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Abstract—Yellowtail jack (Seriola
dorsalis) are highly prized game fish
within the Southern California Bight
(SCB). Despite the popularity of this
species, life history and demographic
information for it is scant, with one
previous biological examination and no
population assessments. For the study
described here, we used modern ana-
lytical techniques, updating historical
analyses, applied stable isotope anal-
ysis to investigate ontogenetic habitat
shifts, and established a novel relation-
ship of opercular length to fork length.
We sampled 256 yellowtail jack across
the SCB and Baja California, Mexico,
during 2014-2016. Sizes ranged from
22.7 to 162.7 cm fork length with esti-
mated ages of 1-22 years. Body size
affected diet, with larger fish consum-
ing a greater diversity of prey. Across
all samples, we recorded 19 prey spe-
cies; the pelagic red crab (Pleuroncodes
planipes), found in 23% of stomachs,
was most prevalent. Coastal pelagic
fish species, detected in 62% of stom-
achs, made up the most common group.
Larger yellowtail jack were more §'°N
enriched, indicating increasing tro-
phic position, and 5°C levels signify
an inshore—offshore habitat transition
after maturity. Our results define yel-
lowtail jack from the SCB and Baja
California as one contiguous population
with consistent ontogenetic variation
in diet, trophic position, and growth
rate. However, fish from remote areas
were older and larger, perhaps indicat-
ing de facto fishing refuges.
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Across their global distribution, caran-
gid fish species are highly prized as
both game and food fish. Prominent
among this group are the several
species in the genus Seriola, whose
members are known commonly as
yellowtail, amberjack, rock salmon, or
sailor’s choice. These species are large,
highly mobile, and predatory, in most
subtropical and temperate boundary
current ecosystems (Vergani et al.,
2008; Miller et al., 2011). Along the
western coast of North America, the
yellowtail jack (S. dorsalis) (formerly
S. lalandi; see Martinez-Takeshita
et al., 2015) ranges from Cabo San
Lucas in Baja California Sur, Mexico,
north to Point Conception, California
(Baxter, 1960). Within U.S. territorial
waters, yellowtail jack are most abun-
dant in the U.S. portion of the Southern
California Bight (SCB), a term used to
denote the coastline stretching from
Point Conception south to Cabo Colo-
net in Baja California, Mexico.

Total yearly recreational catch of yel-
lowtail jack in California is often at least
one order of magnitude greater than the
entire commercial take for the same
year (National Marine Fisheries Service,
annual commercial landings statistics,
release 3.0.4.0, available from website,
accessed March 2019; Recreational
Fisheries Information Network, total
mortality by state, available from
website, accessed March 2019). This
discrepancy is evident in angler enthu-
siasm as well, as indicated by signifi-
cant increases in the number of anglers
venturing out to target yellowtail jack
immediately after increased recre-
ational catches are reported (Dotson and
Charter, 2003). This increase in angling
pressure also has residual effects on
other, co-occurring species (Sutton and
Ditton, 2005).

Although yellowtail jack captivate
the angling public, aside from a small
study sampling fewer than 50 individu-
als for stable isotope analysis (Madigan
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et al., 2018), there has been no research on their life his-
tory, movement patterns, or population structure along the
California coast since the mid-1950s (Baxter, 1960). Improv-
ing our understanding of the biology of yellowtail jack along
the western coasts of the United States and Mexico is a crit-
ical foundation for managing this taxon for fisheries value
(both for sport and as food), ecosystem benefits, and poten-
tial in aquaculture (Sicuro and Luzzana, 2016).

Responding to the prominence of yellowtail jack in
landings of nearshore fisheries in southern California
and Baja California after World War II, the California
Department of Fish and Game (now the Department of
Fish and Wildlife) completed a detailed study on the biol-
ogy and demography of yellowtail jack, as well as on their
movements along the California and Mexico coastlines
(Baxter, 1960). This work was a comprehensive descrip-
tion of the fish population during 1952-1957, with large
sample sizes linked to the output of the prodigious fish-
eries yield at the time. However, the work lacked spatial
resolution, for example, with no designation among fish
caught in offshore versus inshore habitats. Furthermore,
practically all fish were sampled or tagged along central
Baja California, as opposed to within the SCB. Although
central Baja California is the center of abundance for yel-
lowtail jack and oceanographically similar to southern
California (Jackson, 1986; Bograd and Lynn, 2003), the
human population of southern California has been, and
remains, higher than that of Baja California, with distinct
anthropogenic pressures, including relatively higher rec-
reational fishing pressure and nearshore eutrophication
from urban and agricultural runoff (Schiff et al., 2000).

Yellowtail jack are believed to migrate seasonally into
the SCB, moving northward as the water warms during
the summer (rarely traveling north of Point Conception,
except in highly anomalous warm years; Pearcy, 2002)
and retreating south along the Baja California coastline
during the winter and spring (Baxter, 1960). Along the
route of their cross-border migrations, these fish encoun-
ter a diverse array of anthropogenic pressures, including
the world’s largest fleet of commercial passenger fishing
vessels (CPFVs) operating in the SCB (Love, 2006).

The combination of increased human interactions and
other anthropogenic effects with changed marine condi-
tions within the SCB in the past 60 years necessitated
a revisiting of the life history of yellowtail jack. Further,
despite technical advances in fisheries research methods,
Baxter’s (1960) findings for age, growth, and diet are still
used by fisheries managers in the United States today.
Investigating the life history and biology of yellowtail jack
with modern analytical techniques in the area in which
they are most-heavily targeted will ensure that robust
data exist with which to investigate potential changes
in the biology of this species. Understanding how such
changes might affect both the species and the fishery
requires up-to-date life history data and is necessary for
proactive management of this highly sought-after spe-
cies. The results of the work presented here, which exam-
ined potential ontogenetic shifts in growth rate and diet,
update our understanding of the biology of yellowtail jack

in the SCB and establish a baseline for more targeted
investigation into the biology and ecology of the yellowtail
jack at the current northern extent of its range.

Materials and methods
Study species

This study focuses on the coastal population of yellowtail
jack in the northeastern Pacific Ocean. This species was
originally named S. dorsalis by Theodore Gill in 1863, then
grouped together with S. lalandi in 1990 by Smith-Vaniz
et al. (Smith-Vaniz, 1986; Smith-Vaniz et al., 1990). There
is currently some disagreement as to the name of species
of yellowtail jack in the eastern Pacific Ocean, with con-
tradictory molecular findings from Premachandra et al.
(2017) and Martinez-Takeshita et al. (2015). Although we
acknowledge the controversy, we proceed here as per rec-
ommendations in Martinez-Takeshita et al. (2015) and use
S. dorsalis as the scientific name for this species.

Sample collection

A total of 271 yellowtail jack, ranging in fork length (FL)
from 22.7 to 162.7 cm (mean: 79.8 cm; Suppl. Table), were
collected aboard CPFVs and private fishing vessels by hook
and line between July 2014 and September 2016, a period
of time that encompassed an anomalous warmwater event
and a strong El Nino—Southern Oscillation (ENSO) (NOAA
Climate Prediction Center, Oceanic Nifio Index cold and
warm episodes by season, available from website, accessed
January 2019). We conducted sampling at 10 locations
within the SCB and along the Baja California coastline in
an attempt to collect samples from as much of the range
of the yellowtail jack as possible. We grouped those loca-
tions into 3 regions: inshore, offshore, and island (Fig. 1).
It is important to note that yellowtail jack routinely move
between these assigned regions.

Straight FL. and opercular length (OL) were recorded
and used to calculate an OL-to-FL scaling relationship
(number of samples [rn]=151). This relationship enabled
estimation of FL for samples taken from heads or partial
frames of yellowtail jack obtained after processing aboard
CPFV or as donations by anglers. These samples were often
easier to obtain and reduced the amount of fish sacrificed
only for sampling purposes. In addition to measurements,
sagital otoliths were extracted for age estimation, a plug of
white muscle was taken from along the supraorbital crest
of the head of the fish for stable isotope analysis, and the
stomach was excised and immediately frozen for analysis
of gut contents. Because of varying collection logistics, not
all types of biological samples were successfully extracted
from each fish.

Age estimation

Transverse sections of sagittal otoliths were used to
estimate the age of yellowtail jack (Kimura et al., 1979;
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the otolith was subsequently ground to
the edge of the slide by using a decreas-

A ing series of wet polishing paper

(400 grit [30-9 pm]) affixed to a grind-
-34°N ing wheel (model 900, South Bay Tech-
nology Inc., San Clemente, CA). The
ground sagitta was then inverted, cen-
tered, ground, and polished until reach-
ing the nucleus at approximately
| 300N 500 pm in thickness. The resulting
transverse section was covered with a
thin layer of Crystalbond to improve
optical clarity (Zgliczynski, 2015). Pol-
ished otoliths (Suppl. Fig. 1) were exam-
ined by using a dissecting microscope
outfitted with a digital camera and ana-
lyzed with digital imaging software
(CaptaVision, vers. 5.1, ACCU-SCOPE
Inc., Commack, NY).

After imaging, 3 separate readers
-28°N examined each sample by using a single-
blind method. Information concerning
catch location and OL were kept from
the readers during the age estimation
process. Approximate ages were extrapo-
L 26°N lated by using the 1+ method to number
opaque rings beginning at the annulus
for each specimen (Francis et al., 2014).
When the reader counts for a specimen
deviated by greater than 3 years, otoliths
L o4°N were reexamined and new estimates
made. If between-reader agreement

-30°N

Figure 1
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Map showing areas where sampling of yellowtail jack (Seriola dorsalis)
occurred along the coastlines of southern California and Baja California,
Mexico. Fish were collected aboard commercial passenger and private fishing
vessels by hook and line between July 2014 and September 2016.

could not be reached after reexamina-
tion, the otolith in question was excluded
from analysis. Additionally, an index of
average percent error (APE) (Beamish
and Fournier, 1981) and mean coeffi-
cient of variation (CV) (Chang, 1982)
were calculated to estimate the rela-
tive precision of age estimates between

Choat and Axe, 1996). For the samples of yellowtail jack
that were examined, both sagittal otoliths were
extracted through one vertical cut at the preoperculum.
The sagittae were then rinsed in deionized water and
air-dried. One sagitta was weighed and measured verti-
cally (from rostrum to post-rostrum) and horizontally
(left to right across nucleus). After the position of the
otolith nucleus was determined, the sagitta was mounted
on a microscope slide with the nucleus falling just below
the edge, leaving the rostrum exposed at a 90° angle.
The sagitta was then secured by using a clear thermo-
plastic cement (821-3 Crystalbond 509!, Ted Pella Inc.,

! Mention of trade names or commercial companies is for identi-
fication purposes only and does not imply endorsement by the
National Marine Fisheries Service, NOAA.

readers.
Size-at-age analysis

Size-at-age data were fit by using the von Bertalanffy
growth function (VBGF) (von Bertalanffy, 1938), defined
as follows:

L, =L (1-e Kt

where L, = the length of a fish at age ¢;

L. =the asymptotic length or theoretical maxi-
mum length a species would reach if it lived
indefinitely;

K = the growth coefficient, which is a measure of
the rate that maximum size is achieved;
t = age in years; and
t, = the theoretical age for which length is 0 (Quinn
and Deriso, 1999).
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Region-specific growth rates were generated for each
sampling region and fit to size-at-age data by using the
VBGEF. The growth parameters K and L_ were also com-
pared among regions by plotting 95% confidence ellipses
around each parameter estimate (Kimura, 1980; Choat
and Axe, 1996). Additionally, we calculated natural mor-
tality (Pauly, 1980) for recently and historically sampled
yellowtail jack, using VBGF parameters from Baxter
(1960). Analyses were conducted by using the fishmethods
(vers. 1.11-0; Nelson, 2018) and FSA (vers. 0.8.20; Ogle,
2018) packages in R (vers. 3.4.4; R Core Team, 2018).

Diet analysis

Full stomachs were dissected and weighed, with contents
sorted by size through a series of graduated sieves (1 cm,
1 mm, and 0.1 mm); the empty, clean stomach was then
reweighed. We sorted stomach contents from individual
fish into functional groups (demersal and pelagic fish,
squid, demersal crustaceans, benthic invertebrates, and
amorphous material), identifying contents to species when
possible (Table 1). Whole fish and invertebrates were enu-
merated, weighed, and identified to species. Otoliths were

identified primarily by using images from Lowry (2011),
vertebrae were identified by using images from Clothier
(1950), and cephalopod beaks were identified by using ref-
erence samples at the NOAA Southwest Fisheries Science
Center. Paired structures (otoliths, beaks, and crustacean
eyes) were counted and divided by 2, to estimate the num-
ber of individual prey items. Amorphous, unidentifiable
contents were quantified by subtracting the total prey
weight from the difference between the full and empty
stomach weights. Mean percentages were calculated
for 4 major stomach content groups—fish, crustaceans,
cephalopods, and amorphous material—for comparison
of proportional representation across sampling location,
sampling region, and body size of yellowtail jack.

Many of the yellowtail jack analyzed were collected
aboard CPFV, which have fishing operations that pre-
dominantly use live bait and chum in the form of sardines
or anchovies to attract gamefish to the boat. In an effort
to control for the amount of CPFV chum in stomachs of
yellowtail jack, we noted the number of species among
the fresh, undigested chum for each sample processed.
Additionally, even without active chumming, most CPFV
catches come in concentrated events when the vessel

Table 1

Results from analysis of the contents of 173 stomachs from yellowtail jack (Seriola dorsalis) collected within the Southern California
Bight (SCB) and in Baja California, Mexico, between July 2014 and September 2016. An “x” indicates that a species or taxon was
found in the stomach of a fish collected in a sampling region or size group; an en dash (-) indicates that no data are available
because no individual of the taxon was sampled in the region or size group. Lengths used for size groups are fork lengths calculated
with an opercular-length-to-fork-length scaling relationship. n=number of samples.

Sampling region Size group
Small Medium Large
0-60cm 60-90cm 90-150 cm
Functional group Species Inshore Offshore Island SCB Baja (n=19) (n=90) (n=37)
Fish Engraulis mordax X X X X X x x x
Sardinops sagax x x x x x x x x
Trachurus symmetricus X X X X X - X X
Scomber japonicus X x x x x x x X
Sebastes spp. x x x x X - x X
Embiotocidae X X X X X - x X
Cololabis saira - X - - X - x x
Halichoeres semicinctus - X X X - x x
Citharichthys sordidus X - X - - - x
Syngnathus spp. X - X - - - - x
Synodus lucioceps X - - X - - x X
Chromis punctipinnis - x - X - - x -
Unidentified fish X X X X X x x X
Pelagic red crab Pleuroncodes planipes X x x x x x x x
Krill Euphausiacea - X X X X - x x
Rock shrimps Sicyonia spp. X - X x - - x x
California market  Doryteuthis (Amerigo) X X X X - - x X
squid opalescens
Misc. Isopod X - - - - - x -
invertebrates
Urchin X - - - - - - X

Total number of unique species 14 11 13 13 10 4 15 16
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encounters schooling, actively feeding fish. These fish are
often all feeding on the same prey items. To control for the
over-representation of prey items from discrete feeding
events, we limited sampling to no more than 10 fish from
any one CPFV trip.

To account for the multinomial (non-independent)
nature of percentage data on stomach contents, we used
a resampling approach to formally test the null hypoth-
esis that the proportional diets of varying size classes of
yellowtail jack do not differ. Because the diet composition
of an individual fish is the result of numerous discrete
choices made during foraging activities, each item con-
sumed can be assigned to a diet category on the basis of
taxonomy (or functional group) and the number of diet
categories is determined by the level of dietary resolu-
tion. The total percentage of each diet category is bound
between 0% and 100% and is dependent on the values
of the other diet categories observed. As such, stomach
content data violates several assumptions of normality
and independence required for many traditional statis-
tical approaches.

We used a tailored resampling routine following an
analytical approach introduced in Barott et al. (2012)
to address the multinomial nature of diet data. In this
approach, mean relative diet composition for individuals
from one size class is calculated as the size-class-specific
centroid of the data in n-dimensional space (where n is
the number of diet categories), and the mean for all indi-
viduals from across all size classes is calculated as the
global centroid from all samples. For our study, the mean
intercentroid distance among size classes was calculated
by measuring the Euclidean distances between the cen-
troids for each population (or size class) from the global
centroid. Through resampling (10,000 iterations), we
generated a null distribution of mean intercentroid dis-
tances by repeatedly scrambling size-class affiliations of
diet composition data from all individuals and calculating
the intercentroid distance. We then compared the actual
mean intercentroid distance to this null distribution to
test whether mean diets differed among size classes of
yellowtail jack. If the null hypothesis (of no difference
in diet composition among size classes) was rejected, the
method above was repeated individually for all pairs of
size classes to generate pairwise comparisons among each
combination. The null hypothesis for the post-hoc test was
rejected if P<0.01. Using Euclidean distances is, in most
cases, robust across levels of aggregation of diet categories
given that the approach does not de facto create higher
sensitivity to an increased number of functional groups
(Zgliczynski et al., 2019).

Bulk carbon and nitrogen isotopes

We analyzed samples of white muscle collected from
along the supraorbital crest for both carbon (5'C) and
nitrogen (8'°N) isotopes to further investigate regional or
size-specific trophic differences in yellowtail jack from the
SCB. Although the isotopic turnover rate in white muscle
of this species is currently unknown, it is assumed to be

approximately 1 year (Madigan?). As such, their isotopic
signature should reflect their aggregate diet over that
time period (Peterson and Fry, 1987). Tissue samples were
freeze-dried with a 2.5-L FreeZone benchtop freeze dryer
(Labconco Corp., Kansas City, MO) for 48 h to remove
all moisture. Samples were then pulverized by using a
mechanical grinding mill (Wig-L-Bug, Dentsply Sirona,
Charlotte, NC), and a 1-mg subsample (encapsulated in
foil) was analyzed for 8'3C and 8'®N. Analysis was per-
formed on a Costech Elemental Combustion System ECS
4010 nitrogen and protein analyzer (Costech Analytical
Technologies Inc., Valencia, CA) interfaced with a Fin-
nigan DELTAplus XP stable isotope mass spectrometer
(Thermo Fisher Scientific Inc., Waltham, MA) at Scripps
Institution of Oceanography, University of California, San
Diego. Isotopic values are expressed in §'°C or §!°N, where
6=1000)<[(IBsa\mple/Iestandard)_1] and Rsample and Rstandard are
ratios of the heavy to light isotope in parts per thousand.
The standards used were Vienna-Pee Dee Belemnite and
atmospheric N,. The within-run run standard deviation of
a glutamic standard was <0.2%. for both 8'3C and §'°N.

Results
Opercular length—fork length relationship

Opercular lengths of yellowtail jack scale isometrically
with FLs (FL=4.3864(0L)*%%*, coefficient of determina-
tion [r%]=0.951), with a strong, linear relationship between
the 2 measurements. The relationship of OL to FL was
plotted for 151 fish from all sampling locations (Suppl.
Fig. 2). Fork lengths ranged between 28.0 and 156.0 cm
(mean: 79.8 cm), and OLs ranged from 7.1 to 38.3 cm
(mean: 19.0 cm). This relationship was used to estimate FL
for the remaining samples collected from angler discards
or partial remains of yellowtail jack. Because it is simpler
to visualize overall fish size instead of OL, all subsequent
length information from our study is reported in units of
FL estimated with an OL-to-FL scaling relationship.

Age estimation

We estimated ages for 235 yellowtail jack from across
the SCB and from 3 locations along the Baja California
coast. Fish ranged from 22.7 to 162.7 cm in FL calculated
with an OL-to-FL scaling relationship (Table 2). Fish
had OL of 5.4-38.3 cm and ages of 1-22 years (Table 2).
The APE and CV were 8.75% and 11.69%, respectively.
Although there were no spatial differences in size at age
and growth rate estimates at ages younger than 8, island
fish reached larger sizes (>110 cm FL) and greater ages
(>13 years) than both inshore and offshore fish. Addi-
tionally, fish collected in Baja California were gener-
ally larger and older than fish collected within the SCB
(mean size and age: 92.4 cm FL and 9.04 years versus

2 Madigan, D. 2016. Personal commun. Univ. Windsor, 401 Sunset
Ave., Windsor, ON N9B 3P4, Canada.
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Table 2

Size ranges by year class for 235 yellowtail jack (Seriola dorsalis) collected within the
Southern California Bight and in Baja California, Mexico, during 2013—-2016. Also provided
are Baxter’s (1960) size at age for each corresponding year class, measured and calculated
by using the von Bertalanffy growth function (VBGF). In this study, it was not possible to
measure the straight fork length (FL) for all sampled fish; therefore, the lengths in this
table are estimates from the use of an opercular-length-to-FL scaling relationship. Mean FL.
and standard error of the mean (SE) are included. n=number of samples. An en dash (-)
indicates insufficient data.

Size range (cm) FL (cm) from Baxter (1960)

Year Mean
class n Min. FL. Max. FL FL (cm) SE n Mean FL VBGF FL

1 3 22.7 37.9 30.13 439 234 50.6 48.83
2 15 37.9 57.0 46.03 1.60 122 63.4 59.01
3 24 40.4 65.9 56.68 1.33 183 70.6 67.92
4 34 45.9 77.0 64.59 1.21 115 78.3 75.68
5 25 62.1 88.9 74.88 1.60 61 83.1 82.47
6 25 68.9 88.4 80.25 1.17 18 87.2 88.39
7 26 67.2 94.4 85.15 1.36 11 89.3 93.56
8 23 73.5 104.2 91.94 1.40 14 95.8 98.07
9 13 79.1 100.8 92.93 1.58 5 100.8 102.02
10 12 88.9 104.6 96.97 1.67 6 103.5 105.46
11 15 84.6 107.2 99.25 1.61 9 108.2 108.47
12 3 90.6 111.0 101.37 5.92 7 112.7 111.09
13 5 105.1 120.4 112.74 2.75 - - -
14 2 117.4 122.1 119.75 2.35 - - -
15 1 113.6 113.6 113.60 - - - -
16 3 115.3 122.5 118.13 2.22 - - -
17 2 109.3 120.8 115.05 5.75 - - -
19 1 144.3 144.3 144.30 - - - -
21 1 151.6 151.6 151.60 - - - -
22 1 162.7 162.7 162.70 - - - -

74.5 cm FL and 5.75 years, P<0.005). Natural mortality
was 0.346; using Baxter’s (1960) findings, we calculated
a historical natural mortality of 0.261.

We observed potential differences between mean sizes of
male (81.2 cm FL) and female (88.4 cm FL) fish; however,
our sample sizes of sexed fish (female: n=66; male: n=44)
were too low for conclusive results (P=0.087). Because we
predominantly sampled angler discards, fish often were
already filleted or the gonads were otherwise compro-
mised prior to sample collection.

Stomach content analysis

Yellowtail jack within the SCB are non-discriminate
mesopredators that consume a mix of pelagic and demer-
sal fish species as well as crustaceans and the California
market squid, Doryteuthis (Amerigo) opalescens. Of the
173 stomachs analyzed, 25.4% (44 stomachs) were empty,
and the remaining 74.6% were at least partially full, with
over half the contents composed of amorphous or mostly
digested material (mean proportion by weight: 65.4%).
Out of the remaining contents, we successfully identi-
fied 19 species. Fish species, particularly small pelagic
species, including the Pacific sardine (Sardinops sagax),

northern anchovy (Engraulis mordax), Pacific chub mack-
erel (Scomber japonicus), and jack mackerel (Trachurus
symmetricus), accounted for 61.5% of all identified con-
tents. The pelagic red crab (Pleuroncodes planipes) was
the single most abundant species, present in 22.7% of all
examined stomachs. Larger fish consumed a wider diver-
sity of prey species, and the proportional representation of
prey functional groups differed significantly between size
classes (P<0.01) (Fig. 2).

Stable isotope analysis

We quantified §'3C and 8'°N levels for 225 yellowtail jack
collected throughout the SCB and coastal waters of Baja
California. Values of neither §'3C nor §'°N varied between
sampling regions or locations, but they did increase with
increasing body size (r°=0.422, P<0.005) (Fig. 3A). Lev-
els of 8N increased significantly (r2=0.596, P<0.01)
with increasing body size, and there was no difference
in the rate of increase between fish caught inshore or
offshore. Values of 8'C varied spatially, with §'3C levels
remaining relatively constant in fish caught offshore and
increasing significantly with FL for fish collected inshore
(P<0.005) (Fig. 3B).
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Figure 2

Proportional representation of stomach contents of yellowtail jack
(Seriola dorsalis) collected in the Southern California Bight and
Baja California, Mexico, between July 2014 and September 2016,
by functional group and size class. The functional groups are krill
(Euphausiacea spp.), the pelagic red crab (Pleuroncodes planipes),
the California market squid (Doryteuthis (Amerigo) opalescens), and
multiple fish species. The size classes are small (<60 cm fork length
[FL], number of samples [#]=19), medium (60-90 cm FL, n=90), and

information for each sample, as well as to better
understand effects of recreational fishing on size
classes of yellowtail jack.

Opercular length—fork length relationship

Several conversion factors for using FL to esti-
mate total length already exist for populations
of 2 species formerly considered to be a single
species: yellowtail jack along the Pacific coast of
North America, S. dorsalis, and yellowtail jack in
Australia and New Zealand, S. lalandi (Baxter,
1960; Holdsworth et al., 2013; McKenzie et al.,
2014). The creation of a robust conversion factor
for expressing OL in FL means that accurate
estimates of FL can be extrapolated from dis-
carded heads of yellowtail jack. Because many
anglers, fishing vessel crew members, and fish
processors are happy to donate heads of yellow-
tail jack to researchers (senior author, personal
observ.), using OL to estimate body length is an
effective method of maximizing sample size and
sampling efficiency given that heads also can
provide otoliths for aging and white muscle, from
along the supraorbital crest, for stable isotope
analysis.

Age and growth estimation

large (>90 cm FL, n=37).

This work is the first to estimate ages by using

Discussion

Our results indicate that the SCB is home to one contig-
uous, seasonally abundant population of yellowtail jack.
Patterns observed in diet, trophic position, and growth
rate are driven primarily by temporal and ontogenetic
influences, and spatial variation between different regions
of the SCB is less significant than originally assumed.
Although these findings run contrary to anecdotal reports
of geographic differences within populations of yellow-
tail jack in the SCB, they are supported by tagging data
(senior author, unpubl. data) as well as genetic analysis
(Martinez-Takeshita et al., 2015).

For this study, we examined multiple life history char-
acteristics in order to update our current understanding
of the biology of yellowtail jack within the SCB. Despite
the popularity of this species as a sport and food fish, the
paucity of current biological data as well as the lack of
a formal stock assessment means that gauging popula-
tion health or effects of current management strategies
is difficult. Our goal was to update the previous demo-
graphic analysis (Baxter, 1960) with data collected from
within the SCB and analyzed with modern techniques
and to facilitate future research and management with
a new, SCB-focused data set. We exclusively sampled fish
that were caught recreationally to obtain detailed spatial

otoliths from yellowtail jack collected within the
SCB. The single previous examination of yellow-
tail jack (Baxter, 1960) collected fish along coastal
central Baja California, several hundred kilometers to the
south of the SCB, and used scales to estimate ages. Sampled
fish in our study were 1-22 years old and 22-156 cm FL,
and the largest and oldest individuals were approximately
equal in length and age to the largest fish of another spe-
cies of yellowtail jack, S. lalandi, collected in New Zealand
and Australia (Stewart et al., 2004; McKenzie et al., 2014).
The similarity in size and age was surprising considering
anecdotal accounts of yellowtail jack being consistently
larger in waters of New Zealand than in the northeast
Pacific Ocean.

We saw no differences in calculated growth rates and
maximum lengths between inshore, offshore, and island
habitats within the SCB. However, yellowtail jack col-
lected from central Baja California were significantly
larger and older than fish sampled from the SCB (mean
size: 92.4 cm FL versus 74.5 cm FL, P<0.005) (Fig. 4).
The differences in calculated size at age as well as in L_,
between fish from Baja California and those from SCB
were driven by the largest (>115 cm FL) fish, which were
all collected from Islas Cedros and Guadalupe in Baja
California. Both islands are known by anglers as prime
locations to catch large yellowtail jack, with anglers
at Isla Guadalupe routinely catching fish over 25 kg
(Ben-Aderet, 2017). Fish over 20 kg are extremely rare
within the SCB (Bellquist and Semmens, 2016), but
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(A) Relationship of carbon (5'C) to nitrogen (5!°N) stable isotope levels, given in parts per thousand (%o), for yellowtail jack
(Seriola dorsalis) collected in inshore and offshore habitats in the Southern California Bight and in Baja California, Mexico,
between July 2014 and September 2016. Darker shading of points indicates larger fish size, and ellipses represent 95% confi-
dence intervals. Offshore 5'2C and §!°N values are almost completely within those of inshore sampled fish. (B) Relationships of
5'°N (top panel) and 5'3C (bottom panel) levels to fork length (FL) and sampling habitat. The shaded areas represent 95% con-
fidence intervals. The point where the lines for inshore and offshore fish intersect corresponds with the size at which yellowtail
jack are thought to transition from offshore to inshore habitats.

results of genetic analysis (albeit with low sample sizes: 4
in the SCB and 10 in central Baja California) reaffirm the
theory of a single contiguous population in the SCB and
Baja California (Martinez-Takeshita et al., 2015). How-
ever, it is currently unknown if yellowtail jack in waters
off Isla Guadalupe leave the island and venture north into
the SCB or are year-round residents and, therefore, iso-
lated from the general population in the SCB.

Sizes of fish in Baja California: evidence of a possible refuge

Working under the notion of one contiguous population,
we assume that the truncated L_ of yellowtail jack from
the SCB was primarily due to elevated fishing pressure
and mortality in the SCB, although generally cooler
ocean temperatures in the SCB versus Baja California
and differences in forage assemblage might play a role
(Stewart, 2011; Abbink et al., 2012). The relative lack of
pressure at Isla Guadalupe is likely a result of isolation
and distance from both mainland population centers and
the nearest fishing port. Because most of the total take
of yellowtail jack in the SCB is recreational rather than
commercial, remote and isolated areas are more likely to
serve as de facto refuges from fishing pressure (Stuart-
Smith et al., 2008).

The hypothesis that remote regions of the SCB and Baja
California coast serve as virtual refuges carries with it

potential for unexpected climate-mediated effects (Perry
et al., 2005). Because the SCB is the northern extent of the
range of this species, northward range expansion could
lead to increased fishing mortality due to yellowtail jack
overwintering in the SCB (and, therefore, spending more
time closer to elevated recreational fishing pressure). Such
range effects are a real possibility because southern Cali-
fornia’s marine environment is warming and, in turn,
would mean more yellowtail jack year-round in the SCB
and associated increases in fishing pressure and mortality
(Gillanders et al., 2001; Hobday and Evans, 2013; Cham-
pion et al., 2018).

Comparisons of size-at-age estimates

To update our understanding of the biology of yellowtail
jack in the SCB and to compare our estimates of size at age
with previous work, we estimated ages by using transverse-
sectioned sagittal otoliths. Previously, Baxter (1960) esti-
mated ages of yellowtail jack with annual growth rings on
scales. His length-at-age estimations are the sole such work
on yellowtail jack and are still used by fisheries managers.
In the SCB, fish heads are readily available as angler dis-
cards; therefore, obtaining sagittal otoliths to estimate
ages, although time-consuming, is relatively simple. When
possible, we collected scales as well, but we were unable to
replicate Baxter’s (1960) methods and to obtain reliable age
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(A) Plot of von Bertalanffy growth function (VBGF) fitted to size-at-age data for yellowtail jack
(Seriola dorsalis) collected between July 2014 and September 2016 in the Southern California
Bight (SCB) (dark gray line) and in Baja California, Mexico (light gray line). Size-at-age data
for all yellowtail jack (black line, coefficient of determination=0.84) and for fish by region are
compared with the curve calculated by Baxter (1960) with a VBGF (dashed line). The asymptotic
length (L) and growth coefficient (K) are also provided for each group. (B) Growth coefficient
and asymptotic length for yellowtail jack collected between July 2014 and September 2016 by
sampling habitat (left panel) and sampling region (right panel) and plotted with 95% confidence
ellipses around each parameter estimate following methods outlined in Kimura (1980).

estimations. However, Gillanders et al. (1999) compared age
estimation methods by using otoliths, vertebrae, and scales
from yellowtail jack collected in Australia, concluding that,
aside from estimates for fish displaying only one growth
zone, estimates of mean size at age from analysis of scales
were similar to those from aging with otoliths (Gillanders
et al., 1999). The primary issue with using scales to esti-
mate age is a lack of definition in early years, primarily
year 1 (Gillanders et al., 1999; Shiraishi et al., 2010).

Despite this issue, Baxter’s (1960) calculated values for
VBGF parameters L_ and K are very close to our values for
fish collected in central Baja California outside of the SCB.
This comparability serves to further validate the results of
Baxter (1960) because all samples were collected from cen-
tral Baja California.

Interestingly, when reviewing age estimations and
VBGF calculations from Baxter (1960), we noticed a
0.59-year (~7-month) offset in his estimation of ¢,. When
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plotted with the offset, Baxter’s (1960) measured mean
size at age for each year better approximates his calcu-
lated values (Fig. 4). It is unclear as to why this offset
exists because no mention of it is made in that publica-
tion, despite the size being calculable from data plots. This
offset could potentially be a correction for age estimates
based on scales because Baxter (1960) claims that annuli
on scales of yellowtail jack do not form until the second
winter following hatching (when fish are 18 months old).
The findings of Gillanders et al. (1999) support this claim
as well, as they were unable to find 1-year-old fish when
they used scales. Another potential explanation of the
7-month offset could be that he wanted to backdate fish
ages to 1 January, given that spawning along the coasts of
California and Mexico is thought to peak in mid-summer
(with 1 July being 7 months after 1 January) (Baxter,
1960; Sumida et al., 1985). Unfortunately, these 2 poten-
tial explanations are simply conjecture. We were unable to
obtain any of Baxter’s (1960) original raw data or notes to
explore hypotheses.

Early growth: issues for accurate age estimation

Yellowtail jack in the SCB have a similar overall popu-
lation age structure to that of those from Australia, New
Zealand, and Baja California (Baxter, 1960; Gillanders
et al., 1999; Mckenzie et al., 2014). However, differences
in length at age for young fish (ages 0-3) still need to
be resolved. Baxter (1960) reports a mean FL of 50.6 cm
(range: 37.1-63.3 cm) for age-1 fish and a mean FL of
63.4 cm for age-2 fish (range: 52.0-70.9 cm). These mean
sizes are much larger than those for our age-1 and age-2
fish (mean size: 26.3 and 44.1 cm FL, respectively). This
discrepancy could be partly due to our smaller sample
size for fish <65 cm FL or to the different structures used
for age estimation. Gillanders et al. (1999) found that
estimates of age at scale-derived lengths are generally
lower than age estimates from either otoliths or vertebrae
and that scale and otolith readings diverged below age 4
(Gillanders et al., 1999).

However, the difference in sizes of year 1 and 2 fish could
simply be due to differences in counting the first growth
zone on whatever structure was used for age estimation.
Our length estimates for yellowtail jack from the SCB were
similar to estimates for those from New Zealand when aged
in accordance to the 1+ hypothesis (Francis et al., 2014). If
1 year is added to Baxter’s length calculations, they closely
mirror our findings, especially the estimates for young fish
(<4 years) (Fig. 4). The 1+ hypothesis states that the first
growth zone is formed during autumn—winter of the fish’s
second year, an approximate age of 18 months. Because of
this lag in formation of the first growth zone, Francis et al.
(2014) recommended that readers of otoliths from yellow-
tail jack add 1 year to their age counts.

Gillanders et al. (1999) was unable to classify any scale-
aged fish as year class 1, a very different finding than
that of Baxter (1960). This issue of difficulty in classifying
early year classes (1 and 2) in species of Seriola has been
reported at least twice in the literature, both for greater

amberjack (S. dumerili) from the Gulf of Mexico (Manooch
and Potts, 1997) and for yellowtail jack from New Zealand
(McKenzie et al., 2014). In both instances, the authors
recommended further work to validate the position of the
first annual growth zone on otoliths from fish of Seriola
species.

Because of the difficulty of sampling wild yellowtail
jack under ~20 cm FL, our study made no attempt to
determine the annual otolith deposition zones. Gillanders
et al. (1999) analyzed marginal increments on whole oto-
liths of fish aged as 2—4 years old and suggested that
1 zone is laid down per year in the Southern Hemisphere
during winter (August—September). Stewart et al. (2004)
believed that identification of the first annual zone is
still problematic; our findings support this notion as well.
Most recently, Francis et al. (2014) attempted to deter-
mine the location of the first growth zone in yellowtail
jack from New Zealand. Although they failed to deter-
mine its location with any certainty, their results indi-
cate that adding 1 year to the counted ages is the best
current method and is how we estimated ages for this
study. Further research validating the formation and
position of the first growth zone should improve future
age estimations for yellowtail jack in the SCB.

Elevated sea-surface temperatures: evidence of possible
effects on populations

Climate-mediated recruitment pulses are possibly
reflected in age-length frequency within the 235 fish
sampled for this study. In the SCB, warmer-than-average
conditions are coincident with El Nifio summers (positive
anomaly >0.5°C in the ENSO 3.4 region) (Chavez et al.,
2002) and are thought to support spawning of yellowtail
jack in the outer-SCB as well as to correlate with increased
success in recruitment of yellowtail jack (Tian et al., 2012).
Mean and median ages for all yellowtail jack were 6.0
and 6.2 years, respectively. These ages correspond with
spawning during summer 2009. The climate of 2009 was
a mild El Nifo (positive anomaly of 0.9°C in the ENSO
3.4 region), with elevated ocean temperatures in the SCB
(SI0%). Additionally, fish in the 90th percentile of our size
distribution were larger than 96 cm FL and, according
to our age estimations, greater than 10 years old. These
fish most likely spawned between 2003 and 2006, again,
a period of elevated sea-surface temperatures during
summer in the SCB. The prevalence of fish resulting from
spawning during anomalously warm-water conditions in
the SCB, coupled with cyclical increases and decreases in
yearly catch, further supports the idea that both spawning
and recruitment are greater in the SCB during episodes of
elevated sea-surface temperatures.

3 SIO (Scripps Institution of Oceanography). 2019. Surface tem-
peratures collected at Scripps Pier in La Jolla, CA, by Birch
Aquarium at Scripps staff and volunteers. Data provided by the
Shore Stations Program sponsored at SIO by the Division of
Boating and Waterways, California State Parks. [Available from
website, accessed February 2019.]
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Size-mediated opportunistic predators

Yellowtail jack are best thought of as generalist, opportu-
nistic predators (Baxter, 1960). Our analysis confirms this
notion, although several prey species made up the majority
of all contents of stomachs from fish sampled in the SCB.
By functional group, coastal pelagic fish species, including
Pacific sardine, northern anchovy, Pacific chub mackerel,
and jack mackerel, accounted for the largest percentage of
stomach contents (61.5%). However, by species, the pelagic
red crab was the most prevalent single species across all
stomachs sampled (22.7%), and crabs of this species were
found in fish from all sampled areas in the SCB.

The primary driver of diet variation in sampled yel-
lowtail jack was body size, with the number of both indi-
vidual prey species and functional groups consumed
increasing with body size. This relationship, combined
with size-mediated increases in 8'°N enrichment and the
lack of spatial variation in the proportion of consumed
functional groups, indicates that the dominant trend in
diet composition is ontogenetic rather than spatial. The
case for such ontogenetic shifts is further supported by
size-dependent differences in diet composition, with the
diet of fish larger than 61 cm FL being proportionally
more diverse than that of smaller fish (Fig. 2). In addi-
tion to an ontogenetic shift in diet, these results could
also reflect an ontogenetic shift in habitat, given that yel-
lowtail jack are assumed to transition from offshore (less
diverse) habitats to inshore (more diverse) habitats as
they age (Horn and Allen, 1978).

El Nifio conditions and fishery-dependent sampling:
effects on assumed spatial diet patterns

The prevalence of pelagic red crab in the diet of yellow-
tail jack reflects the period in which we sampled because
early 2014 through late 2016 were anomalously warm in
the SCB because of the confluence of strong El Nifio con-
ditions and the anomaly in the northeast Pacific Ocean
called the blob (Bond et al., 2015). The presence of pelagic
red crab in the SCB is a classic biological indicator of El
Nifio because they usually occur significantly farther
south in more tropical waters but are advected northward
during El Nifio episodes (Lluch-Belda et al., 2005).

Although traditionally thought of as an offshore pelagic
species, the pelagic red crab was widespread through-
out the SCB for the majority of the sampling period as
well as physically observed at practically every (inshore
and offshore) sampling location (senior author, personal
observ.). In addition to a lack of temporal variation in
their presence, the ubiquitousness of pelagic red crab
further confounded attempts to infer spatial patterns in
the diet of yellowtail jack. Therefore, for yellowtail jack
collected during 2014-2017, neither presence in stom-
achs nor isotopic signatures of pelagic red crab should
be assumed to indicate necessarily that the fish in ques-
tion was feeding in a pelagic habitat (e.g., Madigan et al.,
2018), given the ubiquity of these crabs across habitat
types during this time.

Levels of 3'°N and §'3C: effects on body size

We found no significant regional differences in 8N or
512C levels in samples of bulk white muscle; however, both
815N and 8'3C track with body size and 5'°N levels increase
with increasing body size. The effect of size on §'°N was
unsurprising, given that larger fish feed on a wider variety
of prey, a finding supported by stomach content analysis.
Levels of 8'3C also increase with body size, however, only
in fish collected inshore. Offshore fish showed no size-
mediated variation in 8'3C. Such size-mediated increases
can indicate trophic partitioning within a population
(Post, 2003). Considering that the difference in 3'°N values
between fish that were the most and least enriched was
more than 3%o (13.00%0 versus 18.34%. 8'°N), and assum-
ing a consistent prey base, large (>90 cm FL) yellowtail
jack probably feed between 1 and 2 estimated trophic levels
above their smallest conspecifics (Post, 2002).

Size-mediated effects: evidence of ontogenetic
shift in habitats

Anglers and researchers have long assumed that yellowtail
jack in the SCB shift from offshore to inshore environments
as they grow, assumptions supported by work on congeners
in Japan and in Australia and New Zealand (Sakakura and
Tsukamoto, 1998; Kasai et al., 2000). Within the SCB, aside
from recent isotopic analysis (Madigan et al., 2018), the
case for such an ontogenetic shift has been based largely
on anecdotal reports from commercial and recreational
anglers. We observed that most of the biological variation in
yellowtail jack from the SCB correlates with body size, not
collection location. In addition, 8'°N and §'C enrichment,
stomach contents, and diet diversity, all vary significantly
with body size. Results of previous tagging work (Baxter,
1960; Gillanders et al., 2001; senior author, unpubl. data)
indicate that broad-scale movements are size dependent as
well, given that intermediate-sized fish (60-90 cm FL) were
recaptured significantly farther from tagging locations
than either small (0—60 cm FL) or large (>90 cm FL) yellow-
tail jack (10-100 km versus 100—1000 km). When viewed in
concert, these factors indicate a likely shift from offshore to
inshore habitat once fish are sexually mature.

Levels of 83C also point to a potential size at which habi-
tat transition occurs because §'*C values overlap for inshore
and offshore yellowtail jack only at sizes of approximately
55-70 cm FL (the approximate size of sexual maturity). The
divergence in §'°C levels indicates a shift in consumption of
prey from those exhibiting carbon signatures in line with
pelagic environments to species associated with inshore
kelp forests (Glaser et al., 2015; Koenigs et al., 2015). Lev-
els of 8'C enrichment that indicate an increase in trophic
level also support the notion of an ontogenetic transition
from offshore to inshore habitats. Offshore, pelagic hab-
itats are generally more depleted in §'°N in comparison
with inshore habitats influenced by seasonal upwelling
and other sources of nitrogen (Lajtha and Michener, 1994).
Considering potentially lengthy isotopic turnover times in
muscle tissue (MacNeil et al., 2006; Madigan et al., 2012),
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and the robust swimming ability of yellowtail jack (Clark
and Seymour, 2006), the lower 5'°N values in small (<60 cm
FL) yellowtail jack from the inshore region could be a rem-
nant from their juvenile phase in the pelagic environment.
Conversely, higher 8'°N values in large (>90 cm FL) yel-
lowtail jack collected offshore could indicate relatively brief
offshore forays, perhaps for spawning.

Life history in the context of changing oceans

The results of our study update our understanding of the
basic life history for a highly popular, yet under-studied
and under-managed game fish. Our results point to yel-
lowtail jack in the SCB as one contiguous population with
consistent ontogenetic variation in diet, trophic position,
and growth rate and indicate that global climate events
affect yellowtail jack in the SCB. Whether by forcing
northward range expansion, increasing fishing mortality,
or changing available prey assemblages, the anomalously
warm blob and El Nifio conditions within the SCB during
our sampling period influenced our results and con-
founded efforts to discern potential regional differences.
Coincidentally, sampling for the sole previous analysis
of the life history of yellowtail jack also occurred during
extended positive and neutral El Nifio periods. Interest-
ingly, despite massive increases in anthropogenic effects
along the coastlines of the SCB and northern Baja Cali-
fornia since yellowtail jack were previously studied in the
mid-1950s, most life history characteristics remain sim-
ilar. Ultimately, the effects of increasing environmental
variability and ocean warming on life history, abundance,
and local and regional movement patterns of this species
are not yet understood and require further investigation
before being taken into account for potential management
decisions.
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