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ABSTRACT
Juvenile north Pacific albacore (Thunnus alalunga) for-

age in the California Current System (CCS), supporting 
fisheries between Baja California and British Columbia. 
Within the CCS, their distribution, abundance, and for-
aging behaviors are strongly variable interannually. Here, 
we use catch logbook data and trawl survey records to 
investigate how juvenile albacore in the CCS use their 
oceanographic environment, and how their distributions 
overlap with the habitats of four key forage species. We 
show that northern anchovy (Engraulis mordax) and hake 
(Merluccius productus) habitat is associated with produc-
tive coastal waters found more inshore of core juvenile 
albacore habitat, whereas Pacific sardine (Sardinops sagax) 
and boreal clubhook squid (Onychoteuthis borealijaponica) 
habitat overlaps more consistently with that of albacore. 
Our results can improve understanding of how albacore 
movements relate to foraging strategies, and why prey-
switching behavior occurs. This has relevance for the 
development of ecosystem models for the CCS, and for 
the eventual implementation of ecosystem-based fish-
ery management. 

INTRODUCTION
Ecosystem-based fishery management (EBFM) aims 

to account for environmental and ecosystem factors 
within fisheries assessment and management frameworks 
(Link 2017). This goal can be achieved through many 
possible approaches of varying complexity; including 
explicit consideration of processes such as climate vari-
ability and change, habitat quality, predator-prey rela-
tionships in models of species productivity, distribution, 
and trophic structure (Pikitch et al. 2004; Link 2017). 
Optimal management strategies may involve trade-offs, 
as managers balance a desire to maximize sustainable 
catch of target species while preserving ecosystem func-
tion, particularly for major forage species such as clu-

peiods, krill, and some cephalopods (Smith et al. 2011). 
Many of these forage species are fished commercially, 
but also support higher-order predators further up the 
food chain, such as other exploited species (e.g., tunas, 
billfish) and protected resources (e.g., marine mammals 
and seabirds) (Pikitch et al. 2004; Link and Browman 
2014). Effectively managing marine ecosystems to pre-
serve these trophic linkages, and improve robustness of 
management strategies to environmental variability, thus 
requires knowledge of food web structure. 

Food webs of the California Current System (CCS) 
are comparatively well studied (e.g. Field et al. 2006; 
Kaplan et al. 2013; Rose et al. 2015; Koehn et al. 2016). 
However, it is not yet clear how the dynamic nature of 
the CCS in space and time impacts trophic structure and 
predator-prey relationships, which presents a challenge 
for building ecosystem models (Hunsicker et al. 2011). 
The diets of many large pelagic predators may vary both 
temporally and spatially, reflecting opportunistic feeding 
strategies. Some studies in the CCS have shown a near-
exclusive reliance of pelagic predators such as tunas on 
one prey species, particularly coastal pelagic fishes such 
as anchovy (Engraulis mordax), while others show a much 
more diverse diet including crustaceans and cephalopods 
(Pinkas et al. 1971; Bernard et al. 1985; Glaser 2010). 
Existing studies have typically been snapshots, provid-
ing limited information on how predator-prey interac-
tions vary at higher temporal and spatial scales. However, 
such variability has implications for how energy flows 
through the food web, as well as foraging costs and net 
energy gain in predators, some of which migrate long 
distances to reach the CCS (Childers et al. 2011; Fujioka 
et al. 2018). Prey-switching behavior in predators may be 
triggered by changes in dominant species in the ambient 
prey assemblage, or by active targeting of preferred or 
high-energy prey when these are more available (Begoña 
Santos et al. 2013). The importance of these behaviors to 
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tance of subsurface water column structure in species 
distributions. We compared results between three con-
trasting years with different environmental conditions: a 
weak El Niño year (2004), a cool La Niña year (2012), 
and a very warm El Niño/marine heat wave year (2015). 
Overall, we aimed to provide a better understanding of 
how these species overlap in space and time, and how 
environmental variability impacts their distributions. 

METHODS

Biological data sources
Albacore catch per unit effort (CPUE) was defined 

as the number of fish recorded per vessel-day in the 
US pole-and-line and troll fisheries. These were 
obtained from logbooks from US vessels submitted to 
the National Oceanic and Atmospheric Administration 
(NOAA) National Marine Fisheries Service (NMFS). 
Data were available throughout the central and east-
ern North Pacific Ocean from 1961 through the end 
of 2015. However, we limited records used for SDM 
training to those contained within the ROMS domain 
(fig. 1, and see further description below), and within the 
time period covered by the MODIS Aqua and VIIRS 
ocean color missions (mid-2002 onwards). This ensured 
that at least two of the three ocean color satellites (Sea-
WiFS, MODIS Aqua, VIIRS) were available to source 
surface chlorophyll for most of the sets, limiting obser-
vations lost to clouds. To account for varying degrees of 
accuracy in fishing locations reporting in the logbooks, 
we removed records where fishing latitude and longi-
tude were both reported in whole degrees (n = 2,937), 

pelagic predators in the CCS is not yet well known. A 
first step to understanding foraging ecology is therefore 
to define the spatial and environmental niches occupied 
by interacting predator and prey species, and to assess 
how the degree of overlap between these varies in space 
and time. 

Foraging behaviors in commercially important preda-
tors have implications for the fisheries that target them. 
Switching between shallow-living prey species and those 
that live deeper in the water column, or undertake diel 
vertical migrations, may impact the availability of pred-
ators to fishing gear. For example, commercial and rec-
reational tuna fisheries in the CCS mostly use surface 
gear, which is largely deployed during daylight hours 
(Teo 2017; Runcie et al. 2018). Consequently, shifts in 
the vertical distribution of tuna in response to forage will 
impact gear vulnerability and catch. Improving under-
standing of spatiotemporal predator-prey relationships 
between commercially important species thus has the 
potential to benefit fishers, future management strate-
gies in the CCS, and to contribute to the implementa-
tion of EBFM.

In this study, we used statistical species distribution 
models (SDMs) to predict the distribution of a top pred-
ator (albacore: Thunnus alalunga) and five key prey spe-
cies (northern anchovy: Engraulis mordax; hake: Merluccius 
productus; boreal clubhook squid: Onychoteuthis borealija-
ponica; Pacific sardine: Sardinops sagax; and Pacific saury: 
(Cololabis saira) in the CCS. Environmental predictors 
were sourced from a high-resolution, data-assimilative 
CCS configuration of the Regional Ocean Modeling 
System (ROMS), allowing examination of the impor-

Figure 1.  Map of the study area and ROMS domain. The total number of sets in the albacore surface fishery 2002–15 (left), and hauls in the NOAA SWFSC 
 trawl surveys 2003–16 (right) are also shown. Locations with < 3 vessels reporting data for the troll fishery are not shown.
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fore proceeded with anchovy, saury, hake, sardine, and 
clubhook squid as the five prey species for which to 
construct SDMs. 

Occurrence records for prey species were obtained 
from trawl surveys conducted by the NOAA Southwest 
Fisheries Science Center (SWFSC), with 1,486 hauls 
completed between 2003 and 2016. Sampling effort was 
primarily concentrated in spring (April: 460 hauls) and 
summer (July–August: 691 hauls), but some samples were 
also available from other months between March and 
October. The trawl net was towed near the surface at 
night, at a target speed of 3.5–4.0 knots. The net was 
fitted with an 8 mm mesh liner in the codend (more 
details are contained in Zwolinski and Demer 2012; 
Zwolinski et al. 2012, and Weber et al. 2018). Sampling 
was concentrated on the continental shelf and slope. 

Environmental variables
Environmental predictors for the SDMs were sourced 

from a data assimilative CCS configuration of ROMS, 
with 42 terrain-following vertical levels, and a domain 
covering 30˚–48˚N, inshore of 134˚W at 0.1˚ horizon-
tal resolution (http://oceanmodeling.ucsc.edu/ccsnrt ver-
sion 2016a; Veneziani et al. 2009; Neveu et al. 2016). The 
temporal scale of the biological data covered two ROMS 
iterations; a historical reanalysis (1980–2010; Neveu et al. 
2016) and a near real-time product (2011–present). Envi-
ronmental variables used in the SDMs were limited to 
those that were consistent across the reanalysis products 
(Becker et al. 2018; Brodie et al. 2018). 

The predictors extracted from the data assimila-
tive CCS model for use in the SDMs were similar to 
those used previously to model distributions of large 
pelagic fishes and mammals in the CCS (Scales et al. 
2017; Becker et al. 2018; Brodie et al. 2018) (table 1). 
Variables included sea surface temperature (SST), mea-
sures of mesoscale oceanographic features (sea surface 
height, eddy kinetic energy), and measures of current 
flow and wind stress (northward and eastward wind 
stress and current velocities, wind stress curl). These 
were extracted as 0.3 by 0.3 degree means for alba-
core fishing locations, and at 0.1 degree native resolu-
tion for trawl sampling locations, to best align with the 
spatial resolution of the biological data. The exception 
was wind stress curl, which was extracted at 0.5 degree 
resolution for all data sets, to account for the coarser 
resolution of wind forcing used to force the historical 
reanalysis. In addition to the surface-associated predic-
tors, we included two indicators of subsurface water 
column structure, as Brodie et al. (2018) found them 
to be useful predictors of the distribution of other large 
pelagic fishes. These were isothermal layer depth, and 
bulk buoyancy frequency, which represents stratification 
and stability in the upper water column. Isothermal 

assuming that these were approximate locations. Loca-
tions of all remaining records were then coarsened to 
show catch per vessel/day at 0.25˚ resolution, to align 
with expected accuracy in location reporting, and vessel 
movements while fishing (see Nieto et al. 2017). These 
filtering criteria resulted in 129,693 spatially explicit, 
daily data points for environmental data extraction. 

A fishery-independent data set was also available to 
validate albacore habitat predictions. Since 2001, NMFS 
and the American Fishermens Research Foundation 
(AFRF) have collaborated to tag albacore in the CCS 
with archival tags (see Childers et al. 2011 and Snyder 
2016 for more details). To date, 30 tags have been recov-
ered; 22 between 2003 and 2008, and a further 8 from 
2012 to the present. Location data for all recovered tags 
was processed using an unscented Kalman filter (Lam et 
al. 2008). 4,624 daily estimated tagged albacore locations 
were available within the ROMS domain, covering 11 
years between 2003 and 2016. Although positional error 
from this type of tag can be substantial (>1 degrees), 
we extracted environmental variables at all daily archi-
val tag locations in the same way as for the troll fishing 
locations. As a comparison, we also extracted environ-
mental variables for the same dates as the tag locations, 
but at random locations throughout the ROMS domain 
(“pseudo-absences”). Random locations were generated 
using “spsample” in the “sp” package in R (Pebesma and 
Bivand 2005). Predicted habitat quality from the alba-
core SDM (see description below) was then compared 
between the tag locations, and the pseudo-absence loca-
tions. In addition, as tagged albacore were sometimes 
located in regions outside the main area of fishing opera-
tions, tag locations were added to maps of predicted alba-
core CPUE as a means of qualitative validation. 

We used the Glaser (2010) comparative study of 
albacore diets to choose key prey species to model. The 
most important prey taxa were defined as those which 
had contributed >20% energetic contribution to diets 
in any region of the CCS, defined as north (>44˚N), 
central (34˚–44˚N), and south (<34˚N), in any of the 
four studies examined covering years 1949–2006. These 
criteria resulted in the selection of northern anchovy, 
Pacific saury, hake, and cephalopods for further anal-
ysis. We also included sardine, which is a key CCS 
forage species that showed moderate energetic contri-
bution (15.3%) to albacore diets in the southern CCS 
in 2005–06, but was of surprisingly little importance 
in the other feeding studies. We narrowed the cepha-
lopod group further by examining the results of the 
two studies that found them to be of greatest impor-
tance: Pinkas et al. (1971), and Glaser et al. (2015). 
Both studies showed that boreal clubhook squid (club-
hook squid hereafter) contributed the most to albacore 
diets, in terms of % energetic contribution. We there-
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Eddy kinetic energy and surface chlorophyll were 
strongly right-skewed, and so as a result were loge and 
4th root transformed, respectively, before further analy-
sis. Cross-correlation matrices were then used to iden-
tify any collinear predictors, across all biological locations 
for which environmental data were extracted. Sea sur-
face temperature was moderately and positively corre-
lated with bulk buoyancy frequency (r = 0.70). However, 
leaving both variables in the SDMs resulted in stronger 
models for all species (determined by comparisons of 
R2 for the albacore SDM and area under the receiver 
operating curve (AUC) for the prey species SDMs), and 
so we elected to keep both in the suite of predictors. 
All other correlations among variables were < r = 0.6. 

Forage fish species may show dramatic fluctuations 
in stock biomass over short periods of time, and may 
also restrict their migration patterns at low population 
sizes (MacCall 1990; Demer et al. 2012; Zwolinski et al. 
2012). As a result, theoretically suitable environmental 
habitat may be unoccupied when stocks are at low levels, 
impacting the probability of occurrence in trawl surveys, 
and potentially model performance (Weber et al. 2018). 
To account for these interactions, we included annual 
biomass indicators in the hake, sardine, and anchovy 
SDMs, as additional predictors. Estimates of hake bio-
mass (in metric tons) were sourced directly from the 
stock assessment (Edwards et al. 2018). Recent estimates 
of sardine spawning biomass were also sourced from the 
most recent stock assessment, however this assessment 
model only includes output for 2006 through 2016 (Hill 
et al. 2018). Values for years prior to 2006 were sourced 
from a prior stock assessment, and should be considered 
more uncertain (Hill et al. 2014). As there is no current 
stock assessment for anchovy, we followed Zwolinski 
and Demer (2012) by estimating biomass from three-
year running mean larval abundances from CalCOFI 
surveys. We calculated these by averaging larvae per m2 

across stations which were sampled between January and 

layer depth was calculated as the depth at which tem-
perature deviates by 0.5˚C relative to the surface, while 
bulk buoyancy frequency was calculated as the mean 
buoyancy frequency in the upper 200 m of the water 
column (or to the bottom in shallower water). The spa-
tial standard deviation of both sea surface temperature 
and sea surface height at 0.7 degree resolution were 
also included as predictors, to highlight areas of high 
variability such as frontal zones (Hazen et al. 2018). The 
percent of the moon illuminated on the troll fishing or 
trawl sampling date was also included as a predictor, as 
some prey and predators have been shown to alter their 
vertical distributions depending on moon phase (e.g., 
Sepulveda et al. 2010; Drazen et al. 2011). 

Surface chlorophyll concentration was extracted from 
the SeaWiFS (1997–2010), MODIS Aqua (2002–16), 
and VIIRS (2012–16) sensors, using the SWFSC Envi-
ronmental Research Division’s ERDDAP server. Chlo-
rophyll was extracted at 0.25 degree spatial resolution for 
albacore fishing, tagged albacore, and trawl survey loca-
tions, from 8-day composites, to minimize the number of 
observations lost to cloud cover. Where more than one 
chlorophyll product was available (64.8% of troll loca-
tions, and 77.6% of trawl locations), a mean between 
the two was taken. Troll locations with no chlorophyll 
information due to clouds were removed, leaving a total 
of 111,984 points for SDM training. Similarly, removing 
daily archival tag positions with no chlorophyll infor-
mation left 3,695 locations for model validation. The 
trawl survey data set was much smaller than the fish-
ery-dependent logbook data set, and so to preserve as 
much data as possible, monthly chlorophyll was used at 
sampling locations with no 8-day chlorophyll available. 
This impacted 65 observations, or 4.4% of the data set. 
A comparison of 8-day and monthly chlorophyll at the 
remaining 1421 stations showed them to be closely cor-
related (r = 0.83), and so this substitution likely did not 
impact the results substantially. 

TABLE 1
Environmental variables used as predictors in SDMs for all species. “st.dev” denotes standard deviation.

Variable Name	 Measured Unit	 Source

Sea surface temperature	 ˚C	 ROMS
Sea surface temperature st.dev.	 ˚C	 Derived from ROMS
Sea surface height	 m	 ROMS
Sea surface height st.dev.	 m	 Derived from ROMS
Surface eastward current velocity	 m/s	 ROMS
Surface eastward wind stress	 N/m2	 ROMS 
Surface northward current velocity	 m/s	 ROMS
Surface northward wind stress	 N/m2	 ROMS 
Wind stress curl	 N/m3	 ROMS 
Eddy kinetic energy (log)	 m2/s2	 Derived from ROMS
Isothermal layer depth	 m	 Derived from ROMS
Bulk buoyancy frequency	 /s	 Derived from ROMS
Surface chlorophyll (4th root)	 mg/m3	 SeaWiFS, MODIS Aqua, VIIRS
Moon phase	 %	 “lunar” R package
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not used for building the models. The relative influence 
of each predictor in the model is scored out of 100 based 
on the number of times each variable is used for tree 
splitting, weighted by the squared improvement to the 
model as a result of each split, and averaged over all trees 
(Elith et al. 2008). 

SDMs were visualized using one- and two-dimen-
sional partial plots. The marginal effect of each predic-
tor in each SDM was shown by plotting observed and 
predicted abundance (for albacore) or occurrence (for 
prey species) against binned environmental variables, 
integrated across all other predictors. Additionally, two-
dimensional partial relationships were visualized using 
plot.gbm in the “gbm” package, which shows the pre-
dicted marginal effects of two predictors simultaneously. 

Initial tests of the albacore SDM showed that the 
model did not resolve the lower temperature limit of 
favorable habitat in a biologically reasonable way, with 
surface temperatures of <9˚C predicted to be suit-
able. These predictions are contrary to current knowl-
edge on the physiology of albacore, and were caused by 
there being very few troll sets completed in cold waters. 
This bias is a common issue with building SDMs using 
fishery-dependent data, as fishers rarely fish in strongly 
unsuitable habitat (Jones et al. 2012). We thus followed 
Muhling et al. (2017) by adding 54 “dummy” zero catch 
locations to the data set, located at whole degree loca-
tions from 43˚–48˚N, and 134˚–126˚W, in January and 
February, for each year from 2003–15. Albacore have 
never been recorded in this region in January and Febru-
ary by commercial or recreational fishers, or by archival 
tag locations, and we therefore assumed that these loca-
tions represented strongly unfavorable habitat. A total 
of 984 of these dummy locations had all environmen-
tal variables available (including chlorophyll), and were 
added to the 111,988 true catch records, giving 112,972 
total points. The addition of this relatively small number 
of dummy locations forced a more biologically realis-
tic lower temperature limit in the SDM, with negligi-
ble effect on predictions at surface temperatures >10˚C. 
However, this should be noted as a source of uncertainty 
in the albacore SDM. 

RESULTS
Bulk buoyancy frequency was the most important 

variable in the albacore CPUE SDM, with a score of 
17.57 (table 2). Sea surface temperature (11.70) and 
surface chlorophyll (10.90) were also influential to the 
model. Notably, recruitment strength 2 and 3 years 
prior were not particularly important to the albacore 
SDM, ranking 14th and 16th, respectively, out of the 
16 total predictors. The coefficient of determination  
(R2) between observed and predicted CPUE in the 
unseen validation portion of the data set was 0.31.  

June using standard oblique bongo net tows. We only 
included “core” sampling stations between 30˚–40˚N, 
east of 130˚W, which were sampled in at least 15 of the 
20 years between 1997–2016. We note that CalCOFI 
larval abundance indices are most applicable to the cen-
tral anchovy stock, and that the sardine stock assessment 
covers only the northern sardine stock. However, trawl 
surveys likely capture anchovy and sardine from other 
subpopulations (particularly the more northern anchovy 
stock) at certain times of year. Saury larvae and clubhook 
squid paralarvae are only rarely recorded in CalCOFI 
surveys, and so no biomass indicators were included in 
the SDMs for these two species. 

Similarly, the overall abundance of juvenile albacore in 
the CCS each year could theoretically be influenced by 
stock-wide recruitment strength several years earlier. We 
therefore included annual recruitment estimates from the 
North Pacific albacore stock assessment in the albacore 
SDM (ISC 2017). As the majority of albacore caught by 
the surface fleet are 2–3 years old, we used recruitment 
estimates from 2 and 3 years prior as two separate pre-
dictor variables. As North Pacific albacore recruitment 
is strongly variable from year to year, these two recruit-
ment time series were not strongly correlated (r = 0.19), 
and so both were included in the SDM. 

SDMs
SDMs were built and visualized using boosted regres-

sion trees (BRTs) in the “dismo” and “gbm” packages 
for R Version 3.3.2 (Elith et al. 2008; Ridgeway 2017). 
The BRT for albacore CPUE was constructed using a 
Gaussian distribution, with CPUE values transformed 
using log10(x+1) beforehand to reduce skewness. The 
BRTs predicting the probability of presence for the five 
prey species were built using a Bernoulli distribution. 
The optimum tree complexity and learning rate for 
each SDM, to maximize skill and minimize overfitting, 
was determined largely following the guidelines in Elith 
et al. (2008). BRTs were built using 50% of the avail-
able training data, selected randomly, and then scored on 
the remaining 50% of the data. The configuration with 
the lowest error on the unseen validation data set, and 
which also resulted in a model with at least 2,000 trees, 
was assumed to be the best. This exercise resulted in a 
tree complexity value of 7 for the albacore SDM, and 5 
for each of the prey species, with a learning rate of 0.1 
for the albacore SDM, 0.0008 for the anchovy SDM, 
0.0006 for the hake SDM, 0.00005 for the saury SDM, 
and 0.0002 for the sardine and clubhook squid SDMs, 
with a bag fraction of 0.6 in all cases. Overall model 
skill was determined using R2 between predicted and 
observed values for the albacore CPUE SDM, and AUC 
for the prey species presence/absence SDMs. These skill 
metrics were calculated using only the validation data 
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TABLE 2
Predictor variable importance to all 5 SDMs. The top three most important variables for each SDM are shaded in gray. 

Variable Name	 Albacore	 Anchovy	 Hake	 Sardine	 Clubhook

Sea surface temperature	 11.70	   6.98	   4.92	 14.04	 10.46
Sea surface temperature st.dev.	   5.06	   6.97	   6.53	   6.73	   6.56
Sea surface height	   6.00	   6.23	 10.53	   6.19	   5.92
Sea surface height st.dev.	   4.62	   3.59	   7.46	   3.45	   5.56
Surface eastward current velocity	   3.85	   3.31	   5.60	   4.09	   2.28
Surface eastward wind stress	   4.86	   4.03	   3.42	   6.31	   7.60
Surface northward current velocity	   4.17	   6.66	   3.16	   4.95	   3.24
Surface northward wind stress	   4.78	 15.82	   3.70	 5.1	 9.4
Wind stress curl	   4.81	   2.72	   4.31	   5.86	   7.29
Eddy kinetic energy (log)	   3.73	   7.27	   4.37	   5.37	   3.64
Isothermal layer depth	   6.34	   9.52	   9.03	   3.41	 10.65
Bulk buoyancy frequency	 17.57	   5.74	 10.03	   8.27	   8.34
Surface chlorophyll (4th root)	 10.90	 12.51	 17.89	 10.41	   6.58
Moon phase	   4.83	   5.01	   6.86	   4.78	 11.44
Albacore recruits 2 years ago	   3.83	 —	 —	 —	 —
Albacore recruits 3 years ago	   2.93	 —	 —	 —	 —
Anchovy SSB index	 —	   3.64	 —	 —	 —
Hake SSB index	 —	 —	 2.2	 —	 —
Sardine SSB index	 —	 —	 —	 11.03	 —
SDM AUC or R2	 R2 = 0.31	 AUC = 0.82	 AUC = 0.79	 AUC = 0.78	 AUC = 0.71

Figure 2.  Partial response curves from binned observations and the SDM for albacore, for the four most influential predictors in the model.
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location estimates of tagged fish, making migrating ver-
sus foraging behavior difficult to distinguish, tagged fish 
were preferentially located in habitat predicted to be 
more suitable by the SDM. 

The anchovy SDMs performed strongly on the 
unseen validation data (AUC = 0.82), while the hake, 
sardine, and clubhook squid AUCs were good to fair 
(0.79, 0.78, and 0.71, respectively) (Pearce and Ferrier 
2000; Weber and McClatchie 2010). The saury SDM 
AUC (0.69) indicated the weakest model of the five. 
This result was likely due to the low proportion of pos-
itive occurrences of saury in the trawl data (45/1373 
stations), which limited the power of the SDM for this 
species. As spatial predictions from the saury SDM were 
also patchy, and biologically implausible, this model was 
not considered further. 

SDMs for the remaining four prey species were 
strongly influenced by surface chlorophyll (table 2). Sur-
face temperature was the most important variable in 
the sardine SDM, and also influential in the clubhook 
squid SDM, where it ranked 3rd of 14 predictors. The 
sardine biomass index was strongly important to the sar-
dine SDM, suggesting that sardine were more likely to 
be present when overall biomass was higher. In contrast, 
the anchovy biomass index was much less influential to 
the anchovy SDM (ranking 12th out of 15 predictors), 
and the hake biomass index was the least important of 
all predictors in the hake SDM. 

Partial plots for the three strongest predictors in each 
of the prey SDMs showed that hake and anchovy were 
associated with moderate to high surface chlorophyll 
concentrations, while sardine were associated with mod-
erate to low chlorophyll areas (fig. 5). Anchovy were also 
most likely to be present at weak (near-zero) north-

Partial plots suggested that albacore CPUE was generally 
highest at moderate values of bulk buoyancy frequency 
(~0.012 /s) and surface temperature (~15˚–20˚C), and 
at lower values of surface chlorophyll and isothermal 
layer depth (fig. 2). 

Predictions from the albacore SDM for 2004, 2012, 
and 2015 during the month of August (around the typi-
cal peak of the fishing season) showed some variability 
in habitat extent among years (fig. 3). In August 2004, 
predicted suitable habitat was located throughout the lat-
itudinal extent of the study region, between Baja Cali-
fornia in the south (30˚N), and the US–Canada border 
in the north (48˚N). In contrast, August 2012 had lower 
predictions of albacore habitat south of ~40˚N, with 
August 2015 showing an intermediate situation. There 
was little fishing effort south of 40˚N in all three years, 
making it difficult to validate the interannual variabil-
ity in predictions; however some albacore tagged with 
archival tags were located off Baja California in August 
2004, suggesting that there may have been some favor-
able habitat present during this year (fig. 3). In all years, 
the extreme inshore region close to the coast was pre-
dicted to be less favorable for albacore, as was the off-
shore, southwestern portion of the study area (south of 
37˚N, west of 123˚W). 

Predicted albacore CPUE was higher at the daily 
archival tag locations than it was at the random pseudo-
absence locations in the winter and summer, but dif-
ferences were minimal during spring and fall (fig. 4). 
Overall habitat suitability was highest during sum-
mer and lowest during winter at points throughout 
the ROMS model domain. However, predictions were 
markedly higher at the true tag locations. This result 
suggests that even though there is large uncertainty in 

Figure 3.  Predicted catch per unit effort (log CPUE) in fish/vessel/day in the albacore surface fishery during August for three example years: 2004, 2012 and 2015. 
Monthly means of the daily ROMS outputs are shown. Observed CPUE is shown in the black circles, with daily locations from albacore tagged with archival tags 
shown in pink, for the same month and year as the SDM predictions.
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Figure 5.  Partial response curves from binned observations and the SDM for four prey species, for the three most influential predictors in each model.

Figure 4.  Predicted catch per unit effort (log CPUE) from the albacore SDM at 3,695 daily locations of tagged albacore in the ROMS domain by month, between 
2003 and 2016. Predicted CPUE at 3,695 random locations in the ROMS domain sampled on the same dates as the tag locations are also shown. Error bars 
denote standard errors.
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all for clubhook squid (fig. 6). The probability of sardine 
occurrence was also predicted to be low, likely driven 
by the low biomass of sardine during 2015, and the high 
importance of the sardine biomass index to the SDM 
for this species. 

Previous studies have shown that anchovy and hake 
can be important to the diets of albacore. However, pre-
dictions from the SDMs (fig. 3, fig. 6) suggested some-
what minimal spatial overlap of these species with 
albacore. Two-dimensional representations of SDMs, 
showing partial relationships with surface chlorophyll 
and sea surface temperature averaged across all other pre-
dictors, also highlighted this separation in environmental 
space (fig. 7). Although surface chlorophyll and sea sur-
face temperature were moderately to strongly important 
to the SDMs for albacore, anchovy, hake, sardine, and 
clubhook squid (table 2), the partial relationships were 
quite different. While albacore CPUE was predicted to 
be highest at low surface chlorophyll and moderate sea 
surface temperatures, anchovy and hake were most likely 

ward wind stress. Sardine were most likely to be pres-
ent at moderate (~10˚–17˚C) sea surface temperatures, 
and during times of higher overall biomass. Clubhook 
squid were more commonly present in trawl surveys near 
to the full moon, at moderate to low isothermal layer 
depths, and moderate sea surface temperatures (~11˚–
18˚C) (fig. 5). 

Predictions of suitable habitat for the four prey species 
in August 2004, 2012, and 2015 highlighted the strong 
association of anchovy and hake with near-coastal envi-
ronments (fig. 6). In contrast, sardine were associated 
with both inshore and continental shelf environments, 
while clubhook squid were associated with continental 
shelf and offshore mesoscale features. Favorable habitat 
for hake appeared to extend further south in 2012, but 
it was difficult to validate predictions with so few sur-
vey data available. During the “blob” marine heat wave 
in 2015, anchovy and hake habitat was not predicted to 
be strongly different from the other two years exam-
ined. However, conditions appeared less favorable over-

Figure 6.  Predicted probability of occurrence (/1) of four prey species in the SWFSC trawl surveys during August for three example years: 2004, 2012 and 2015. 
Monthly means of the daily ROMS outputs are shown. Observed positive catch locations are shown in pink, with observed negative catch locations shown in black 
crosses, for the same month and year as the SDM predictions.
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gap-free environmental time series, and the availability of 
variables describing subsurface water column structure. 
Two of the four most influential variables in the alba-
core SDM were subsurface variables not available from 
satellite sensors: bulk buoyancy frequency and isother-
mal layer depth. Albacore CPUE was highest at moder-
ate values of bulk buoyancy frequency. This variable is 
a measure of water column stability, with higher values 
indicating a more stable, stratified water column, and 
low values indicating highly mixed, less stable waters 
typical of recent upwelling (Brodie et al. 2018). In prac-
tice, habitats with moderate BBV were those located just 
offshore of the upwelling zone, and may provide access 
to a transition zone between upwelled waters richer in 
prey, and more stable waters offshore where fish can 
recover from vertical movements (Snyder et al. 2017). 

to be collected where surface chlorophyll was higher, 
characteristic of the productive inshore waters in which 
they were most abundant. In contrast, sardine and club-
hook squid occupied similar environmental space to 
albacore, reflecting the occupation of the continental 
shelf and slope waters by both species. 

DISCUSSION
Results from the albacore SDM are generally consis-

tent with the findings of previous habitat modeling stud-
ies that used satellite variables as predictors (e.g., Nieto 
et al. 2017; Xu et al. 2017). Our model outputs showed 
that the highest catch rates for this species were located 
in the transitional area offshore of the coastal upwelling 
zone. However, the use of data assimilative CCS ocean 
model output provided the advantages of relatively long, 

Figure 7.  Two-dimensional representations of SDMs for albacore, anchovy, hake, sardine, and clubhook squid, showing the marginal 
effects of sea surface temperature (˚C), and surface chlorophyll (4th root transformed). Colors show predicted CPUE in catch/vessel/day 
(albacore), or probability of occurrence /1 (anchovy, hake, sardine, clubhook squid)
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Craig 1965; Childers et al. 2011). Although larger-scale 
migration patterns (Childers et al. 2011; Snyder 2016) 
and potentially stock structure (Laurs and Lynn 1977) 
likely influence the availability of albacore off southern 
California, results from the present study suggest that 
habitat suitability in the southern CCS may also contrib-
ute to interannual variability in north-south catch distri-
butions. Despite relatively high variability in recruitment 
in the years since 2002 (ISC 2017), we found no strong 
influence of year class strength on CPUE in the CCS. 
This apparent lack of influence of recruitment suggests 
that regional-scale environmental conditions may be 
more influential for determining catch rates, but addi-
tional examination of migration and movement patterns 
is likely needed to confirm this. 

The 2013–16 northeast Pacific marine heat wave 
(including the “blob” and the 2015–16 El Niño event) 
resulted in much warmer waters than usual in the study 
region, with lower primary productivity except for 
within a narrow band of strong upwelling near the coast 
(Jacox et al. 2016; Zaba and Rudnick 2016). In August 
2015, most of the CCS was at least 1˚C warmer than 
usual, with positive temperature anomalies of >2˚C off 
California (Gentemann et al. 2017). In contrast, summer 
2012 was cooler than average in the CCS after several 
La Niña years, while 2004 temperatures were slightly 
above normal (Goericke et al. 2005; Bjorkstedt et al. 
2012; Runcie et al. 2018). Anomalously warm condi-
tions in 2015 did not result in a marked northward shift 
in predicted albacore habitat within the ROMS model 
domain. Predictions from the SDM suggested that suit-
able habitat was available from northern Baja California 
to the northern limit of the study area (48˚N) during 
this year. However, albacore are known to extend their 
range northwards as far as southeast Alaska during warm 
years, as was observed in 2005 and in 2015 (Cavole et al. 
2016; Christian and Holmes 2016). Although tempera-
ture is known to be an important determinant of alba-
core habitat in the North Pacific (Snyder 2016; Nieto 
et al. 2017; Xu et al. 2017), the ocean circulation model 
domain covered a relatively small portion of their geo-
graphic range, which is usually within tolerable lim-
its from spring through fall. The study domain would 
therefore need to be extended northwards to best cap-
ture changes in habitat and range extensions for albacore 
resulting from marine heat waves and future warming. 
This may also be the case for the four prey species, which 
are also found well outside the ROMS domain (Lluch-
Belda et al. 1991; Bigelow 1994; Gustafson et al. 2000). 

A somewhat unexpected result of the study was the 
general lack of spatial overlap between albacore and 
some of their main prey species, particularly anchovy 
and hake. While albacore catch was low in highly pro-
ductive coastal waters, anchovy and hake showed a strong 

Isothermal layer depth approximates the thickness of 
the mixed layer, below which temperature and oxygen 
decline sharply. Albacore CPUE was higher at shallower 
isothermal layer depths less than around 70 m. These 
conditions were mostly found in the warmer summer 
months, when albacore are most abundant in the CCS, 
and particularly off Oregon and Washington. Shallower 
isothermal layer depths may concentrate prey nearer to 
the surface, providing favorable feeding conditions for 
albacore, but may also concentrate albacore themselves 
in the upper water column, where they are more vul-
nerable to surface fishing gear. 

Albacore CPUE was also higher at lower values of 
surface chlorophyll, suggesting avoidance of both colder 
nearshore upwelled waters, and mesoscale features mov-
ing new productivity offshore. Predictions from the 
SDM trained on fishery-dependent data were consistent 
with fishery-independent observations of tagged alba-
core, providing a rare opportunity to validate a distribu-
tion model with independent data. Tagged fish occupied 
habitat that was markedly more favorable than random 
during summer, the season when they are relatively res-
ident in the CCS (Childers et al. 2011). During spring 
and fall, when many albacore are migrating between the 
CCS and the open North Pacific, they were located in 
habitat not much more favorable than random, likely 
reflecting rapid movements between seasonal foraging 
areas (Childers et al. 2011; Snyder 2016). 

Bulk buoyancy frequency and isothermal layer depth 
from the ocean model were also shown to be useful 
for predicting swordfish (Xiphias gladius) habitat in the 
CCS in a previous study (Brodie et al. 2018). How-
ever, swordfish spend much more time at depth than 
albacore, particularly during the day (Sepulveda et al. 
2010; Childers et al. 2011). As a result, close relationships 
between their occurrence and the subsurface environ-
ment may be expected. Results from the current study 
suggest that dynamic subsurface predictors can also be 
useful for modeling distribution of more epi-pelagic spe-
cies such as albacore, providing a useful complement to 
the more widely used surface environmental variables. 

Observed catch rates of albacore from the troll fish-
ery were concentrated in the northern CCS during our 
study time period, just offshore of Oregon and Washing-
ton. Although our results may be partially confounded by 
factors such as cannery closures in southern California in 
the 1980s, the northern CCS also had consistently favor-
able spring–summer albacore habitat, as predicted by the 
SDM. In contrast, predicted habitat suitability off Cali-
fornia and Baja California appeared to be more ephem-
eral, being highly favorable in August 2004, but much 
less so in 2012 and 2015. Albacore catches off southern 
California are strongly variable interannually, and have 
been so for at least the past 100 years (Clemens and 
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information on the potential importance of sardine to 
albacore diets. 

Although saury have been shown to be important 
to albacore diets (Glaser 2010), the SDM for this spe-
cies had poor skill, due to the rarity of this species in 
the trawl and larval surveys. However, the low number 
of positive occurrences was most likely due to low vul-
nerability of saury to these fishing gears, rather than an 
absence of saury in the region. Previous studies using 
more neustonic gears have recorded saury in greater 
numbers (e.g., Moser 2002; Brodeur et al. 2005), and 
so future efforts to model saury distributions should 
use catch records from surveys targeting near-surface 
environments. 

It is not yet clear how albacore feeding on ecologi-
cally distinct prey species may alter their degree of aggre-
gation near fronts, or their diel vertical distribution, 
depending on the species targeted. While anchovy and 
sardine are generally distributed in the upper water col-
umn (Robinson et al. 1995; Kaltenberg and Benoit-Bird 
2009), clubhook squid may undertake more extensive 
diel vertical migrations, occupying much deeper depths 
during the day (Watanabe et al. 2006). As the main fish-
ing methods in the US fishery are surface-based troll and 
pole-and-line, and fishing takes place mostly during the 
day, there is the potential for different foraging behaviors 
to impact availability of albacore to fishers.

By switching between coastal and offshore-associated 
prey species, albacore may exert spatiotemporally variable 
predation pressure on forage species, with implications 
for the CCS pelagic food web (Wade et al. 2007; Gla-
ser 2010; 2011). Trophic links are dynamic, and anom-
alous environmental conditions can cause unexpected 
predator–prey relationships. For example, Glaser (2010) 
shows that hake formed an important component of 
albacore diets in 2005–06, but not in earlier studies from 
the 1950s–60s. This discrepancy may arise from unusu-
ally warm conditions in the mid-2000s leading to hake 
spawning further north than previously recorded, result-
ing in high abundances of young-of-the-year (YOY) in 
the central–northern CCS during spring and summer 
(Phillips et al. 2007). Spatiotemporal overlap between 
core albacore habitat and juvenile hake may therefore 
only occur sporadically under warm conditions, as hake 
spawning in the northern CCS was recorded again dur-
ing the marine heat wave years of 2015–06 (Auth et al. 
2018). However, it provides an example of an unantici-
pated trophic connection between an epipelagic preda-
tor and a prey species which is largely mesopelagic once 
mature (Childers et al. 2011; Gustafson et al. 2000), facil-
itated by spawning phenology responding to anomalous 
environmental conditions. 

Previous studies of albacore diets in the CCS have 
shown that while they can take fish larger than 10 cm in 

affinity for these areas, while sardine were most common 
on the continental shelf. These results are consistent with 
previous work on the distribution of these species (Zwo-
linski et al. 2012; Weber et al. 2018). Some historical 
diet studies conducted when anchovy biomass was high 
show a near-exclusive reliance of albacore on anchovy 
in some parts of the CCS (Glaser 2010). The spatial sep-
aration between albacore’s preferred habitat and that of 
their prey suggests that albacore may need to move back 
and forth across the front separating productive coastal 
waters from offshore waters to feed on anchovy. Stud-
ies of tagged albacore have shown that they can employ 
precisely this behavior when conditions are favorable 
(Fiedler and Bernard 1987; Snyder et al. 2017), and that 
these movement patterns are likely to confer physiolog-
ical advantages (Kirby et al. 2000). These observations 
may explain why catch rates of albacore can be higher 
near thermal fronts and Lagrangian coherent structures 
(Nieto et al. 2017; Xu et al. 2017; Watson et al. 2018). We 
included spatial standard deviation of sea surface tem-
perature as an indicator of frontal activity in the SDMs, 
but although this variable was moderately influential to 
the albacore model (ranked 6th of 16), the partial rela-
tionship was negative (result not shown). However, Nieto 
et al. (2017) and Xu et al. (2017) show that the distance 
of fishing activity from thermal fronts, and the distance 
of the front from the coast, may be better predictors 
of CPUE than temperature gradient metrics, such as 
those used in this study. Studies on albacore (Watson 
et al. 2018) and other large pelagic predators (Abrahms 
et al. 2018; Scales et al. 2018) suggest that Lagrangian 
Coherent Structures, identified from surface velocity 
fields using finite-time or finite-size Lyapunov expo-
nents (FTLE, FSLE), may act as hotspots of distribution 
and foraging activity. Further studies of how albacore 
forage across fronts could thus examine different indi-
cators of frontal activity across multiple spatiotemporal 
scales to find the most ecologically relevant predictors, 
and potentially improve the modest predictive power of 
the albacore SDM from this study. 

In contrast to targeting coastal species such as anchovy, 
albacore can potentially feed on sardine or cephalopods 
such as clubhook squid while remaining further off-
shore. Clubhook squid habitat, in particular, showed 
strong spatial and environmental overlap with albacore 
habitat. While sardine habitat was also spatially accessible 
to albacore, they were absent from albacore diets in the 
1950s–60s and contributed only 5%–15% of energetic 
contribution by region in 2005–06 (Glaser 2010). How-
ever, sardine populations were at very low levels from 
the early 1950s, before recovering somewhat in the late 
1990s and declining again more recently (Zwolinski and 
Demer 2012). Future foraging studies during periods of 
higher sardine abundance may provide more accurate 
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length, they rely strongly on YOY and juvenile life stages 
of prey (Glaser 2010). This preference may relate to ease 
of capture, maximum mouth gape in the age classes of 
albacore in the CCS (mostly 2–3-year-olds), or some 
other unknown factor (Menard et al. 2006). Although 
offshore samples are rare, available evidence suggests that 
juveniles of the four prey species examined here likely 
occupy similar spatial habitats to mature adults (Bigelow 
1994; Gustafson et al. 2000; Demer et al. 2013; Rose et al. 
2015). However, they only occur as the size classes appar-
ently targeted by albacore for part of the year, depend-
ing on their spawning dates, and growth rates. The prey 
SDMs constructed in this study predicted the presence 
of any life stage catchable by the trawl gear, which likely 
includes some juveniles and some adults, depending on 
the species (Demer et al. 2013). Narrowing predictions 
of available albacore prey fields to include only the prey 
sizes targeted will thus require consideration of spawning 
phenology and growth rates for each prey species, which 
also likely vary interannually and spatially with oceano-
graphic conditions (Weber and McClatchie 2010; Auth 
et al. 2018; Weber et al. 2018). For example, Daly et al. 
(2013) show that although both sardine and anchovy can 
occur in the northern CCS as adults, larval anchovy are 
collected much more commonly than larval sardine. This 
may result in distinct latitudinal ranges of YOY anchovy 
versus sardine, even though their distributions as adults 
are quite similar. 

Additional future work should also include more con-
sistent sampling of albacore diets and trophic ecology 
at higher spatial and temporal resolution, to improve 
understanding of the bioenergetic implications of prey 
switching. As albacore do not spawn in the CCS, they 
presumably migrate into the area as juveniles to build 
condition. Reliance on prey with different energy con-
tents (Glaser 2010) may therefore have implications for 
trade-offs between energy spent migrating, and energy 
gained on foraging grounds (Kitagawa and Aoki 2017). 
Albacore have the potential to exert significant preda-
tion pressure on forage species (Glaser 2011), but these 
trophic links are likely to be highly dynamic. To advance 
the goals of EBFM in the CCS, a better understanding of 
spatiotemporal overlap and trophodynamics of predators 
and prey is required. In addition, improved knowledge of 
how oceanographic conditions and prey fields interact 
to influence availability of albacore to surface fisheries 
in the region could help industry adapt to environmen-
tal variability and future change. 
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