007). Identifying traits

Table 1
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that recur across diverse taxa within the system, and evaluating the
extent to which they are indicative of albacore prey selection, could
facilitate better predictions of this predator’s distribution and produc-
tivity as pelagic communities are reassembled by climate change.

Decades of coastal ocean monitoring by the US National Oceanic and
Atmospheric Administration (NOAA) in the CCLME provide an unpar-
alleled opportunity to explore relationships between pelagic predator
diets (here, albacore) and the relative composition of pelagic species
that might be available to them as prey. Long-term monitoring programs
include extensive, annual trawl surveys to sample small-bodied pelagic
organisms (i.e., micronekton, body size of 2-20 cm; henceforth referred
to as ‘forage’), and annual stomach-content analysis of albacore. These
data inform a range of ecological and resource management objectives,
including quantifying historical variation in community composition
between warm and cool oceanographic states (Santora et al., 2017), the
impacts of marine heat waves on diversity and productivity (Brodeur
et al.,, 2019), and the development of ecosystem indicators (Harvey
et al., 2020; Hunsicker et al., 2022). Trawl survey data are also valuable
for understanding spatio-temporal patterns in the availability of prey to
important coastal predators such as Chinook salmon, Pacific hake, and
sea lions (Friedman et al., 2018; Thompson et al., 2019; Wells et al.,
2012, 2023). Given that trawls sample depths (~30 m; Sakuma et al.,
2016) within the foraging depth of juvenile albacore in the CCLME
(upper 100 m; Childers et al., 2011) and systematically sample many of
the same prey at size ranges consumed by albacore (Glaser et al., 2015;
Nickels et al., 2023), they can provide insights about forage availability
in relation to our understanding of resource use by albacore.

This study aims to identify taxonomic and trait-based indicators of
diet selection in albacore tuna, by comparing diet composition to long-
term systematic surveys of pelagic forage assemblages in a 2005-2019
time series across the CCLME. We investigate patterns of: 1) composition
of albacore diets compared to trawl assemblages through multivariate
ordination and model-based analyses, and 2) electivity, an index of prey
selectivity calculated by comparing prey use by albacore in the scope of
the available prey community, estimated by trawls. We conduct our
comparative analyses from both a taxonomic and traits-based lens, using
13 traits that we predict influence phases of the predation process (i.e.,
encounter, pursuit, capture, consumption; Green et al., 2019) to char-
acterize the potential prey species found in the CCLME. Ultimately, our
goal is to identify preferred prey traits to enhance our understanding of
relationships between albacore diets in the context of available prey to
facilitate predictions of prey resource use in changing environments.

2. Methods

We compared the composition of prey recorded in juvenile albacore
diets with the availability of pelagic forage species, including taxa
consumed by albacore, as represented by trawl surveys in the CCLME in
2005-19. Albacore stomachs were collected June-November (n = 1206
with prey), and trawls sampled in May-September (May-June since
2013) to a depth of 30-45 m (n = 2528; see Supplemental Methods;
Table 1, Fig. 1, Fig. S1). Each diet and trawl sample was assigned to one
of three regions within the CCLME which represent distinct physical

Datasets used in analyses of albacore tuna diet selection in the CCLME. n = count of stomachs or trawls from the dataset, years = years of summer sampling included.
SWFSC = NOAA Southwest Fisheries Science Center, NWFSC = NOAA Northwest Fisheries Science Center.

Type Datasets & affiliations n Years References
Diet Albacore tuna stomach contents, SWFSC Fisheries Resources Division 750 2007 - 2019 Nickels et al. (2023)
Albacore tuna stomach contents, Scripps Institution of Oceanography 371 2005 - 2006 Glaser (2010)
Albacore tuna stomach contents, Stanford University 85 2008 — 2010 Madigan et al. (2015)
Trawl Rockfish Recruitment and Ecosystem Assessment Survey, SWFSC Fisheries Ecology Division 1684 2005 - 2018 Sakuma et al. (2016), Santora et al. (2021)
Stock Assessment Improvement Program, NWFSC Fisheries Ecology Division 499 2005 - 2011 Phillips et al. (2009)
Coastwide Cooperative Pre-Recruit Survey, NWFSC Fisheries Ecology Division 345 2011 - 2019 Brodeur et al. (2019)

Trait Pelagic Species Trait Database, University of Alberta

Gleiber et al. (2022), Gleiber et al. (2024)
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Fig. 1. Sampling effort from albacore tuna diet studies and systematic trawl
surveys in the California Current Large Marine Ecosystem (CCLME). Precise
location information for diet data from Nickels et al. (2023) is unavailable due
to confidentiality of commercial fishing locations, thus sampling presence is
represented by the centroids of sample locations within each region as reported
in that study. Figure S1 details year and survey-specific sampling locations.

oceanographic conditions: North (>40.5°N), Central (34.5-40.5°N), and
South (<34.5°N; see descriptions in Nickels et al., 2023; Sakuma et al.,
2016; Fig. 1). Comparative analyses of trawl and stomach samples in this
study were conducted regionally by year as only 28% of stomachs had
concurrent trawls in the same month and year.

2.1. Data standardization

We conducted data standardization steps to ensure that information
included from diet sampling and trawl surveys could be compared with
one another to assess taxonomic- and trait-based patterns of albacore
prey selection. First, we used the World Register of Marine Species
(www.marinespecies.org) to standardize taxonomic information be-
tween all datasets (Step 1, Fig. 2). When required, we grouped species,
genera, or families at higher levels of taxonomic identification to allow
consistent comparisons between studies (Table S1). We also excluded
unidentified prey items in gut contents (13%) from analyses (Step 2,
Fig. 2), which included removing 71 stomachs that only contained un-
identified prey items.

Next, we calculated the relative abundance of all taxa within alba-
core diets and trawls. To do this, counts of each taxa were transformed
into proportional abundances per stomach or trawl. Proportional
abundance (p) is calculated by dividing the number of observations of a
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taxa in an individual stomach or trawl by the total number of organisms
across all taxa in that same stomach or trawl. Using p as an abundance
metric enables comparison of relative abundance across various datasets
and reduces the influence of taxa with high overall abundance but low
frequency.

Only taxa that contributed >1% mean proportional abundance (%N)
of the diet or trawls across all years in any region were included in an-
alyses (n = 26 taxa; Table S2; Step 3, Fig. 2). Taxa contributing <1%N (n
= 132) were combined into higher-level taxonomic groups if possible (e.
g., Myctophidae, Paralichthyidae); otherwise they were broadly aggre-
gated into “other” groups. Aggregating the data in this way overcomes
difficulties of zero inflated data, enables easier interpretation of results,
and is consistent with recent CCLME tuna diet studies (Nickels et al.,
2023; Portner et al., 2022). These combined groups only contributed a
total of 4% and 6%N of the diet and trawl data, respectively, while often
encompassing many taxa. Using only these taxa and combined groups,
we recalculated %N for diet and trawls within each region (North,
Central, and South CCLME) for all years combined, and each individual
region/year combination (Fig. 3; Table S3). To assess the compatibility
of trawls for sampling prey within the size spectra consumed by albacore
in the CCLME, we compared the sizes of prey in the diets to those
collected by trawls (see Supplemental Methods; Step 4, Fig. 2).

2.2. Trait data collection

Trait data were extracted from the Pelagic Species Trait Database, an
open-source database of traits that inform pelagic predator—prey in-
teractions (https://doi.org/10.5683/SP3/0YFJED; Gleiber et al., 2022,
2024). For each of the taxonomic groups, we included primary habitat
association, behavioral, morphological, and nutritional quality traits
hypothesized to affect how an albacore encounters, captures, and con-
sumes prey (Green et al., 2019; Hardy et al., 2023; Table 2). While the
influence of prey body size on predator diet selection is well known
(Brown et al., 2004; Green et al., 2022), prey length data from trawls and
diets were only available for a subset of taxa and individuals, prohibiting
us from including body size as a trait in analyses.

We used traits associated with the taxon-specific lifestage(s) of prey
likely consumed by albacore (adult, juvenile; Hardy et al., 2023; Nickels
et al., 2023; Table 3). In instances where data were not available for a
life stage-specific trait, the alternate life stage or similar species trait
information was used as a proxy (Table S5). For taxa aggregated to
genus, family, or order, we assigned traits based on the species that
predominantly comprise these taxonomic groups in the diet (Table S5).
When trait data were aggregated across multiple species and/or life
stages, numeric traits were summarized as the mean, while categorical
and binary traits were described by the predominant category among
the species considered for the aggregated taxon (Table S5).

2.3. Multivariate analyses

2.3.1. Taxonomically-based

We visualized differences in the taxonomic communities consumed
by albacore relative to those sampled by pelagic trawl surveys using
non-metric multidimensional scaling (nMDS). In each region, we per-
formed nMDS on an unconstrained Bray-Curtis dissimilarity matrix from
the proportional abundance (p) of taxa in individual stomachs and
trawls. The ordination was fit with three dimensions and 1000 iterations
performed in vegan in R (version 2.6-4; Oksanen et al., 2013). One taxon
(pipefishes) and 14 rows of data were removed from analyses, as they
consisted of multivariate outliers and contributed to overdispersion of
the data (McCune and Grace, 2002). These included two individual
trawls and 12 stomachs that consisted nearly exclusively of a single taxa.
The resulting nMDS included 31 taxa from 689 diets and 950 trawls
(Step 5, Fig. 2).

To examine variance among diet and trawl species composition, we
fit multivariate generalized linear models (mvGLMs) to the relationships
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Fig. 2. Schematic illustrating the data filtration and manipulation framework for preparing information from diet studies and scientific trawl surveys sampling
pelagic communities for electivity and multivariate analysis that assess resource selection by albacore tuna in the CCLME.

between the response variables (taxon proportional abundances, p) and
the explanatory variables: resource sampler (diet vs. trawl), region (North,
Central, South CCLME) and year (2005-2019). The mvGLM was fitted
with a binomial distribution (with logit link) for proportional data,
performed in the mvabund package in R (version 4.2.1; Wang et al.,
2012). Model assumptions of heterogeneity of variance and normality
were respectively checked by plotting residuals versus fitted values, and
by quantile-quantile plots. Model fit was interpreted by analysis of
deviance, tested using log-likelihood ratios, and p-values calculated
from 999 resampling iterations via PIT-trap resampling (Bates et al.,
2015; Wang et al., 2012). To then identify which species expressed
significant effects between resource samplers, regions, and years, post-
hoc univariate tests were performed on models built for each region
due to three-way interactions, with adjusted p-values fitted to each
species in mvabund, adjusted for multiple testing of variables, and
calculated using a stepdown resampling algorithm (Westfall and Young,
1993). Influential species response variables were -classified as

characterizing diet samples, trawl samples, or their overlap, based on
consensus of multiple outputs: (i) correlation coefficients with compo-
sition in albacore diets, (ii) univariate adjusted p-values for species, and
(iii) test statistic rank describing species’ contribution to explaining
variance.

2.3.2. Trait-based

To understand trait-based relationships between pelagic assemblages
sampled by albacore and trawl surveys, we investigated the variance in
community composition among three matrices: 1) proportional abun-
dance (p) of taxa (L), 2) spatiotemporal variables describing sampling
method (diet, trawl), region, and year sampled (R), and 3) trait infor-
mation for 13 habitat use, morphological, and nutritional composition
traits (Q; Table 2). We combined two multi-matrix modeling techniques
known as ‘RLQ’ and ‘fourth corner modeling’ (Brown et al., 2014; Dray
and Legendre, 2008; Legendre et al., 1997). The RLQ routine, performed
with the ade4 package in R (version 1.7-19; Dray et al., 2014),
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Fig. 3. Taxonomic composition of albacore tuna diets and trawl surveys, calculated as mean proportional (%N) abundance of each taxa within samples across years
and regions of the CCLME. Absence of bars indicate years by region in which data were not collected or were unavailable for a given year and region. See Table S3 for

sample sizes.

investigates and summarizes the joint structure among the matrices,
provides ordination scores for species, samples, traits, and spatiotem-
poral variables along orthogonal axes, and yields a graphical summary
of the main structures. We apply a correspondence analysis to the taxon
matrix (L), and Hill-Smith analysis for mixed categorical and continuous
variables in both the covariate matrix (R) and trait matrix (Q; Hill and
Smith, 1976).

We then used a trait-based multivariate generalized linear modeling
(traitGLM) framework to identify significant relationships between
traits and spatiotemporal predictors. We fit traitGLMs using a binomial
distribution (with logit link function) for a matrix of species propor-
tional abundance (L) within diets and trawl samples, including spatio-
temporal covariates (R), using the traitglm() function in mvabund (Brown
etal., 2014; Dray and Legendre, 2008; Wang et al., 2012). We built three
trait-based models which used subsets of the traits matrix, relating to at
least one of three different predation processes: 1) encounter (habitat
use, behavior), 2) attack and capture (morphology), and 3) consumption
rates (nutritional composition). We included a species effect in the
models, akin to fitting a random effects variable to account for differ-
ences in absolute number of species occurrences. Models were fit with a
LASSO penalty, specifying the fitting method as ‘glmlpath’, using
penalized likelihood to impose a constraint on estimates of model pa-
rameters (Brown et al., 2014; Hastie et al., 2009). This constraint shrinks
coefficients to zero when not statistically significant, providing a com-
bined approach for model selection, p-value adjustment for multiple
models, and parameter estimation to evaluate both the magnitude and
significance of an explanatory variable (Hastie et al., 2009). Correlation
coefficients for significant interactions between spatiotemporal vari-
ables (i.e., resource sampler, region, and year) and traits were plotted as

a heatmap. Model fit was assessed by plotting multivariate residuals
against fitted values and quantile-quantile plots to ensure that model
assumptions of normality of data distribution and homogeneity of
variance were respected. Multivariate data were previously screened for
broad trends using conditional boxplots (Zuur et al., 2010), and for
overdispersion and outliers by nMDS plots using vegan.

2.4. Prey electivity index analyses

We estimated albacore prey electivity from both taxonomic- and
trait-based perspectives. Electivity relates the proportional contribution
of each prey type within the predator’s diet to proportional abundances
across all prey types sampled from the environment (trawl surveys).
Generally, electivity is inferred to be associated with prey selection
within the ambient forage assemblage, and at least in part driven by
ecological mechanisms of foraging across all stages of the predation
process (Charnov, 1976). Thus, predators are interpreted to selectively
consume a given prey that occurs at higher relative abundances in the
diet than in the environment. Prey that occur at lower relative abun-
dances than in the diet could reflect avoidance or that they simply have
lower encounter rates. To reduce the extent to which patterns of elec-
tivity reflect trawl sampling limitations (i.e. mesh/gape size, speed, and
depth), we first identified prey taxa from albacore stomachs that were
likely to be suitably sampled (i.e., captured in trawls) given the design of
the trawls, and those with low catchability in trawl gear for exclusion
from further analyses. Specifically, we used frequency of occurrence (%
FO; proportion of stomachs or trawls with the taxa present) to describe
taxa as common (>5%FO) or rare (<5%FO), and reasoned that common
prey in the diet would be suitably sampled if also common in trawls in
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Prey traits predicted to influence encounter, attack, capture, and consumption of prey by gape-limited fish predators (Green et al., 2019). We used these traits to
examine resource use and electivity by albacore tuna from a traits-based perspective. Traits descriptions are reproduced from the Pelagic Species Trait Database

(Gleiber et al., 2022, 2024).

Trait category Trait Data type: Trait forms Description Predicted predation process
phase/mechanism
Habitat Vertical habitat Categorical: epipelagic, mesopelagic, demersal Water column position primarily occupied Encounter due to habitat

Horizontal habitat

Behavior Diel migration Binary: yes, no

Seasonal migration Binary: yes, no

Gregariousness Categorical: solitary, shoaling, schooling
Morphological Length:height ratio Continuous

Physical defenses Binary: yes, no

Transparency Binary: yes, no
Silvering Binary: yes, no
Countershading Binary: yes, no
Nutritional quality Lipid Continuous
Protein Continuous
Energy density Continuous

Categorical: coastal, continental shelf, oceanic

(species can occur elsewhere, but trait informs overlap
primary habitat).

Position from the coastal to offshore waters
primarily occupied. Coastal = coastal and reef
associated; continental shelf = shelf and slope;
oceanic = offshore.

Presence of diel/diurnal vertical migration
behavior

Presence of seasonal migration behavior
Primary aggregation type. solitary: n = 1;
shoaling: n = 2-100, schooling: n = >100.
Body shape ratio, total length:body height.
Mean value from all database observations for
that species and stage.

Presence of an exoskeleton or defensive spines
Presence of transparency

Presence of silvered coloration

Presence of countershaded coloration

Lipid content, % of wet weight. Mean value
from all literature observations for that species.
Protein content, % of wet weight. Mean value
from all literature observations for that species.
Energy density, kJ/g wet weight. Mean value
from all literature observations for that species.

Attack, Capture

Attack

Consumption, predation
outcome

any region, but unsuitably sampled if they were rare in trawls in all
regions. Only two prey that were common in diets were assessed as
unsuitably sampled by trawls (Table S2, Fig. S2): the highly neustonic
saury, and mesopelagic octopoteuthid squid. These taxa were thus
excluded from prey electivity analyses (Step 6, Fig. 2). We used Van-
derploeg and Scavia’s relativized electivity (E*; Vanderploeg and
Scavia, 1979), calculated as:

Wi = (ri/pi)/ (Zri/pi)
E* =W, — (1/n)]/[Wi + (1/n)]

where r; and p; are the proportional abundances (%N; Fig. 3) of prey taxa
(or trait) type iin the diet and trawls, respectively, and n is the number of
prey taxa (or trait) types. This index ranges from +1 to —1 and is neutral
when E* = 0, indicating the predator consumes the prey types propor-
tionally to the available prey community (trawls). E* is recommended
for assessing electivity in the natural environment, compared to other
indices, since it is stable with relative changes in prey abundances
(Lechowicz, 1982). Instances where a prey type is not present in the diet
(r; = 0) or not present in the trawls (p; = 0) are indicated separately in
the results and excluded from comparative analyses. Electivity analyses
are region-specific and only shown for the North and South CCLME,
where sufficient years with concurrent diet and trawl sampling were
available for comparison (n = 11 years North, 4-Central, 8-South;
Fig. S1).

2.4.1. Taxonomically-based prey electivity

For taxa-based prey electivity, E* was calculated using mean %N in
the diet and trawls for each combination of region and year using taxa
aggregated into groups representing >1%N of the diets or trawls, to
reduce the error associated with calculating electivity indices for rare
prey. E* calculations were region-specific, only including taxa present in
the diet in that specific region to better meet the assumption that all
predators in the analysis had equal access to the same potential food
types considered (Lechowicz, 1982). This resulted in n = 20 taxa (North)
and 22 (South) in our electivity analyses, and excludes unsuitably-
sampled taxa (above), as well as the four combined ‘other’ prey groups

(Steps 6-7, Fig. 2), since the key taxa represented in these groups may be
different between diet and trawls, regions or years.

2.4.2. Trait-based prey electivity

For trait-based prey electivity, E* was calculated using %N summed
for each trait form in the diet and trawls for each combination of region
and year. %N was calculated for categorical and binary traits by sum-
ming annual mean %N across taxa associated with each trait form within
a trait (Tables 2, 3). Continuous trait values were binned into two re-
sponses (i.e., low, high) based on the median value, and %N was sum-
med across taxa in these two trait forms. Trait-based E* was calculated
separately for each trait; thus we note that electivity can only be
quantitatively compared across trait forms within each trait, since traits
are not mutually exclusive. The sample size used in electivity calcula-
tions is trait-specific (n = 2-3) and the same in each region, as all trait
forms are present in diets and trawls in each region.

To qualitatively assess differences in the relative importance of prey
taxa or trait forms we compare the rank order of mean %Ngjet, %Nirawl,
and E* across the time series in each region. We additionally examine
overall inter-annual variability in albacore prey electivity from a taxa-
versus traits-based approach by comparing the distribution of E* annual
variance across taxa and traits.

3. Results

Juvenile albacore tuna consumed a large subset of taxa found in
trawls (90 % overlap; ngiet = 29 taxa vs nyraw = 32 taxa), but in different
proportional abundances (Fig. 3, Table S2). All albacore prey taxa were
consumed across a similar size range as sampled by the trawls (see
Supplemental Results; Fig. S3). The three gelatinous taxa in trawls were
completely absent in diets (Table S2). We found that albacore consumed
prey representing all forms of the 13 trait types we examined (Table 2).

3.1. Multivariate analyses

Albacore diet taxonomic composition overlapped with trawls, yet
diets occupied a broader part of the multivariate ordination space



Table 3

Trait data for taxonomic groups included in electivity and multivariate analysis. Traits were assigned based on the lifestage in diets (J = juvenile, A = adult). For binary variables: 1 = presence of trait, 0 = absence of trait.

For some taxa, values were aggregated among multiple species, or proxies from similar species (see Table S5). Trait data were extracted from the Pelagic Species Trait Database (Gleiber et al., 2022, 2024).

1 290D AW

Habitat Behavior Morphology Nutritional Quality
Species/Taxa Name Common Name Taxa Diet Vertical Horizontal Gregariousness Diel Seasonal Length: Physical Transparent Silvering Counter- Lipid Protein  Energy Density
level stage migration  migration Height defenses shading (%) (%) kJ/g)
Abraliopsis spp. Enope squids genus J epipelagic oceanic schooling 1 0 5.31 0 1 0 0 3.49 17.40 4.40
Aequorea spp. Water jellyfish genus A epipelagic oceanic solitary 0 1 1.73 0 1 0 0 0.60 0.18 0.06
Amphipoda Amphipods order A epipelagic oceanic schooling 1 1 5.67 1 0 0 0 1.40 7.39 2.36
Berryteuthis spp. Armbhook squids genus J mesopelagic oceanic schooling 1 1 5.68 0 0 0 0 1.35 10.60 4.94
Cololabis saira Pacific Saury species J epipelagic oceanic schooling 0 1 8.57 0 0 1 1 8.53 19.78 6.30
Decapoda Decapods order J, A epipelagic continental schooling 1 1 7.14 1 0 0 0 1.88 15.02 4.97
shelf
Doryteuthis opalescens ~ Market squid species J epipelagic continental schooling 1 1 3.63 0 0 0 0 1.00 16.50 3.69
shelf
Engraulis mordax Northern Anchovy species J epipelagic coastal schooling 1 1 7.72 0 0 1 1 6.98 15.38 6.76
Euphausiidae Euphausiids/krill ~ family J, A epipelagic oceanic schooling 1 1 9.34 1 0 0 0 217 1231 3.73
Gonatopsis spp. Armhook squids  genus J mesopelagic oceanic schooling 1 0 5.73 0 0 0 0 240 10.53 4.16
Gonatus spp. Armhook squids genus J mesopelagic oceanic schooling 1 1 3.36 0 0 0 0 16.00 10.54 6.29
Merluccius productus Pacific hake species J demersal  continental schooling 1 1 6.18 0 0 1 1 1.86 14.62 4.07
shelf
Myctophidae Lanternfishes family A mesopelagic oceanic schooling 1 1 5.52 0 0 1 1 10.98 11.55 7.52
Octopoda Octopuses order J epipelagic oceanic shoaling 1 1 3.36 0 1 0 0 2.17 10.60 3.07
Octopoteuthis spp. Octopoteuthid genus  J mesopelagic oceanic shoaling 1 0 3.76 0 1 0 0 3.13 17.40 3.44
squids
Onychoteuthis Boreal clubhook  species J mesopelagic oceanic schooling 1 1 5.51 0 0 0 0 3.80 12.80 5.48
borealijaponica squid
Paralepididae Barracudinas family J, A mesopelagic oceanic schooling 1 1 12.98 0 1 1 0 6.19 15.80 4.30
Paralichthyidae spp. Flounders (left- family J demersal  coastal shoaling 1 1 3.81 0 0 0 0 7.93 16.85 3.81
eyed)
Pleurobrachia spp. Comb jellyfish genus A epipelagic oceanic schooling 1 0 6.23 0 1 0 0 0.07 0.12 0.02
Pleuronectidae Flounders (right-  family J demersal  continental shoaling 0 1 3.63 0 0 0 0 1.22 15.29 4.25
eyed) shelf
Pteropoda Pteropods order A epipelagic oceanic solitary 1 0 1.27 1 1 0 0 1.59 1.98 2.61
Pyrosoma atlanticum Pyrosome species A epipelagic oceanic schooling 1 0 3.36 0 1 0 0 0.25  0.67 0.36
Sardinops sagax Pacific Sardine species J epipelagic coastal schooling 1 1 8.94 0 0 1 1 8.18 17.74 7.25
Scomber japonicus Chub mackerel species J epipelagic continental schooling 1 1 5.73 1 0 1 1 7.93 19.81 6.77
shelf
Sebastes spp. Rockfishes genus J epipelagic continental schooling 0 1 4.18 1 0 0 1 1.52 14.84 4.90
shelf
Syngnathidae Pipefishes family J demersal  reef-associated solitary 0 1 33.03 0 0 0 0 1.90 14.70 4.70
Thaliacea Other thalacians  class A epipelagic oceanic schooling 1 0 3.05 0 1 0 0 0.23  0.19 0.36
Trachurus symmetricus  Jack mackerel species J epipelagic coastal schooling 1 1 4.39 1 0 1 1 6.40 3.71 6.40
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Fig. 4. Non-metric multidimensional scaling (nMDS) illustrating differences in multivariate space in the taxonomic composition of albacore diets and pelagic trawl
surveys in each region of the CCLME. nMDS conducted on proportional abundances (p) of taxa in diets and trawls. Points represent composition of individual
stomachs or trawls, with sample sizes (n) included for each region. Stress = 0.12, three-dimensional solution.

(Fig. 4). This pattern was consistent across regions, and represents high
variability in the composition among stomachs while trawls are more
similar as they are dominated by krill. All fitted variables significantly
contributed to explaining variance in forage community composition:
resource sampler explained the most variance (diet vs. trawl), followed by
region (pairwise comparisons indicate all regions differed), and year
(Table S6). Species that consistently characterized the trawl assemblage
(i.e., strong negative correlation with diet, significant p-value) include:
euphausiids, left-eyed flounders, pyrosomes, other thaliaceans, water
and comb jellyfishes (see Table 3 for scientific names). Species that
characterized the diet assemblage (i.e., strong positive correlation with
diet, significant p-value) include: saury, chub and jack mackerels,
clubhook and octopoteuthid squids, anchovy, sardine, octopuses, and
amphipods (Table S7a—c). Species that overlapped between trawl and
diet communities (i.e., neutral or weak correlation with either assem-
blage, insignificant p-value) include: rockfishes, market squid, lantern-
fishes, barracudinas, decapods, armhook (Gonatus, Gonatopsis) and

enope squids (Table S7a-c).

Habitat use, morphological, and nutritional traits explained signifi-
cant variance in forage communities consumed by albacore relative to
their sampling by trawl surveys. Diets were characterized by greater
relative abundances of coastal, mesopelagic, schooling, undefended,
silvered, and countershaded taxa, with higher energy density and pro-
tein content (Figs. 5, S4), while trawl survey samples were characterized
by greater prevalence of oceanic, diel and seasonal migrants that were
physically defended (i.e. exoskeleton). North CCLME albacore diet
samples were characterized by taxa inhabiting primarily coastal hori-
zontal habitats or mesopelagic vertical habitats (Figs. 5, S4). Central
CCLME diet samples included greater prevalence of oceanic and trans-
parent taxa, which otherwise characterized trawl samples. South CCLME
diet samples included greater prevalence of coastal, mesopelagic,
silvered, and higher lipid content prey.
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Fig. 5. Correlation coefficients for statistically significant relationships be-
tween trait values and explanatory variables (resource sampler [diet vs. trawl],
region, year) for all regions of the CCLME. Brighter squares show stronger as-
sociations than paler ones, traits positively associated with diet are in red, and
negatively associated with diet are in blue (e.g. characteristic of trawls). Since
>50 % of observations are from the North CCLME, “Diet” is representative of
the correlations in the North CCLME, and the respective region columns explain
the differences from the pattern in the North. “Year” represents increasing (red)
or decreasing (blue) associations between traits and diets over time.

3.2. Prey electivity

Prey electivity highlights taxa consumed at higher or lower pro-
portions compared to the relative trawl community, while some taxa
were characterized by more interannual variability (Figs. 6, 7). In the
Northern CCLME, where concurrent diet and trawl sampling enabled
comparative analysis for 11 years across the time series, some of the
most abundant prey based solely on diet data (%N; i.e., euphausiids,
hake, decapods, lanternfishes) had low E* index values across years,
indicating lower consumption relative to sampling by trawls (Fig. 6). We
saw the highest apparent electivity (E* = 0.4-0.9) for clubhook squid
and sardine, consistent across most years they were consumed by al-
bacore. The clubhook squid ranged from 1 to 15%N of the diet, but in
trawls at proportions 2-4 orders of magnitude lower (Table S2). An-
chovy, octopuses, amphipods, barracudinas, and Gonatus squids had
variable electivity across the time series.

In the Southern CCLME, albacore had consistently high positive
electivity values across years for octopuses, Gonatus squids, jack mack-
erel, and barracudinas (E* = 0.2-0.9), taxa fairly abundant in diets
(Fig. 7). Similar to the North, consistent negative electivity indices were
seen for taxa numerically abundant in trawls, although in contrast, these
taxa comprised a low proportion of albacore diets in the South. Anchovy
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and sardine, the two most abundant taxa in the diets, were consumed
proportionally to abundances in trawls, with some annual variability.

Trait-based electivity analyses show strikingly consistent patterns of
regional and annual E* values, highlighting key traits of prey consumed
by albacore relative to availability as surveyed by trawls (Fig. 8). In both
regions, albacore had strong positive electivity across years for prey that
have high energy density and high protein, and are countershaded,
silvered, non-physically defended, non-diel migrants, and associated
with coastal habitats. Less informative traits, with overall neutral but
highly variable E* values, included: body shape (length:height) and lipid
content (North), seasonal migration and vertical habitat (South). How-
ever, these traits were regionally informative, with albacore having
consistently positive electivity in the North for prey that migrate
seasonally and inhabit mesopelagic vertical habitats, and in the South
for prey with low lipid content and smaller length:height ratio.

Finally, overall inter-annual variance in albacore prey electivity
indices was lower when using trait information compared to using
taxonomic identity in both regions (Fig. 9). In the Southern CCLME,
variance in taxon-identity based electivity indices was multi-modal with
a higher amplitude than trait-based values (Fig. 9), due to fewer species
sampled during a shorter time series in this region (Fig. 7).

4. Discussion

Our analyses revealed strong inter-annual and regional variability in
the taxonomic composition of albacore diets and trawl surveys in the
CCLME, making it difficult to identify consistent species-based in-
dicators of albacore diet selection. However, we found that a trait-based
approach simplified the spatiotemporal complexities in feeding habits of
a predator with a variable diet within a dynamic system. In particular,
several ecological traits hypothesized to mediate predator-prey in-
teractions consistently characterized albacore diets relative to trawl-
sampled assemblages. As a result, we identified trait-based drivers of
prey electivity in the system that persisted across regions and years.
These same traits — namely, coastal habitat use, shoaling and schooling
behavior, countershading and silvering colouration, lack of physical
defenses, and high energy density and protein content — were indicative
of albacore prey selection from both our multivariate modeling and
electivity analyses (Fig. 10). Our prey electivity analysis further re-
inforces the utility of traits as a biological lens through which predators
view and make decisions about their environment. That albacore
consumed diverse taxa with consistent traits within the ambient forage
assemblage (i.e. micronekton) suggests the ecological mechanisms of
albacore foraging processes may be conserved across time and space.

4.1. Trawl suitability as samplers of albacore prey

Prior to exploring selective resource use by albacore tuna, we
developed a decision framework that assessed the suitability of data
from pelagic trawl surveys as a proxy for the biological community
sampled by our focal predator based on relative prevalence and size of
taxa between the diets and surveys. 93% of prey taxa met our criteria for
suitability: being present in >5% of trawls, when also present in >5% of
stomachs. Only two albacore prey show large differences in prevalence
between diets and trawls, saury and octopoteuthid squids. Both species
were present in up to 50% of the stomachs in each region, yet only
<0.2% and <4% of the trawls in each region, and were strongly indic-
ative of diet assemblages in multivariate analyses. Our observations are
in line with knowledge about the behavior and habitat use of these taxa,
highlighting potentially low catchability by trawl gear. Saury are likely
to be poorly sampled by the trawl due to predominantly surface-oriented
behavior, with their distribution historically documented in the CCLME
by surface trawl surveys (Brodeur et al., 2005). In contrast, octopoteu-
thid squids are deep-sea species that are non-migratory, and rarely
found in the epipelagic zone (Goetsch et al., 2018).

The trawls used are designed to target juvenile pelagic stages of



M.R. Gleiber et al. Ecological Indicators 158 (2024) 111473

a
2005 2006 2009 2010 2011 2013 2014 2015 2017 2018 2019

Sardine-
Clubhook squid-

Octopuses-

&

Anchovy -

l Amphipod-
Y oos Barracudinas-

Gonatus squids-

T

0.0 Jack mackerel -

05 Rockfishes-
. Gonatopsis spp.-

Market squid-

-

Decapods-

Pleuronectidae -
Rank

A Diet
© Trawl Hake-
Thaliaceans-
Krill -

Myctophids-

Chub mackerel-

- —

==

Enope squids-
Berryteuthis spp.- o o o o

e e—p—

1005000510 1 5 10 15 20

E* Rank Order

Fig. 6. Taxa-based prey electivity for albacore tuna in the Northern CCLME. a) Heatmap with annual values of Vanderploeg & Scavia’s relativized electivity index
(E*) for albacore tuna prey relative to trawl surveys as a measure of environmental availability. E* ranges from +1 to —1, and indicates the predator consumes the
prey type at relatively higher (positive value, warmer colors) or lower (negative value, cooler colors) proportions compared to trawls. E* = 0 when the predator
consumes the prey type proportionally to trawls. Circles indicate years when a taxa was either present in only the diet (red) or only the trawls (blue), and thus values
of E* are undefined; blank squares denote years when prey were absent in both the diet and trawls. Taxa are listed in descending order based on mean E*. We include
all years with concurrent diet and trawl sampling, and all taxa present in the diet in this region (n = 20). b) Boxplots showing interannual variability of E* for prey
taxa. ¢) Comparison of prey rank order of importance based on mean electivity (E*; grey diagonal line), diets (%Ng;er; red triangles), or trawls (%Nawi; blue circles).
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Fig. 8. Trait-based prey electivity for albacore tuna in the a) North and b) South CCLME. Heatmap shows annual values of Vanderploeg & Scavia’s relativized
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Boxplots showing interannual variability of E* for prey trait forms in each region.

groundfishes for stock assessments (Field et al., 2021), using a low tow
speed, fine mesh size, and sampling at night. While they are not focused
on larger, faster swimming taxa or life stages that may exhibit net
avoidance (Santora et al., 2021b), trawls appear to sample a broad range
of albacore prey, and may be useful for estimating abundances of prey
for other pelagic predators. Even with more conservative criteria for
inclusion (e.g., 10% FO), only one additional prey taxa would be
considered ‘under-sampled’: the chub mackerel, which albacore only
consume at juvenile stages. Future taxa-based work should consider the
extent to which albacore diets may better indicate the variability in the
availability of these taxa than trawl surveys (Santora et al., 2021a; Wells
et al., 2023), given evidence that survey data substantially underesti-
mate their abundances.

All prey taxa for which we had individual size information (ngy, =
17, 60% of taxa; Fig. S3) were consumed within the size ranges sampled
by trawls, predominantly juveniles for fishes and squids, providing
further evidence that the trawls can be a suitable metric of albacore prey
availability. While a handful of taxa are predominantly sampled by
trawls at larger adult sizes compared to the smaller juvenile sizes
consumed by albacore (e.g. jack and chub mackerels), we cannot
distinguish if this reflects trawl suitability or albacore feeding prefer-
ences. We hope this decision tree for suitability is a framework others
can use when curating diet and survey data for comparison beyond al-
bacore and the CCLME.

4.2. Taxonomic indicators of albacore prey selection

Though albacore consumed a subset of species identified within the
trawl surveys, our multivariate analysis revealed that taxonomic
composition was much more variable among albacore stomachs than
among trawl surveys in the CCLME. We also found that prey electivity by
albacore was highly variable across years and between regions for the
majority of taxa we sampled, with no taxa showing consistent positive
electivity by albacore across the system over time. In some instances,
albacore displayed the strongest positive electivity (i.e. high proportion
in the diet relative to surveys) for taxa that were not numerically
dominant in the diet, suggesting prior diet analyses that relied on esti-
mates of abundance alone failed to capture the importance of these taxa.
When present in diets, clubhook squid and sardine also had high positive
electivity values in the North, and armhook squids, barracudinas, jack
and chub mackerel in the South. In contrast, many taxa that are highly
abundant in the diet had inter-annually variable or consistently negative
electivity. Anchovy, which are the top diet item in both regions, had
some of the most variable electivity patterns, alternating from high to
low across years, suggesting they are a highly utilized prey that fluctuate
with environmental conditions (Litz et al., 2008), and the landscape of
other prey types available.

Finally, we identified consistent negative electivity in both regions
for euphausiids, lanternfishes, and decapods: taxa numerically dominant
in trawls and comprising a lower proportion of albacore diets. This
pattern is consistent with optimal foraging expectations that small-
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Fig. 9. Distribution of interannual variance in Vanderploeg & Scavia’s rela-
tivized electivity index (E*) values when computed using a taxa, or trait-based
approach. E* values include all years and taxa or traits with concurrent pres-
ence in diet and trawls (nwyxa = North: 127, South: 65; ny.; = North: 528,
South: 335).

bodied prey with low energetic value per individual are less profitable
(Charnov, 1976). Additionally, prior work on albacore prey energetics
suggest the relative importance of high energy prey, compared to
crustaceans that contribute to low energy intake by albacore even when
consumed in high numbers (Glaser, 2010; Pinkas et al., 1971). Moving
beyond diet assessment alone to examine electivity patterns can aid in
identifying species indicative of selective foraging when exploring shifts
in predator-prey relationships for further examination. For example,
boreal clubhook squid, a cooler-water species (Muhling et al., 2019)
were strongly selected for in the North, and could be an important prey
to consider while the albacore distribution is in that region (Frawley
et al., 2021).

4.3. Trait-based indicators of albacore prey selection

In contrast to the taxonomic approach, our multivariate and elec-
tivity analyses identify trait values that characterized albacore resource
selection across regions and years, suggesting that albacore prey-trait
preferences in the CCLME are consistent across time and space. The
trait-based indicators of albacore diet selection identified here —
schooling/shoaling behavior, coastal habitat use, the presence of
countershading and silvering, lack of physical defenses, and high energy
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density and protein content — illustrate the ecological processes medi-
ating their foraging, and corroborate the hypothesized traits governing
prey selection (Glaser, 2010; Nickels et al., 2023). Albacore primarily
consumed and appear selective for shoaling or schooling taxa, relative to
solitary, which we hypothesize reflects enhanced encounter rates with
prey consistent with optimal foraging expectations (Charnov, 1976), as
well as prior diet studies on tuna in this region (Glaser, 2010; Madigan
et al., 2015; Nickels et al., 2023; Portner et al., 2022). Energy density is
indicative of nutritional quality, which is a key mechanism driving prey
selection (Emlen, 1966), and can be more important than prey abun-
dance for top predators (cetaceans; Spitz et al., 2012). Physical defenses
impact a predator’s ability to capture and consume prey (Price et al.,
2015), therefore it is not surprising that albacore select against prey with
these traits. Countershading and silvering are common traits for species
(including albacore) that occupy a pelagic niche in the water column,
providing camouflage to evade predators (McFarland and Munz, 1975).
However, these traits likely represent a coevolutionary arms race be-
tween predator and prey, with the tuna predator ultimately having
enhanced swimming and visual capacity, such as detecting polarized
light reflected off of the prey (Kamermans and Hawryshyn, 2011;
Lokkeborg et al., 2014).

Prey primarily inhabiting coastal habitats were both common in the
diets and highly elected, a pattern driven by consumption of anchovies
and sardines. In contrast, oceanic and demersal taxa showed evidence of
strong negative selection by albacore, with demersal taxa (e.g. flatfishes)
rarely consumed, yet abundant in trawls. A recent analysis of global
albacore diets from the 1940's-2010 also identified coastal habitats as
the most common trait groups over time in the North Pacific, and
demersal the rarest (Hardy et al., 2023). Our trait-based electivity an-
alyses highlight potential mechanisms for prey selection by highly-
mobile gape limited pelagic predators, and are consistent with other
diet work on tunas showing utilization of high-energy, near-surface,
schooling coastal prey (e.g. anchovies, sardines, saury) when present in
the system (Glaser, 2010; Madigan et al., 2015; Nickels et al., 2023;
Portner et al., 2022). If sampling bias (i.e. high catchability by trawls
compared with capture by albacore) were driving trait electivity, we
would expect traits such as slender body shape to have consistent high
electivity — a pattern not borne out by our analyses, further suggesting
ecological mechanisms of prey capture by albacore are at play.

4.4. Implications for anticipating foraging decisions in a changing ocean

Consistent trait selection within variable prey fields may result in the
ability to successfully meet energy demands in dynamic pelagic regions.
Feeding patterns of albacore and bluefin tuna in the CCLME have been
varyingly described as opportunistic (Nickels et al., 2023; Nikolic et al.,
2017; Portner et al., 2022), specialized on e.g., sardine or anchovy
(Madigan et al., 2015; Williams et al., 2015), or generalist (Bernard
et al., 1985; Pinkas et al., 1971). Our findings contextualize this taxo-
nomic opportunism as resulting from specialization on traits. Both al-
bacore and bluefin tuna show multiple feeding modes through time,
linked to oceanographic conditions (Nickels et al., 2023; Portner et al.,
2022). However, these distinct foraging strategies may confer surpris-
ingly similar energetic intakes (Glaser, 2010; Portner et al., 2022). Ul-
timately, these flexible strategies may allow albacore to maintain their
high metabolic rates across variable feeding conditions and migration
patterns (Muhling et al., 2022), and has been documented in other
pelagic predators (Smout et al., 2013). This enhanced understanding of
albacore feeding ecology will allow us to more accurately model niche
width, which can have implications for outcomes of competition with
other predators (Brodeur, 1991; Pinkas et al., 1971; Wells et al., 2023)
and prey shifts with climate change (Bellwood et al., 2003).

Examining predator-prey interactions through a trait-based lens ag-
gregates diverse taxonomic prey information, allowing us to move
beyond single-species trophic relationships. For example, anchovy and
sardine share all traits included in this study, and play similar roles as
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Fig. 10. The effect of data inputs on taxonomic- and trait-based indicators of resource selection by juvenile albacore tuna in the CCLME. Each arrow indicates a type
of data incorporated in our analyses. As more data sources are incorporated (moving left to right), indicators of prey selection are refined, enabling us to identify a
few key prey types with highly selected traits (far right) from amongst the albacore’s broad diet (far left). Silhouettes describe the identity of prey 1) in the diets, 2)
positively elected by albacore in any region, and 3) with >3 positively elected traits.

prey for albacore and other top predators in the CCLME (Szoboszlai
et al., 2015). Thus high historical variability in the abundances of these
individual prey species (McClatchie et al., 2017) may not be reflected as
variability in the abundance of highly elected prey, when this functional
redundancy is considered. The regional variation in albacore diet and
trawl assemblages also reveals examples of prey with similar traits, but
different taxonomic identity consumed in the North compared to South.
Mesopelagic squids with similar traits were important in albacore diets
with high positive electivity in both regions; in the North they were
predominantly clubhook (O. borealijaponica), and armhook (Gonatus) in
the Central and South. In the CCLME, ecological traits have been hy-
pothesized to explain broad synchrony in forage community shifts across
regions linked to environmental forcing, with co-varying taxa repre-
senting similar niches (Thompson et al., 2019).

By characterizing prey consumption and available preyscapes in
terms of traits linked to selective foraging processes, we can begin to
empirically test the direct mechanisms of shifts in diets over time from a
predator’s perspective. Changing environmental conditions (e.g. up-
welling, phenology, productivity, temperature, hypoxia) are likely
driving differences in forage community composition, and thus the
availability of prey for albacore (Nickels et al., 2023). However,
changing environmental conditions may also influence the relative
profitability of different prey types to albacore, affecting foraging de-
cisions and thus patterns of prey selectivity. Potential temporal shifts are
highlighted in our multivariate modeling on assemblages, where some
traits showed increasing (i.e., mesopelagic habitat) or decreasing (i.e.,
length:height ratio) correlations with albacore diets across years.
Further work needs to link trait-based variability in diet composition to
environmental gradients of change, as prey species shift in abundance
due to climate and fisheries-induced pressures (Essington et al., 2018).

4.5. Opportunities for future monitoring

Trawl surveys are a key source of information on the structure and
status of diverse pelagic micronekton communities in the CCMLE (Bro-
deur et al., 2019; Phillips et al., 2009; Sakuma et al., 2016; Santora et al.,
2021b) and other ocean basins globally. However, spatiotemporal
overlap between predator diet sampling and prey abundances from
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surveys are often imperfect, as was the case in this study. Diet data
would also be enhanced by finer-scale spatiotemporal information
associated with collections (Muhling et al., 2019, 2022). Further, ana-
lyses of albacore diets in the CCLME are unbalanced spatially, with the
best interannual coverage in the North, coincident with centers of al-
bacore distribution and fishing activity in recent years (Frawley et al.,
2021). The Central region was undersampled, and our results showed
the strongest differences in species-based and trait-based albacore diet
composition in relation to trawls in this region. This may be because the
central CCLME has high biodiversity turnover and interannual vari-
ability due to its position between relatively warm and cool regions
(Santora et al., 2017). Bolstering stomach sampling in this region would
enable us to examine the effect of the significant environmental gradient
present in the region on selectivity patterns.

Trawl surveys sample earlier in the year (late-spring/early-summer)
than when albacore are foraging in the CCLME (July-September;
Mubhling et al., 2022; Phillips et al., 2014), thus we take a ‘state of the
system’ approach with analyses at an annual scale. This assumes that the
abundances of prey in the surveys earlier in the year are indicative of
later abundances. Considering the complex life history dynamics and
regional seasonality of prey species, this assumption may not hold for all
prey. For example, young-of-the-year sardine and anchovy are impor-
tant for albacore diets, but are only present seasonally. Advancing our
understanding of predator-prey relationships for albacore and other
pelagic predators would be enhanced by information about prey as-
semblages later in the summer. There are also species-specific lags in
relationships between ocean conditions, prey, and predators. Nickels
et al. (2023) showed that albacore diets in summer are associated with
environmental conditions over the first six months of the year. In
addition, Daly et al., (2017, 2013) showed that winter environmental
preconditioning and the biomass of winter-spawned larval fish that are
consumed as juvenile-stage prey by salmon (Oncorhynchus spp.) smolts
in the marine environment are predictors of future adult salmon returns
1-2 years later. Ultimately, variability in survey timing and life history
stages collected across years and between regions can make it difficult to
directly compare communities, and requires innovative approaches
(Thompson et al., 2019). Given that many pelagic species’ prey exhibit
the same trait forms across life stages and sizes, using trait-based
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analysis to characterize trawl-sampled organisms could allow for more
confident comparisons between samples.

5. Conclusions

Given the speed and magnitude of climate impacts on ocean as-
semblages, there is an urgent need for biologically meaningful indices
that can be used to anticipate how top predators will respond to
changing resource availability. Our analyses reveal consistent prey trait
preferences across diverse taxonomic feeding patterns for albacore tuna
in the CCLME, suggesting traits mediating the predation process are
consistent across a variable prey field. Given that albacore share
foraging behaviors and key prey species with >50 other predators in the
CCLME and globally (Ainley et al., 2015; Szoboszlai et al., 2015), traits
are likely to provide useful insights into foraging dynamics in a range of
other systems and cases. Crucially, our study highlights the benefits of
standardizing and combining data from broad survey tools such as
trawls and diet studies, along with trait information, to gain generaliz-
able insights that can be used to anticipate how predators will respond to
changing foraging conditions in the future.
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