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Abstract 

Juvenile albacore tuna (Thunnus alalunga) undertake long migrations across the 

North Pacific that they fuel by feeding in the California Current System (CCS) during 

the summer. The CCS is a highly dynamic system, which can lead to differences in 

foraging success that may be indicated by differences in body condition. Assessed 

through stomach content analysis, albacore diet composition by mean proportional 

weight showed high interannual variability including some years characterized by 

large increases in consumption of anchovy (2011 = 81%, 2017, 2022) and sardine 

(Sardinops sagax, 2022). We used a generalized additive model (GAM) to investigate 

the impact of albacore length, month of collection, diet composition, and environmen-

tal conditions on albacore muscle energy content. Two proxies for muscle energy 

content, the carbon to nitrogen ratio (C:N) and ash free dry weight (AFDW), were 

positively but weakly correlated. Albacore C:N increased with month, body size, and 

upwelling in the first half of the year, and decreased with increasing sea surface tem-

perature. The mean energy density of prey and chlorophyll-a concentration were not 

important predictors of muscle energy content, indicating that albacore may be resil-

ient to changes in prey composition and productivity. Sea surface temperature was 

the most important predictor of muscle energy content, which suggests that marine 

heat waves and projected future warming in the CCS may have detrimental effects 

on albacore body condition or the value of the CCS as a foraging habitat.
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Introduction

In mobile animals, energetic demand can drive migration behaviors [1]. The success 
of long-distance migrations to access food can be impacted by variability in the prey 
fields on foraging grounds, as well as climate driven shifts in phenology [2]. Tracking 
the success of foraging migrations can help identify vulnerabilities to climate change 
but can be difficult to monitor in situ. Quantifying body condition through analysis of 
predator tissues can be used as a proxy for foraging success and show how body 
condition may vary on different scales of space and time.

Energy density (ED) is a robust metric of a species body condition and a key trait 
of prey directly relevant to predator energetics [3]. Among common pelagic prey spe-
cies, fish generally have higher ED than squids and crustaceans [4]. A diet rich in fish 
prey may therefore result in proportionally higher energy intake for pelagic predators, 
and healthier body condition. Other factors including size, spatial distribution, and 
degree of aggregation of prey species may also impact predator energy intake [5,6]. 
These factors are often also under the influence of environmental conditions, such 
as temperature, productivity, or the presence and magnitude of mesoscale oceano-
graphic features [7,8].

The California Current System (CCS) is a productive yet highly variable eastern 
boundary current that is a key foraging ground for a broad range of highly migratory 
species [9,10]. In addition to seasonal variability, dramatic shifts in the oceanographic 
conditions and potential prey fields can occur over relatively short time scales. For 
example, a marine heat wave in 2014–2016 led to an anomalous zooplankton com-
munity structure characterized by decreased densities of crustaceans and increased 
densities of gelatinous species [11]. Variability in prey communities has been shown 
to impact the mortality and body condition of marine predators in the CCS including 
salmon (Oncorhynchus spp., [12]), California sea lions (Zalophus californianus, [13]), 
and sea birds [14].

Juvenile albacore tuna (Thunnus alalunga, hereafter “albacore”) migrate to the 
CCS as 1–3-year-olds from spawning grounds in the western and central Pacific. 
Before returning to their spawning grounds as adults, they move seasonally between 
the northern CCS in summer, and the offshore North Pacific in winter [15,16]. Alba-
core are opportunistic predators whose diets can vary dramatically over short tem-
poral and spatial scales in association with environmental drivers [17]. However, it is 
unclear whether these differences in diet have predictable consequences for alba-
core body condition and thus value as targets of a fishery priced per pound. Albacore 
are targeted by a summer troll fishery off Oregon and Washington, which was the 
third most important fishery by revenue to these states during the 2010’s [18]. Their 
availability to the fishery is dependent on their horizontal and vertical distribution, 
which is influenced by the abundance, distribution, and identity of prey [16]. For 
example, foraging on mesopelagic species deeper in the water column may translate 
to less availability in surface waters where the troll fleet operates.

If feeding is successful albacore gain fat in their muscle tissues over the course 
of the season [19,20], which fuels both continued summer foraging and seasonal 
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migrations to distant winter foraging grounds. Fat content in albacore muscle can vary substantially both within [19] 
and between years [20]. The usable energy stored in tissues can be approximated as the amount of fat relative to less 
energetically valuable components (water, protein, ash, carbohydrates) or the total ED of all muscle tissue components 
together. For example, the ratio between carbon and nitrogen (C:N) can be used as a proxy of fat in tissues [21], while the 
ash free dry weight (AFDW) can be used as a proxy of energy density [22].

In this study, our objectives were to examine the predictability and interannual variability in albacore muscle energy 
content in the CCS. We compared two metrics of muscle energy content (C:N and AFDW), then used multivariate model-
ling to quantify the influence of albacore size, month of collection, food intake (mean prey ED), and environmental variabil-
ity on muscle energy content.

Methods

Albacore collection and processing

Albacore stomachs were collected offshore of Northern California, Oregon, and Washington from 2009 to 2022 between 
June and October (91% July – September) through partnerships with recreational and commercial fishers. Samples of 
white muscle tissue from the dorsal musculature as close to the head as possible (2.5–7.5 cm behind the head) were 
collected from the same fish from 2012 to 2022. No samples were collected in 2016. Recreational fishers used trolling 
artificial lures, and commercial fishers used troll or pole-and-line gear with anchovy (Engraulis mordax) as live bait. Fork 
length (FL, cm) was measured from the tip of the lower jaw to the outside edge of the fork in the caudal fin. Albacore 
weights (W, kg) were directly reported in 2021 and 2022 (85 total), which were used to establish an empirically derived 
relationship between FL and W (W = 0.0000211 * FL2.986, R2 = 0.98). Reported weight was divided by the expected weight 
determined from the equation to calculate relative condition [23–25]. The relationship was also applied to calculate W from 
FL for the remaining measured albacore. Length measurement (14% missing), weight measurement (86% missing), and 
month of collection (17% missing) were not available for all individuals due to the limitations of sampling within existing 
supply chains that must balance other priorities. Most albacore were selected for sampling at the processing stage, and 
therefore specific capture locations were not available for the majority of fish. Stomachs and white muscle tissue were 
sampled after landing and either frozen before transport or kept on ice and frozen on arrival at the lab for later processing 
(see details below).

Albacore muscle tissue energy content

Approximately 2-3g of muscle tissue per individual was freeze-dried for a minimum of 24 hours and stored in a closed 
vial until analysis. Dry tissue was subsampled (1 ± 0.2 mg) and sent to the University of California Davis Stable Isotope 
Facility for measurement of C and N content using an elemental analyzer (Sercon Europa ANCA-GSL, Sercon Ltd., 
Cheshire, UK), from which we calculated C:N mass ratios. Samples of tissue from 20 albacore were analyzed per year 
from 2012–2022, except for 2018 where only 17 were available. Two samples (1% of the total analyzed) with C:N deemed 
to be unrealistic for fish white muscle tissue (C:N > 14 [26], 1 from 2012, 1 from 2014) were excluded from further analysis. 
After at least 24 hours in a desiccator, a separate subsample of approximately 1 gram of freeze-dried tissue was placed 
in a 600°C muffle furnace for 20 hours. The remaining ash was weighed and that value was subtracted from the initial dry 
weight to obtain ash free dry weight (AFDW [27]). Full combustion was determined by ash color. Samples that were not 
completely combusted were returned to the furnace with a small amount of distilled water for cycles of 20 hours until only 
ash remained (maximum number of cycles = 5 [27]).

We report AFDW as a percentage of dry weight (DW). Albacore white muscle tissue was stored frozen at −20°C for 
an extended period of time (up to 9 years), making wet weights unreliable [28]. Only 2014, 2021, and 2022 had suffi-
cient tissue available for AFDW determination (n = 26, 29, 28, respectively). In instances where C:N and AFDW were 
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available from the same fish we compared metrics using linear regression by year (2014: n = 9, 2021: 15, 2022: 20). We 
investigated the significance of year (as a categorical variable) and C:N in predicting AFDW through one way analysis 
of covariance (ANCOVA). C:N and AFDW were also compared to relative condition using linear regression when weight 
was measured in 2021 and 2022. As C:N data were available for more years than AFDW (10 vs 3 years, respectively), all 
subsequent analyses use C:N, a fat proxy, as an indicator of albacore muscle energy content.

Diet analysis

The contents of thawed stomachs were rinsed over 0.5 mm brass mesh sieves and stored in 70% ethanol until prey were 
identified and enumerated using a dissecting microscope. Prey were identified to the lowest possible taxonomic level 
[29–35], primarily from hard parts due to the high degree of digestion. Fresh anchovy, which were larger and less digested 
than other prey, were presumed to be bait and excluded from prey counts.

Up to 5 individuals of each prey species per stomach were measured to the nearest 0.1 mm. Fish were measured as 
standard length (SL) when found whole and vertebral column length when digested, which was converted to SL following 
Glaser et al. [36]. Cephalopod beaks were measured as lower rostral lengths for squids and upper hood lengths for octo-
puses, which were then converted into mantle lengths using published regressions (S1 Table). Crustaceans were mea-
sured for SL when whole [32]. Prey lengths were converted into weight following Portner et al. [37] using taxon-specific 
equations from the literature (S1 Table). 7% of all prey were measured. Unmeasured prey were assigned the mean weight 
measured from the same prey group within the same stomach, year, or the whole data set in a hierarchical manner based 
on available measurements.

For each stomach, the mean energy density of consumed prey (ED
mean

) was calculated as the ED of each prey type 
weighted by its proportional contribution to the total weight of all prey in that stomach. Proportional prey weight was cal-
culated as the total estimated weight per prey group in a stomach divided by the total estimated weight of all prey in that 
same stomach. Estimated proportional weights were multiplied by the taxon-specific energy densities (kJ g-1 wet weight) 
from the literature (S1 Table) and summed to get ED

mean
. Percent predator body weight consumed (%W) was calculated 

as the weight of all prey divided by albacore weight for each predator. Stomachs with a calculated %W exceeding the 
highest measured %W of a fully distended stomach during processing (>4%W) were excluded from analysis as unreal-
istic. A total of 10 stomachs (1.87% of stomachs containing prey) exceeded this threshold and were excluded to reduce 
potential bias from estimation uncertainty. Data handling and statistics were done in R version 4.3.3 [38].

Patterns of variability in Albacore muscle tissue energy content

To determine whether albacore gained muscle energy content as the feeding season progressed, we first plot C:N vs month 
by year for samples where month was recorded (n = 135). We then examine whether albacore muscle energy content was 
related to food ED

mean
 and/or environmental variability by quantifying the effects of potential drivers using a generalized 

additive model (GAM) in the mgcv package v1.9-1 in R [39]. GAMs are non-parametric additive regression models, which 
use smoothing functions and can accommodate non-linear relationships between the dependent and independent covari-
ates [40]. The independence of all covariates in a GAM facilitates interpretation because the effect of each covariate is not 
influenced by the others. Month was included in the model to capture potential increases in muscle energy content with time 
spent feeding in the system. Albacore FL was also included to account for an increase in fat content with size [20]. Only mus-
cle tissue samples from individual albacore with complete data for ED

mean
, month, and FL were included in analysis (n = 113).

Potential environmental drivers of variability in muscle energy content (indicated by C:N) included sea surface tem-
perature (SST), surface chlorophyll-a (Chl-a, as a proxy for standing phytoplankton biomass), and the Cumulative 
Upwelling Transport Index (CUTI [41]). SST and Chl-a are important predictors of the distribution of both albacore and 
several important prey species [42] and may influence the spatial overlap of predator/prey habitats. CUTI was included 
as a predictor because upwelling intensity early in the year can impact the abundance and distribution of prey later in the 
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year [43,44]. Monthly SST and Chl-a were accessed in R using the rerddapXtracto package [45] from the Environmental 
Research Division’s Data Access Program (ERDDAP). Datasets include the Multi-scale Ultra-high Resolution (MUR) SST 
Analysis fv04.1, Global, 0.01, 2002–present, Monthly [46], Chlorophyll-a, Aqua MODIS, NPP, L3SMI, Global, 4 km, Sci-
ence Quality, 2003–present (Monthly Composite) for 2009–2021 and Chlorophyll-a, Aqua MODIS, NPP, L3SMI, Global, 4 
km, R2022 NRT, 2003-present (Monthly Composite) for 2022 [47]. SST and Chl-a were spatially averaged over the United 
States Exclusive Economic Zone (EEZ; 200 nautical miles offshore) between 40.45°N and 50°N, and temporally averaged 
over the July-August-September core fishing season (SST

f
, Chl-a

f
,). The EEZ contained 88% of reported catch locations, 

with the remainder further offshore within the same latitudinal boundaries. CUTI values were obtained from the NOAA 
Environmental Research Data Services website (https://oceanview.pfeg.noaa.gov/products/upwelling/dnld). CUTI values 
represent averages between 41°N and 47°N during the first 6 months of the year of capture as a prey preconditioning 
index (CUTI

pre
).

Correlation coefficients between predictors were low (Pearson’s r, > – 0.4 and < 0.4), thus all predictors were included 
in the same model (S1 Fig). The GAM was fit using restricted maximum likelihood parameter estimation. The GAM used 
a Gamma distribution with a log link function. Smooth terms included predator fork length, month of capture, ED

mean
, SST

f
, 

Chl-a
f
, and CUTI

pre
. We used the double penalty approach of Marra & Wood [48] to penalize spurious predictors out of the 

GAM. Model diagnostics and residuals were checked for potential deviations from normality, homogeneity of variance, and 
other anomalies.

Results

Comparing metrics of predator muscle energy content

C:N and AFDW (proxies for fat and energy content, respectively) were weakly but positively correlated, with the strength 
of the association variable by year (Fig 1). 2021 had the strongest relationship (R2 = 0.36, p < 0.01, n = 15), while 2022 was 
strongly positive but included two pronounced outliers (R2 = 0.12, p < 0.05, n = 20). 2014 had a weaker relationship than 
the other years (R2 = 0.19, p > 0.05, n = 9), likely due to the smaller sample size. When all years were analyzed together 

Fig 1.  Comparison of C:N mass ratio and AFDW in years when both metrics were available. Each point represents an individual albacore. Black 
lines indicate linear regressions of AFDW vs C:N mass ratio by year, and grey shading represents 95% confidence intervals. 2014 n = 9, 2021 n = 15, 
2022 n = 20.

https://doi.org/10.1371/journal.pone.0331436.g001

https://oceanview.pfeg.noaa.gov/products/upwelling/dnld
https://doi.org/10.1371/journal.pone.0331436.g001
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through ANCOVA, the categorical variable of year (F(2, 38)= 2.88, p > 0.05) and the interaction term between year and 
C:N (F(2, 38)= 0.65, p > 0.05) were not significant, indicating that the mean and slope did not differ between years. 
C:N still had a significant effect (F(1, 38)= 10.78, p < 0.01, linear regression all years pooled %AFDW = 96 + 0.23C:N, 
R2 = 0.14, p < 0.001, n = 44). AFDW did not vary substantially across the three years of available data (median values 
2014 = 97 ± 0.92, 2021 = 97 ± 0.63, 2022 = 96.8 ± 0.66; Fig 1 and S2 Fig). C:N was also relatively stable for the three years 
where both data sets were available (median values 2014 = 4.56 ± 1.41, 2021 = 4.74 ± 1.24, 2022 = 4.75 ± 0.72; Fig 1  
and S2 Fig). Relative condition was not significantly related to either C:N or AFDW (C:N: R2 < 0.01, p > 0.05, n = 39, 
AFDW: R2 < 0.001, p > 0.05, n = 57), and did not vary substantially across the two years of available data (median values 
2021 = 0.998 ± 0.076, 2022 = 0.993 ± 0.053; S2 Fig). Henceforth we use C:N as an indicator of Albacore muscle energy 
content in analyses, due to a larger available sample size (C:N, n = 195; AFDW, n = 83, S2 Table).

Annual patterns in diet metrics and environmental variables

Annual albacore diet composition, Prey ED
mean

, C:N, SST
f
, Chl-a

f
, and CUTI

pre
 are shown in Fig 2. A total of 612 albacore 

stomachs were processed across all years of the study, with 524 suitable for inclusion in diet analysis based on the fol-
lowing criteria: 1) contain prey and, 2) realistic estimate of %W (S3 Table). Albacore diet composition (mean proportional 
weight) showed high interannual variability including some years characterized by large increases in consumption of 
anchovy (2011 = 81%, 2017 = 61%, 2022 = 33%) and sardine (Sardinops sagax, 2022 = 55%). Years with smaller increases 
in the consumption of heteropods (Pterotracheoidea) were also apparent (2009 = 20%, 2019 = 15%). The relative contribu-
tion of cephalopods was also highly variable, exceeding 30% in 2012, 2014, and 2018. Diet variability was reflected by dif-
ferences in the interquartile ranges of annual stomach ED

mean
s, with the lowest variability observed during years of strong 

anchovy or sardine consumption (2011, 2017, and 2022). During these years, ED
mean

 was consistently above 5 kJ g-1. Prey 
ED

mean
 for the entire time series was 4.9 kJ g-1 and did not fluctuate substantially between years.

C:N varied both within and between years across the time series. Annual means were highest in 2013 (5.3) and 2018 
(5.88), and lowest in 2019 (3.49). 2019 also had the smallest range (3.05–4.58). SST

f
, Chl-a

f
, and CUTI

pre
 showed sub-

stantial interannual variability during our study period. 2019 was the warmest year included (17.69°C), with low Chl-a
f
 

(1.00 mg m-3) and relatively high CUTI
pre

 (0.25 m2 s-1). 2012 was the coolest year with C:N data available (15.60°C), with 
the lowest CUTI

pre
 (0.01 m2 s-1) and moderately low Chl-a

f
 (1.56 mg m-3). The highest CUTI

pre
 (17.02 m2 s-1) was observed 

in 2015, when Chl-a
f
 was lowest (0.99 mg m-3) Chl-a

f
 reached a maximum peak (1.63 mg m-3) in 2020.

Muscle energy content across the fishing season

Low sample size and inconsistent monthly coverage precluded quantitative analysis of the patterns in C:N by month within 
each year individually; however we note some qualitative trends here (Fig 3) and include month as part of the GAM below. 
Albacore appeared to gain fat (thus energy content, as indicated by higher C:N) throughout the summer fishing season. 
Median C:N across all years was 4.1 in June, 4.0 in July, 4.1 in August, 4.8 in September, and 5.6 in October. However, 
this pattern was not consistent within all individual years. In 2012–2015, 2020, and 2021, fish sampled later in the season 
had higher C:N ratios, whereas in 2017, 2019, and 2022 C:N did not increase with month.

Predictors of muscle energy content

Generalized additive modeling revealed the influence of environmental conditions on variation in albacore muscle tissue 
C:N, an indicator of energy content (Table 1, Fig 4; deviance explained = 39.9%). C:N was strongly affected by tempera-
ture, increasing as SST

f
 decreased. C:N also had positive relationships with predator fork length, month, and CUTI

pre
. 

ED
mean

 and Chl-a
f
 were not significant predictors of C:N, and were penalized out of the model.
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Fig 2.  Time series. Time series of albacore diet composition as estimated mean proportional prey weight, prey ED
mean

, C:N mass ratio, SST
f
, Chl-a

f
, and 

CUTI
pre

. Points in the SST
f
, Chl-a

f
, and CUTI

pre
 plots indicate years included in the GAM.

https://doi.org/10.1371/journal.pone.0331436.g002

https://doi.org/10.1371/journal.pone.0331436.g002


PLOS One | https://doi.org/10.1371/journal.pone.0331436  September 11, 2025 8 / 15

Discussion

Access to a long time series that included both stomach contents and muscle tissue samples allowed for the examination 
of patterns in body condition as indicated by muscle energy content. We investigated whether variability in predator size, 

Fig 3.  Boxplots of C:N mass ratio across months and years. Sample sizes are shown above each box.

https://doi.org/10.1371/journal.pone.0331436.g003

Table 1.  Summary of covariate contributions to GAM.

C:N ~ s(predator fork length, k = 10) + s(month, k = 3) + s(EDmean, k = 10) + s(SSTf, k = 3) + s(Chl-af, k = 3) + s(CUTIpre, k = 3), n = 113, Adj 
R2 = 0.32

Parametric coefficients estimate t-value p-value

Intercept*** 1.54 78.62 <0.001

Smooth terms edf F-value p-value

s(predator fork length)** 1.10 0.75 <0.01

s(month)** 1.05 2.95 <0.01

s(EDmean) 0.00 0.00 0.50

s(SSTf)*** 1.70 21.00 <0.001

s(Chl-af) 0.00 0.00 0.32

s(CUTIpre)** 1.60 4.22 <0.01

Value estimate, t-value, and p-value given for the parametric coefficient intercept. Estimated degrees of freedom (edf), F-values, and p-values given for 
each smooth term. * after coefficient or term name reflects statistical significance based on p-value: ‘***’ denotes significance at p < 0.001, ‘**’ at p < 0.01, 
‘*’ at p < 0.05.

https://doi.org/10.1371/journal.pone.0331436.t001

https://doi.org/10.1371/journal.pone.0331436.g003
https://doi.org/10.1371/journal.pone.0331436.t001
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month, diet, and environmental factors have a measurable impact on the muscle energy content of juvenile albacore. 
Albacore muscle tissue C:N increased with month, albacore size, and pre-season upwelling (CUTI

pre
) and decreased with 

increasing fishing season sea surface temperature (SST
f
). Neither the mean energy density of prey (ED

mean
) nor fishing 

season Chl-a (Chl-a
f
) were significant predictors of C:N. C:N and AFDW of albacore muscle tissue, proxies for tissue lipid 

content and energy density, respectively, were positively, though weakly, related.

Mechanistic interpretation of relationships

Albacore fat content has been observed to increase throughout the foraging season in the California Current [19] and in 
the Bay of Biscay [20]. The increase over the course of the season indicates that the fish are feeding successfully and 
adding to their fat reserves for use as energy for migration, growth, and maturation. The positive relationship we observed 
between C:N and fish size is consistent with the observations of increasing fat content with fork length for albacore of sim-
ilar size in the Bay of Biscay [20]. Albacore likely exhibit a decrease in growth rate with increasing length, thus as the fish 
become larger, they store more ingested energy as fat reserves instead of utilizing it for rapid growth [20].

The northeast Pacific Ocean has experienced longer and more frequent marine heatwaves over the past 15–20 years 
relative to the late 20th century [49]. Notable summer marine heatwaves have occurred in the CCS in most years since 
2013 [50,51]. In recent years, marine heatwave conditions have peaked during summer, and subsided during fall [51], 
overlapping with peak fishing season for albacore. Temperature can impact tuna metabolic rate directly [52,53] or through 
indirect effects on prey availability or quality, including changes in spatial aggregation or distribution. Along with SST, 
upwelling can impact the spawning timing of important prey species including anchovy and sardine [54]. Upwelling early 
in the year may act as a prey preconditioning factor, influencing the sizes and nutritional value of prey available when the 
albacore arrive to feed [44]. During recent marine heatwaves, the trophic pathways supporting pelagic prey species in the 
northern CCS shifted towards gelatinous, less nutritious zooplankton [11]. If prey are in poor condition during warm events 

Fig 4.  GAM partial effect plots. Model results of the partial effect of predator length, month, temperature, prey mean energy density, Chl-a, and CUTI 
on individual muscle tissue C:N of albacore. Deviance explained = 39.9%. Fitted lines and 95% confidence intervals (dashed lines) are shown; whiskers 
on the x-axis are observations for that covariate. n = 113.

https://doi.org/10.1371/journal.pone.0331436.g004

https://doi.org/10.1371/journal.pone.0331436.g004
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because of a shift in the food web [11,55], then predators may gain less energy during these times, even without any 
change in diet composition.

The local environmental variables included in the GAM are also related to larger, basin scale indices that could lead to 
interannual variation in the muscle energy content of albacore on arrival in the CCS through carryover effects of conditions 
during their winter offshore phase. Summer SSTs are more weakly connected to persistent, basin-scale patterns than win-
ter SSTs, due to stronger stratification and lower thermal inertia during summer [56]. However, summer SST is impacted 
by El Niño-Southern Oscillation (ENSO) variability [57], as well as non-ENSO basin-scale circulation and regional winds 
[58]. The broad polygon used in this study captures both the extent of cooler, nearshore upwelled waters and the tempera-
ture of offshore oceanic waters, both of which are likely important to predator and prey distribution and overlap [58,59].

We did not find an impact of ED
mean

 of prey on predator muscle energy content, which could be the result of several 
non-exclusive explanations. While juvenile albacore generally select high energy prey [3], other factors such as size com-
position, spatial distribution, and schooling behavior can impact realized predator diet composition and net energy gain 
[5,6,60]. For example, larger forage fish may be more efficient for predatory tuna to capture and consume, the absence 
of which can result in unexpectedly poor predator body condition even when smaller members of prey species are abun-
dant [6]. A shift in size composition would impact predator body condition without being reflected in dietary composition 
or ED

mean
. Juvenile albacore prey also tend to exhibit schooling behavior [3]. More densely packed prey facilitate more 

efficient feeding [60], which reduces the energy expended and time required to consume the predator’s daily ration. Lastly, 
the actual ED of consumed prey may have varied under the influence of environmental factors [11,55], which was masked 
by our use of static ED values from the literature for analysis.

Caveats and limitations

While we examined both C:N and AFDW as indications of albacore muscle energy content, the measurements were only 
weakly positively related. Several factors could have contributed to the observed discrepancies. Both C:N and ADFW are 
proxies for fat or energy content, but are not direct measurements of either nutritional quality metric which may add noise 
to the relationship. We may have found discrepancies even if we were able measure lipid and energy density directly. 
While lipid is a major contributor to the caloric content of fish tissue, its actual caloric equivalent varies based on the 
composition of saturated and unsaturated fat components [61]. Thus, estimates of energy density inferred from proximate 
composition and singular caloric equivalents for each component can differ significantly from direct measurements using 
bomb calorimetry [62]. In addition, available muscle tissue was from the dorsal part of the head. Whole body or belly anal-
ysis may result in different conclusions due to differential body composition [63]. Even small differences in the collection of 
tissue by different processors could impact composition. We predicted C:N in our model due to the larger number of years 
sampled, and it may be a better metric when considering muscle only rather than whole fish. In whole fish, scales and 
bones contribute less to the total compared to muscle as body condition increases, which increases %AFDW. Whole body 
metrics are less practical in large fish like albacore than smaller fish like anchovy. We assume here that muscle tissue 
energy content reflects albacore health and total body condition, but that assumption has not been tested. Neither C:N nor 
%AFDW showed a significant relationship with the morphometric relative condition factor, but this analysis only included 
the two years where weights were directly reported (2021 and 2022) and spanned a limited range of values.

We did not find an impact of diet composition, summarized here as ED
mean

, on the muscle energy content of albacore. 
Total energy consumed over the course of a day may have been a more informative metric, however we determined that 
albacore stomach contents generally reflect less than a full day’s feeding. Compared by weight, estimates for tuna daily 
ration hover around 2% albacore body weight [64–66]. 92% of albacore with prey contained less than that benchmark, 
while 40% had less than 0.2% albacore body weight. In addition, the average total kJ per albacore stomach was esti-
mated to be 235.3 kJ, which is much less than the 3766 kJ that Whitlock et al. [53] estimated that similarly sized Pacific 
bluefin tuna (Thunnus orientalis) consumed per day in the CCS. By both approaches, the average values are consistently 
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less than the benchmarks expected from the literature, which indicates that our opportunistically collected samples under-
estimate the total daily consumption of juvenile albacore in the region. While it is theoretically possible to extrapolate a 
full day’s consumption from stomach contents consumed over a limited part of the day, the required calculations were not 
possible in this case. Albacore primarily feed during the day [16] and we have no record of the time each fish was col-
lected. We therefore cannot differentiate between a fish collected early in the morning, before it has engaged in most of 
its feeding activity for the day, and a fish collected later in the day that encountered few potential prey. In addition, tunas 
can digest their prey rapidly [67], leading us to use reconstructions rather than direct measurements of prey weights and 
potentially missing contributions from soft bodied organisms that lack hard components.

The different timescales over which stomach contents and muscle energy content integrate may also influence the 
connection between the two metrics. In albacore, stomach contents reflect energy consumed over part of a day while 
muscle content in tunas has been found to integrate on the timescale of months [68]. The time lag can lead to a mismatch 
between stomach contents and muscle energy content in highly mobile predators during transitions between locations 
and/or prey [69]. Albacore have also been shown to be highly opportunistic, with variation in stomach contents on small 
scales of time and space [17]. While stomach contents reflect a single meal, individual albacore likely consume more var-
ied prey over the period of time represented by muscle tissue.

Our samples were collected opportunistically through partnerships with commercial fishers, which provided a long time 
series but introduced some analytical challenges. A designed survey with monthly sampling could resolve some of the 
uncertainties by providing a more complete accounting of the impact of month on fish muscle energy content compared to 
other factors varying by year. Direct measurements of weight across a wider range of environmental variability would allow 
for a more robust comparison of morphometric and muscle energy content indicators of body condition. More detailed 
records may be able to clarify the impacts of time of day on stomach fullness.

Broader implications

The ability of juvenile albacore to meet their energetic needs is more directly related to environmental factors than to the 
composition of their diets, which reflects a resilience to shifts in prey composition. However, their muscle energy content 
was lowest in the warmest year sampled (2019), suggesting that warmer conditions in the CCS may be detrimental for 
albacore in the region.

The CCS is projected to continue to warm substantially over the coming decades [70]. Coastal upwelling is projected to 
strengthen in the northern CCS, but there is uncertainty about the impacts of this increase on nutrient concentrations and 
primary productivity. Different climate models also disagree on changes in upwelling season phytoplankton biomass [71]. 
Given that albacore have diverse diets [17,72], it is difficult to anticipate how prey availability and energetic landscapes 
might change in the future. Albacore forage in the CCS as juveniles to gain energy and improve body condition before 
returning to the subtropical western North Pacific to spawn [16]. Years such as 2019, where albacore did not appear to 
improve in muscle energy content across the summer, may have implications for longer-term migratory patterns if this 
becomes more the norm in future. The mean C:N in 2019 of 3.49 approached the value of pure collagen protein (3–3.3, 
[73]), indicating that the fish were in poor condition. Our finding of low C:N in 2019 was in alignment with observations by 
fishers, who reported that albacore were thinner than usual that year (Rick Goche, Aquatic Resources Inc., pers. comm.).

Annual albacore landings in Oregon and Washington are highly variable [18]. Years of high or low landings are often 
not related to stock-wide recruitment or biomass, so variability in fish movements is assumed to be important. Frawley 
et al. [18] show that the fishery has moved substantially over time to follow concentrations of fish. These shifts could be 
driven by factors such as prey availability, but clear evidence has not yet been identified [17]. The present study suggests 
that environmental variability may influence albacore availability to the fishery if albacore make decisions about where to 
feed and how long to stay in the CCS as either a direct result of the environment or based on changes in body condition 
due to feeding.
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Conclusion

Albacore tuna are opportunistic predators that can successfully consume a variety of prey items. The C:N content of alba-
core white muscle tissue, which reflects fat stores and energy reserves for use in growth and migration, increased with 
albacore fork length and month. If time and size are accounted for, seasonal environmental conditions within the north-
ern CCS also impacted C:N ratios, which decreased with SST and increased with upwelling intensity. The mean energy 
density of prey was not an important explanatory variable, but future research may clarify the relationship between prey 
composition and predator body condition. Tracking albacore body condition allows us to assess foraging success, which 
in turn indicates how well provisioned albacore are for their annual migrations and whether the CCS remains a sufficient 
foraging ground for their needs into the future.
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