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ABSTRACT: Understanding the environmental and anthropogenic drivers of spatial patterns in
life history variation for exploited fish populations is important when making management deci-
sions and designating stock boundaries. These considerations are especially germane for stocks
that are overfished or recently rebuilt, such as lingcod Ophiodon elongatus, a commercially and
recreationally valuable species of groundfish along the West Coast of North America. Between 2015
and 2017, we collected 2189 lingcod from 24 port locations, spanning 28° of latitude from south-
east Alaska (60°N) to southern California (32° N), to investigate latitudinal patterns in size- and age-
structure, growth, timing of maturity, condition, and mortality, as well as to identify biologically
relevant population breakpoints along the coast. We found strong latitudinal patterns in these life
history and demographic traits consistent with Bergmann's rule: lingcod from colder, northern
waters were larger-at-age, lived longer, matured at larger sizes, and had lower natural mortality
rates than lingcod from warmer, southern waters. Female lingcod were larger-at-age, lived longer,
and matured at larger sizes compared to males within each examined region. In addition, we
found evidence for strong associations between lingcod life history traits and the oceanographic
variables of sea surface temperature and chlorophyll a. Cluster analysis using life history traits indi-
cated that central Oregon is a biologically relevant breakpoint for lingcod along the US West
Coast. This breakpoint based on life history traits, in conjunction with a recently identified popu-
lation genetic breakpoint between central and northern California, highlights the need for future
lingcod stock assessments to consider multiple sources of information to best inform management
of this trans-boundary stock.
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1. INTRODUCTION variability, habitat complexity, and human-induced

impacts. These factors can affect the demography

Coastal marine fishes are exposed to unique, fluctu- and life history of broadly ranging species in a vari-
ating environments that are affected by oceanographic ety of ways, from altering population structure to
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shifting patterns of growth, reproduction, and mor-
tality (Robertson et al. 2005a,b, Hamilton et al. 2011).
The influence of changing latitudes and the environ-
mental gradients associated with them on life history
variation has been repeatedly documented in marine
environments (Boehlert & Kappenman 1980, Gert-
seva et al. 2017, Kapur et al. 2020), often showing
that organisms from colder regions are larger-at-
age, have increased longevity, and mature earlier
at smaller sizes compared to conspecifics residing
in warmer locales (Bergmann 1847, Ray 1960, for an
exception see Conover & Present 1990). This phenom-
enon, referred to as Bergmann's rule, is generally
attributed to temperature-driven energetic trade-
offs between somatic growth and reproduction, and
regional variability in food availability and metabo-
lism (Atkinson & Sibly 1997, Munch & Salinas 2009).

Fishing pressure can also have substantial effects
on population structure and the life history of fish
stocks over time. Heavy exploitation can produce
population-level changes due to the tendency of the
fishing industry to remove large, long-lived, repro-
ductive individuals from the population (Ricker 1981)
that can have short- and long-term repercussions on
recruitment, reproductive output, stock resilience,
and overall economic yield (Hixon et al. 2014), where
overfished populations are left in a particularly vul-
nerable state in the face of changing climate condi-
tions. In species with broad distributions, the degree
of exploitation can be spatially and temporally incon-
sistent; therefore, historic and current fishing trends
must not be overlooked when disentangling drivers
of observed trait variation.

Despite these known spatial and temporal influ-
ences on life history ftraits, fisheries management
methods often make the simplifying assumption of
spatial uniformity across broad regions, segments of
a population, or the entire stock. As a result, a mis-
match between spatial scales of management and
local fish demographics can exist when detailed infor-
mation is not available (Cope & Punt 2011). Past stud-
ies have demonstrated that incorporating spatially
explicit sources of population variation into harvest
models can reduce the risk of localized depletion
(Okamoto et al. 2020) and improve stock assessment
performance (Cope & Punt 2011). Likewise, account-
ing for life history differences when implementing
management regulations in the form of catch quotas
and minimum size limits has the potential to maxi-
mize overall yield and sustainability (Hamilton et al.
2011, Wilson et al. 2012, Okamoto et al. 2020). Meth-
ods of defining stock structure based on biological
and/or genetic information for management purposes

has advanced considerably in the past decade (Spies
& Punt 2015, Andrews et al. 2018, Kapur et al. 2020);
however, the key to producing spatially structured
assessments ultimately depends on the data used to
inform them. Such data are often outdated, regionally
constrained, or lacking altogether (Maunder & Piner
2015).

The groundfishes of the Northeast Pacific along the
US West Coast would especially benefit from the use
of spatially structured assessments as they are long-
lived, widely distributed, have relatively small home
ranges as adults (Love et al. 2002), and thus have the
potential for life history variability associated with
geographic features and environmental conditions.
High-latitude waters near southeast Alaska (57°N)
are generally cooler and more productive than low-
latitude regions south of Point Conception, California
(32°N); however, the strength of upwelling and pro-
ductivity is largely dependent on interactions among
the California Current System (CCS), seasonal wind
forcing, and physical features (i.e. capes, points, sub-
marine canyons, and islands) (Ware & Thomson 2005,
Checkley & Barth 2009). Over 300 species of ground-
fishes inhabit this stretch of coast, including 100+
economically valuable species managed under the
groundfish fishery management plan that contributes
$70 million in ex-vessel revenue annually (PFMC
2019). Despite their importance, spatial variability in
life history and demographic traits and the relation-
ships between these traits and environmental gra-
dients remain to be explored for the majority of
groundfishes (for exceptions, see Rooper 2008, Wil-
son et al. 2008, Laidig 2010).

In this study, we examined the life history and
demography of lingcod Ophiodon elongatus Girard,
1854, a commercially valuable groundfish and key
sportfish prized by recreational anglers on the West
Coast of North America (NMFS 2018). Lingcod con-
tribute close to 7.5% of total recreational groundfish
landings and $1.4 million in ex-vessel revenue in the
commercial sector (PFMC 2019). Past studies have
indicated that lingcod exhibit geographic variability
in body size, spatial separation between sexes, and
have limited adult home ranges (Starr et al. 2005,
Tolimieri et al. 2009, Bassett et al. 2018), suggesting
the potential for substantial variation in demography
and life history traits throughout their range. De-
spite this potential, current lingcod stock assessment
regions are structured around state regulatory and
fishery management considerations, and only grossly
capture latitudinal biological patterns seen in the
population. In addition, until quite recently, lingcod
stock assessments lacked fishery-independent data
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from all habitat types and stressed major uncertainty
regarding the proper break points for stocks and sub-
stocks and stock-specific length-at-age data (Hamel
et al. 2009, Haltuch et al. 2018), indicating the need
for consistent monitoring so that a robust time-series
can be established.

Our goal in this study was to determine how ling-
cod demography and life history traits vary across its
US range and to examine how oceanographic factors
may influence this geographic variability. We pre-
dicted that lingcod in cooler, northern waters with
higher primary productivity will be larger-at-age,
longer lived, later to mature, and in better condition
than lingcod from warmer, southern latitudes where
waters are relatively nutrient-poor. Our objectives
were (1) to quantify and compare life history and
demographic traits (growth, longevity, size- and age-
at-maturity, somatic condition, and mortality) of ling-
cod in 7 regions along the US West Coast; (2) to
investigate associations between life history parame-
ters and oceanographic indicators; and (3) to deter-
mine whether distinct clusters occurred within the
West Coast lingcod population based on similarities
in life history traits, to determine biologically rele-
vant breakpoints in the lingcod stock.

2. MATERIALS AND METHODS
2.1. Species natural history

Lingcod (Family Hexagrammidae) range from Ko-
diak Island, Alaska, to Baja California, Mexico (Wilby
1937, Miller & Lea 1972). They are opportunistic top
predators, feeding on a variety of taxa including
octopus and squid, herring, rockfishes, and flatfishes
(Beaudreau & Essington 2011, B. L. Basnett unpubl.
data). Genetic studies using allozyme or mitochondrial
DNA markers reported that lingcod are genetically
similar throughout their coastal range (Marko et al.
2007); however, results using thousands of genome-
wide markers generated with restriction site associ-
ated DNA sequencing (RADseq) suggest evidence
for 2 distinct genetic clusters, with a northern and
southern lingcod group separated offshore of Point
Reyes, California (Longo et al. 2020).

Previous studies of lingcod life history are decades
old, geographically limited, and vary in collection
methods; additionally, there has not been a com-
prehensive study conducted for lingcod across the
entirety of its range. It is important to emphasize that
past climate and anthropogenic factors likely influ-
ence extant patterns in life history, underscoring the

necessity of conducting regular studies on harvested
populations. In specific regions where detailed stud-
ies have been conducted, lingcod were found to be
sexually dimorphic, with females typically growing
faster and attaining larger asymptotic sizes than
males (Miller & Geibel 1973, Cass et al. 1990). During
spawning season (December-February), females
move from deeper offshore areas (100-200 m) to
shallow (10-40 m) rocky habitats to deposit eggs at
favorable nesting sites, pre-chosen and guarded by
mature males (Cass et al. 1990). After the eggs are
deposited, female lingcod will return to depth and
leave the male to guard the eggs until they hatch
(Low & Beamish 1978). Upon hatching, the larvae are
pelagic for several months before settling to soft-
bottom habitats. Juvenile lingcod often remain on
soft-bottom habitats until attaining a size of ~35 cm
(1-2 yr of age) before moving into high-relief rocky
habitats, potentially for protection from larger preda-
tors (Petrie & Ryer 2006, Bassett et al. 2018).

Adult lingcod display a high degree of site fidelity
with an established location of residence (<8 km
home range), but frequently leave for brief periods
of time over short distances, presumably to feed
(Starr et al. 2005, Greenley et al. 2016). During non-
spawning months, males and females exhibit spatial
segregation by depth and habitat type, where a
higher proportion of female lingcod are caught in the
commercial fishery by trawl gear in low relief, deep,
offshore habitats, and a higher proportion of male
lingcod are caught in the recreational fishery by
divers and party-boat anglers in comparatively
shallow, nearshore habitats (Miller & Geibel 1973,
Jagielo 1999).

2.2. Study location and collection methods

Lingcod were collected from 7 regions along
the US West Coast between 2015 and 2017: South-
east Alaska (54°30'N-59°48'N), Puget Sound,
coastal Washington (46° 16' N-49° N), Oregon (42° N—
46°16' N), northern California (38°2'N-42°N), cen-
tral California (34°30'N-38°2'N), and southern
California (32°2'N-34°30'N) (Fig. 1). These regions
were initially selected based on major biogeo-
graphic features (Point Conception, Cape Mendo-
cino, Columbia River, Puget Sound) with potential
for pronounced influence on groundfish life history,
as well as certain federal/jurisdictional boundaries
(US-Canadian border, Oregon-California border,
US—-Mexican border). Lingcod were caught using
hook-and-line fishing gear on commercial passen-
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greatly reduces incidental catch of
other bottomfish species (i.e. Sebastes
spp.). Similar terminal tackle types
were used by recreational anglers
coastwide to ensure that gear selec-
tivity did not bias collections. Both
small and large lingcod were caught
from all ports, indicating that the bulk
of the size range was targeted effec-
tively. Because lingcod are known to
recruit to rocky substrate at around
35 cm total length (Miller & Geibel
1973), it is unlikely that smaller size
classes were excluded by this mode
of fishing in rocky habitats. Addi-
tional samples were provided by the
Alaska commercial longline fishery,
the Northwest Fisheries Science Cen-
ter (NWFSC) Rockfish Bycatch Study
in Puget Sound (Andrews et al. 2018),
the Oregon Department of Fish and
Wildlife Marine Reserves Program
(Huntington et al. 2014), and the Ca-
lifornia Collaborative Fisheries Re-
search Program (Wendt & Starr 2009).

Total length (cm), weight (kg), sex,
and body coloration were recorded im-
mediately after lingcod were landed,
then fish were frozen or put on ice

S
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Fig. 1. Study area. Ports are color-coded by region; 2 to 5 ports were chosen
per region based on commercial passenger fishing vessel availability and

accessibility

ger fishing vessels (CPFVs) year-round, though the
majority of samples (83.3%) were collected from
March-October (non-spawning months). Three to 4
fishing ports were selected per region (n = 24 ports
total), with the goal that selected ports were evenly
distributed within each region and across the entire
study area (Fig. 1), depending upon the availability
and accessibility of CPFVs. We worked closely with
CPFV captains and local volunteer anglers to iden-
tify appropriate fishing grounds and to ensure that
lingcod landed from one port did not overlap with
lingcod landed from an adjacent port. On average,
we fished for 2.5 d out of each port to obtain the
targeted sample size of 75-100 lingcod per port. To
ensure a thorough collection of lingcod across a
wide range of age and size classes, shallow (<60 m)
and deep (60-170 m) nearshore and offshore rocky
reefs near each port were sampled for an equal
amount of time. Lingcod can be targeted using
weighted bars, jigs, swim baits, and live bait, which

until dissection. Lingcod were eutha-
nized per the Institutional Animal Care
and Use Committee (Protocol #964) at
San Jose State University. Catch and
location information (e.g. latitude, longitude, depth,
relief, and fishing duration) were collected at the
start and stop for each drift, though for the purposes
of this study lingcod were grouped and analyzed by
landed port or region. Gill tissue was collected and
stored in 95% ethanol, a subset of which (n = 548)
was used for genetics (Longo et al. 2020). Male and
female gonads were weighed (g) and macroscopi-
cally inspected to assess maturity stage according
to Washington Department of Fish and Wildlife
(WDFW) standards (Table S1 in the Supplement at
www.int-res.com/articles/suppl/m670p203_supp.pdf)
(Silberberg et al. 2001). While macroscopic assess-
ment of maturity is not a reliable determinant of
functional maturity, it is an adequate method for
demonstrating biological maturity for the purposes of
this study (M. Head, NWFSC, pers. comm.).

To evaluate growth rates (length-at-age), age-at-
maturity, and longevity, lingcod were aged using
the fin-ray method (Chilton & Beamish 1982), which
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has the highest accuracy, readability, and minimal
between-reader bias when compared to other ageing
structures (Beamish & Chilton 1977, Cass & Beamish
1983) (Fig. S1). Fin rays 4-8 on the second dorsal fin
were removed at the base joint and frozen. Fin rays
collected in Washington were processed and aged by
the WDFW ageing lab then sent to Moss Landing
Marine Laboratories (MLML) where cross-lab ageing
validation was established (Table S2, Fig. S2). All
other fin rays were processed and aged at MLML fol-
lowing the fin ray preparation protocol and ageing
methods described by Chilton & Beamish (1982) and
currently employed by WDFW (R. LeGoff, WDFW,
pers. comm.).

2.3. Life history and demographic analysis

We used the computing platform R version 3.5.1
and JMP Pro version 14 for all analyses, and an alpha
level of 0.05 for statistical tests. Sex ratios were
assessed across all regions using Pearson's chi-
squared test. We compared size- and age-frequency
distributions among regions and between sexes using
the multiple sample nonparametric Kruskal-Wallis
test and the 2-sample Kolmorgorov-Smirnov test,
respectively, allowing us to detect differences in
cumulative frequency distributions among groups.
Due to the seasonality of the depth distribution for
male and female fish, lingcod caught within spawn-
ing months November—February were excluded from
this analysis. The Steel-Dwass method was used for
pairwise comparisons between regions. We used
residual analysis to account for the covariate of depth
as a confounding factor when comparing lingcod size
and age distributions. There was a significantly posi-
tive linear relationship between depth and size (f =
0.048, 12 = 0.17, Fy 1490 = 457.8, p < 0.0001) and depth
and age (8 =0.005, 12=0.10, F; 1575 = 170.9, p < 0.0001).
Residuals from the linear regressions on depth versus
size and depth versus age were extracted and used in
the nonparametric comparisons by region and sex.

We examined differences in growth rate by fitting
von Bertalanffy growth functions (VBGF) to length-
at-age data for each region and sex or each port
(depending on the analysis) using maximum likeli-
hood parameter estimates (Kimura 1980) and the fol-
lowing equation:

Ly = Ling [1 — e7*0)] (1)

where L; equals the estimated length at age t, Ly
is the predicted maximum asymptotic length, k is
the growth coefficient, and {, is the theoretical time

when length equals 0. The t, parameter was not esti-
mated but fixed to 0, which we deemed biologically
appropriate as larval lingcod are only 12 mm upon
hatching (Petrie & Ryer 2006), and young-of-the-year
lingcod (important for anchoring the VBGF curve)
were not collected in this study. We used a 2 param-
eter estimation for generating maximum likelihood
VBGF curves. Confidence intervals (95 %) were cal-
culated around least squares estimates of Li; and k
for each subpopulation using bootstrap methods
(Kimura 1980). Longevity (Th.x) is presented as the
maximum sampled age per region (Beverton 1992).
We also calculated the average oldest age using the
mean of the upper quartile of ages (Choat & Robert-
son 2002) to provide a more robust and conserva-
tive estimate for comparing T,.x. The average oldest
age was derived per port and compared among
regions using ANOVA. We assessed timing at 50 %
maturity using logistic regression based on macro-
scopic assessment of gonad stage (mature vs. imma-
ture fish). Confidence intervals (95 %) were estimated
using bootstrapping and compared among regions;
significant differences in the timing of maturity oc-
curred when confidence intervals did not overlap. No
estimate for length or age at 50 % maturity was de-
rived for lingcod in southern California due to small
sample size of immature individuals (n = 1).

Natural mortality rate (M) was estimated using a
weighted composite of several well-known empirical
methods (Cope 2017), using growth and Ty, esti-
mates as parameter inputs. We chose to use L;,;, k, and
Tax to generate the composites as there was the least
amount of variability associated with these parame-
ters. Estimates of M were weighed so that the con-
tribution of empirical methods using overlapping
parameter inputs totaled 1. A lognormal error dis-
tribution with a CV of 0.2 was included to incorpo-
rate uncertainty for point estimates and to create a
prior distribution plot of M values per port. Then we
used an ANOVA to identify differences in M among
regions. We estimated total mortality (Z) using the
Chapman-Robson method of cross-sectional catch-
curve analysis (Chapman & Robson 1960) with a cor-
rection factor for variance inflation (Smith et al. 2012).
The Chapman-Robson method is based on maximiz-
ing a likelihood function on a geometric distribution
for catch at age. Fish younger than the modal age
were excluded from the regression (Beverton & Holt
1959, Chapman & Robson 1960, Robson & Chapman
1961, Ricker 1975). Fishing mortality (F) was derived
using the formula F=Z - M.

Finally, we examined and compared lingcod condi-
tion using morphometric and physiological indices:
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Fulton's K condition factor was used to assess general
health of individual lingcod, where the weight is
proportional to the cube of its length:

K = (body weight / total length®) x 100 (2)

(Fulton 1902, Bolger & Connolly 1989). High K values
signify that a fish is heavier, and potentially health-
ier, for a given length. The hepatosomatic index
(HSD):

HSI = (liver weight / body weight) x 100 (3)

calculates the ratio of the liver weight to overall body
weight and measures the energy reserve status of a
fish, where high HSI indicates healthier condition
with more energy reserved in the liver (Htun-Han
1978, Bolger & Connolly 1989). To account for the
effect of seasonality on body condition, lingcod caught
during pre-spawning and spawning months were
again excluded from the analysis. Total length was
positively correlated with Fulton's K (f = 0.002, r? =
0.04, F; 9117 = 96.5, p < 0.0001) and HSI (B = 0.01, 12 =
0.04, Fy 2103 = 80.1, p < 0.0001); therefore, residuals
from linear regressions were extracted and used in
the subsequent ANOVA among regions to eliminate
the confounding effect of body size.

2.4. Multivariate analysis and population clustering

We conducted a series of multivariate analyses to
identify potential breaks, or geographic boundaries,
where similarities in lingcod life histories can be
grouped using life history estimates on the port-scale
as opposed to the a priori defined regions. We used
an agglomerative hierarchical cluster analysis among
all sampled ports to identify data-defined clusters
with no prior specifications based on region. Non-
metric multidimensional scaling (nMDS) was used to
visualize and ordinate the data-driven clusters in 2-
dimensional space, and a permutational multivariate
analysis of variance (PERMANOVA) was run to test if
identified clusters were significantly different from
one another. Euclidean distances were calculated
among ports using normalized size- and age-based
life history parameters: L;,;, k, mean size, Ty, Size
at 50% maturity, and M. The average silhouette
method was used as a means of statistical clustering
validation to compute the optimal number of port
clusters (Everitt et al. 2001, Rencher 2002), and the
complete linkage agglomerative clustering method
was used to identify similar ports within those clus-
ters. Homogeneity of group variances was tested
using a multivariate analogue of Levene's test.

Finally, a principal component analysis (PCA) was
used to determine the spatial association among
coastwide lingcod life history traits and to further
explore the association between long-term mean
oceanographic factors (sea surface temperature [SST]
and chlorophyll a [chl a] concentration) and observed
latitudinal trends in life history. Here, we used chl a
as a proxy for ecosystem productivity since areas
with high concentrations of chl a are able to support
higher secondary production of prey types typically
consumed by lingcod (Worm et al. 2002). Life history
parameters of L,y and k, mean length, T, M, Ful-
ton's K, and HSI were derived on the port-level data
and normalized for the PCA. Factors (size at 50%
maturity, age at 50 % maturity, maximum age) con-
taining missing values from a subset of ports were
excluded from the analysis. Mean SST and chl a data
were obtained from the Giovanni online data system,
developed and maintained by the NASA Goddard
Earth Sciences Data and Information Services Center
(https://giovanni.gsfc.nasa.gov). SST (°C) and chl a
(mg m~) data are collected at a spatial resolution of
4 km using moderate-resolution imaging spectro-
radiometer (MODIS) Aqua satellites. SST and chl a
data in closest proximity to fished locations were iso-
lated per port and averaged over a 12 yr period (2005—
2017) that encompassed the ages of lingcod in the
data set. Principal components (PCs) with eigenval-
ues >1 (Girden 2001) were saved and used in a linear
regression with mean SST and chl g, respectively.

3. RESULTS
3.1. Geographic variability in life history

Lingcod (n = 2189) were collected coastwide from
rocky habitats between 2015 and 2017 (Table 1).
Within regions, male and female lingcod were caught
in significantly different proportions across all regions
(x% = 239.66, p < 0.0001); however, the majority of
this difference was driven by lingcod from Washing-
ton, which was female-dominated. This difference is
likely due to the greater shelf width and reduced
rocky habitat off the coast of Washington; in all other
regions, males were more common. Upon removing
Washington-caught lingcod from the sex-ratio analy-
sis, there was no significant difference in sex ratios
(% = 8.98, p = 0.1100), and the average sex-ratio
among all regions was 39.8% females to 60.2%
males. Lingcod were caught from depths of 7-170 m
(mean + SE: 59.8 + 0.82 m). After accounting for
the confounding factors of depth and seasonality,
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Table 1. Lingcod catch summary by region. Number of ports were chosen based on commercial passenger fishing vessel loca-
tion and availability. Each port was fished for an average of 2.5 d. Sample size of unsexed, female, and male lingcod, and
percent female per region are shown (total n = 2189). TL: total length

No. of ports Days fished Female (n) Male (n) Unsexed (n) Percentfemale Max. TL (cm) Min. TL (cm)
Total 24 58 1036 1153 2 0.47 127 16.7
Alaska 3 11 105 169 0 0.38 127 41.5
Washington 3 6 318 68 0 0.82 112 39.0
Puget Sound 5 10 62 60 1 0.51 108 20.0
Oregon 4 10 146 211 0 0.41 111 33.8
N. California 2 4 82 118 0 0.41 93.5 25.1
C. California 4 9 224 347 1 0.39 96.9 16.7
S. California 3 8 99 180 0 0.35 97.0 40.2

median lengths differed across all sampled regions
(Kruskal-Wallis test, x%s = 350.2, p < 0.0001) and
followed a latitudinal trend where lingcod de-
creased in size in southern latitudes (Fig. 2A). On
top of the latitudinal trends in body size, female
lingcod were larger than male lingcod in all
regions sampled (Fig. S3). Median ages also dif-
fered significantly across regions (Kruskal-Wallis
test, X26 = 148.9, p < 0.0001), and tended to decline
from north to south; however, regions south of Ore-
gon were statistically indistinguishable (Fig. 2B).
There was no significant difference in the average
oldest age among regions (Fig. 2C); however, lingcod
from Alaska were older than lingcod from central
California based on Tukey's post hoc test. T;,.x gen-
erally declined with latitude (Table 2). Median
female lingcod sizes and ages were larger and older,
respectively, than male lingcod within each region
with the exception of northern California where
there was no difference in male and female age fre-
quency (Fig. S3). Based on average oldest age,
female lingcod consistently lived longer than males
by a mean of 1.4 + 0.33 yr (Table 2).

Lingcod growth parameters L, and k were in-
versely related and exhibited a strong latitudinal
cline across all regions (Table 2, Fig. 3A). Non-
overlapping 95% confidence intervals indicated
there were 4 major subgroups with statistically dif-
ferent growth patterns: Alaska and Washington;
Puget Sound; Oregon and northern California; and
central and southern California (Fig. 3B). These sub-
groups followed a latitudinal trend with decreasing
maximum sizes and increasing k from north to south,
with the exception of Puget Sound which had the
highest k. Within each region, female lingcod attained
levels of L;,; that were on average (+SD) 22.1 £ 3.12 cm
larger than male lingcod, although it took them
longer to attain this body size (Table 2, Fig. S4).

Size at 50% maturity decreased with decreasing
latitude, with the exception of Puget Sound (Table 2,
Fig. 4A). We did not observe a latitudinal trend for
age at 50 % maturity (Fig. 4B), indicating that differ-
ences in length at maturity are likely in response to
the latitudinal differences in growth. Within each
region, female lingcod matured an average (+SD) of
10.2 £ 7.17 cm larger and 0.9 + 0.81 yr older than
male lingcod (Fig. S5). There was no significant dif-
ference in lingcod M among regions, although we
observed a trend of decreasing M with increasing
latitude. Z and F also decreased with increasing lati-
tude, except in lingcod from Washington which,
along with lingcod from southern California, had the
highest Z and Fvalues (Table 2). In Puget Sound, the
calculated value for M was greater than Z, result-
ing in a negative F. Male lingcod consistently exhib-
ited higher M than females across all regions, with
the exception of lingcod from central California.
There was no consistent pattern in Z and F be-
tween sexes, but male lingcod had higher Zin Puget
Sound, Oregon, northern California, and central
California (Table 2).

Condition was analyzed for lingcod caught in non-
spawning months only. After accounting for the pos-
itive relationship between condition and lingcod
size, we found no consistent latitudinal trend in Ful-
ton's K among regions (Fig. 5A, Table S3). Lingcod in
the southern California region had the highest mean
(+SE) Fulton's K (1.07 + 0.008) and were thus heavier
for a given length than fish from all other regions.
HSI exhibited a latitudinal trend, indicating liver
energy stores increased as latitude decreased from
north to south (Fig. 5B). Similar to Fulton's K, individ-
uals from southern California had the greatest mean
HSI (2.18 + 0.045) compared to other regions. Re-
gardless of size, male lingcod were found to have a
significantly higher mean Fulton's K than female
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Fig. 3. (A) Spatial variation in lingcod von Bertalanffy growth curves across 7 sampled regions and (B) 95 % confidence inter-
vals for predicted maximum asymptotic length (L;,) and growth coefficients (k) for each region. Overlapping intervals indicate
no difference in growth. Note that the growth curves for lingcod from Alaska and Washington overlap
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Fig. 4. Logistic regression estimating (A) total length at 50 % maturity and (B) age at 50 % maturity for lingcod from each sam-

pled region along the US West Coast. Horizontal dashed line: time when 50 % of the population is mature; vertical dashed

lines: size and age at 50 % maturity for each region. Maturity of lingcod from southern California could not be estimated due
to small sample size of immature individuals

lingcod in all regions south of Oregon (Table S3).
Male lingcod also had higher HSI than females within
all California regions, but a lower HSI than females
in Washington.

3.2. Multivariate analysis and oceanographic
indicators

We found evidence for 2 clusters of lingcod along
the US West Coast based on the suite of life history
and demographic traits we analyzed. Sampled ports
were generally separated into northern (Alaska,
Washington, and northern Oregon) and southern

(southern Oregon, northern California, central Cali-
fornia, and southern California) clusters (Fig. 6A),
which were significantly different from each other
in life history traits (PERMANOVA: F, 3 = 16.02,
p < 0.001). The magnitude and direction of the vec-
tors indicate that the formation of the 2 clusters is
driven by differences in growth, size, and Ty,
where lingcod from the northern cluster are larger
and older than lingcod from the southern cluster.
Lingcod from the southern cluster have higher M
rates and obtain maximum sizes more quickly (larger
k value) (Fig. 6B).

Principal component 1 (PC 1) and principal com-
ponent 2 (PC 2) together comprised up to 76.0 % of
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SST and chl a; PC 2 also exhibits a slight relationship between SST and chl a, but the trend is not significant
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the variation seen in the port-level life history data
(Fig. 7). Only PC 1 and PC 2 had eigenvalues >1
(3.91 and 1.41, respectively). PC 1 accounted for
55.8 % of the variation in the data and was driven pri-
marily by factors related to size and growth, where
positive values of PC 1 were correlated with Ly,
Thaxr @and mean size, and negative values of PC 1
were correlated with k and M. PC 2 accounted for
20.2% of the variation and was composed of condi-
tion indices, HSI and Fulton's K, on the positive scale.
PC 1 showed a significant negative relationship with
mean SST and a significant positive relationship with
chl a (Fig. 7A,B), such that lingcod obtain larger
sizes, live longer, and experience higher survivorship
as temperatures decline and primary productivity
increases. PC 2 showed no relationship with SST or
chl a (Fig. 7C,D).

4. DISCUSSION

Predictably, biogeographic variability in demogra-
phy and life history traits in commercially important
marine fishes is potentially high where latitudinal en-
vironmental gradients are pronounced (Portner et al.
2008). Despite the importance of such spatially struc-
tured biological variation for increasing the accuracy
of stock assessments and the sustainability of fisheries
management practices, most exploited species have
not been studied with the sufficient spatial and tem-
poral resolution needed to better inform assessments.
Here, we closed the information gap on geographic
variability in life history and demographic trait varia-
tion for lingcod, demonstrating that, in accordance
with Bergmann's Rule, individuals from colder, high
latitude regions along the US West Coast are gener-
ally larger-at-age, grow slower, live longer, and reach
maturity at larger sizes than individuals from warmer,
low latitude regions. These patterns are mirrored by
gradients in SST and ecosystem productivity, sug-
gesting the potential for a causal connection; however,
we discuss several external factors likely influencing
this outcome. This study adds to a growing body of lit-
erature (Keller et al. 2012, 2018, Gertseva et al. 2010,
2017, Kapur et al. 2020) on shelf and slope groundfish
species that defy common assumptions about the lack
of population structure and uniformity in biological
traits over broad spatial scales and underscores the
importance of these considerations for generating ac-
curate scientific advice for fisheries management.

Similar coastwide latitudinal trends in size and
growth have been reported in shelf (greenstriped
rockfish Sebastes elongatus, widow rockfish S. ento-

melas), shelf-slope (sablefish Anoplopoma fimbria),
and slope groundfish species (splitnose rockfish S.
diploproa, aurora rockfish S. aurora, Dover sole Micro-
stomus pacificus) (Keller et al. 2012, Gertseva et al.
2017, Kapur et al. 2020). Like lingcod, these species
tended to reach larger maximum sizes in northern
latitudes, while k mirrored upwelling patterns and
was greater near Cape Mendocino, California, the
area with the highest levels of primary productivity
within the CCS (Checkley & Barth 2009). This peak
in k near Cape Mendocino was also seen in growth
rates for canary rockfish S. pinniger, petrale sole Eop-
setta jordani, and darkblotched rockfish S. crameri,
though a latitudinal pattern in L;; did not exist (Gert-
seva et al. 2017). While it is unlikely that this kind of
spatially explicit life history information will be avail-
able in the near-term for the >90 species managed
formally under the Pacific Fisheries Management
Council's Groundfish Fishery Management Plan
(PFMC 2019), accumulating evidence suggests that
geographic variability in life history and demographic
traits may be the rule rather than the exception.

Lingcod are included in the federal nearshore and
shelf groundfish complexes and may therefore be
influenced by coastal upwelling patterns similarly to
other shelf species, though it is evident that lingcod
share similarities with deeper dwelling shelf-slope
and slope species as well. Lingcod occupy a broad
depth range and are at times spatially segregated
based on sex and size class, but they can also be rel-
atively more mobile than other demersal rockfish
species when foraging and migrating from deeper
depths to spawn (Starr et al. 2005, Tolimieri et al.
2009). While male lingcod are generally distributed
shallower and move more frequently than females
(Starr et al. 2005, Greenley et al. 2016), both sexes
exhibited the same coastwide trends in L;; and k.
Among the previously studied species, latitudinal
trends in lingcod growth are most similar to that of
Dover sole (L increases at higher latitudes while k
generally declines, except in northern California);
however, they differ in reproductive behavior, ecol-
ogy, and spatial distribution. Notably, based on both
past findings and our current results, lingcod are a
comparatively productive groundfish species in the
greenling family, growing faster and maturing at
younger ages (2—-3 yr) than many other groundfishes,
and they invest heavily in reproduction as evidenced
by male nest-guarding behavior. Therefore, early life
stages are likely sensitive to coastal upwelling pat-
terns that affect early growth rates, while factors like
temperature and fishing pressure may have a greater
influence on the L;,; values we observed.
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The effects of fishing on the lingcod population can
confound life history results and skew the size distri-
bution of sampled individuals. Lingcod have been
commercially and recreationally harvested along the
US West Coast since the early 20" Century, with the
vast majority (mean of 62.3 % since 2005 and up to
70.8 % since 2014) of US landings (excluding Alaska)
taken by the recreational hook-and-line fishery in
recent decades (Haltuch et al. 2018). From 2010-
2019, the highest recreational lingcod landings in the
contiguous US West Coast originated from central
California (37.0%), followed by Oregon (24.9%),
Washington (15.1%), northern California (14.3 %),
and southern California (8.7 %), respectively (PSMFC
2020). As fishing tends to remove large, older indi-
viduals from the population, it is likely that lingcod
collected from our sampling efforts do not include
historically old (and large) individuals that would be
found in an unfished population, thereby resulting in
reduced estimates of T,,, and elevated mortality
rates. Calculating M using T}, from a fished popula-
tion results in values that closely resemble Z rates
and an F rate near zero, as seen in some regions in
this study (Table 2). While there was still a latitudinal
gradient in lingcod M, we can conclude that the
absolute value of our M estimates would be different
had they been derived from an unfished population.

More generally, it is possible that the geographic
differences in growth, age-at-maturity, and condition
we observed have been influenced by long-term,
regionally distinct histories of exploitation. Fishery
removals typically result in truncated populations
where individuals are smaller, grow faster, and reach
maturity at smaller sizes (Beamish et al. 2006, Con-
over et al. 2009). However, there is no direct evidence
available to make inferences about how regionally
specific exploitation histories interact with latitudinal
environmental gradients to produce the patterns we
observed. Comparisons between the results of the
current study and those from past studies are chal-
lenged by substantial differences in study loca-
tions, collection methods, and ageing methodologies
(Table S4). With these caveats in mind, there appears
to be some suggestion that lingcod from the current
study may grow faster, reach smaller maximum sizes,
and mature earlier at smaller sizes than lingcod from
previous studies (Table S4), though more directed
research is needed. Overall, the trends in life history
and distribution from this study continue to show
strong evidence that lingcod in northern regions are
larger-at-age, live longer, and reach maturity at larger
sizes compared to lingcod from southern regions.
Lingcod from regions with the highest recreational

take (central California and Oregon) did not deviate
from Bergmann's Rule, demonstrating that despite
high harvest rates, lingcod life history traits still re-
flect underlying patterns in temperature and envi-
ronmental factors. Important regional data gaps in
lingcod life history include British Columbia, Can-
ada, and Baja California, Mexico. Both regions expe-
rience different oceanographic conditions and fish-
ing pressure than are characteristic of US waters and
should be incorporated in future evaluations of latitu-
dinal trends in life history variation.

We observed an exception to Bergmann's Rule in
lingcod from Puget Sound, which exhibited a greater
growth coefficient and earlier timing at 50 % matu-
rity compared to adjacent regions; however, the in-
land waters of Puget Sound comprise a unique net-
work of sheltered waterways and inlets and are
subject to environmental forcing parameters (e.g.
tidal currents, freshwater input, wind effects, and
vertical stratification) that influence localized oceano-
graphic properties to a degree that is unseen in
waters on the open coast (Strickland 1983, Moore et
al. 2008). This, in combination with the history of
overfishing in Puget Sound throughout the mid- to
late-20'™ Century, creates discrepancies in life history
and demography in conspecifics inhabiting coastal
versus enclosed waters. A past study found that quill-
back rockfish S. maliger likewise exhibited higher
growth rates and lower Ly, in Puget Sound compared
to nearby oceanic waters (West et al. 2014); however,
considering the ecological role lingcod play in near-
shore ecosystems, it is likely that the interplay among
local oceanography, historic fishing practices, and
trophic interactions contributes to the large uncer-
tainties associated with Puget Sound lingcod growth
and maturity estimates.

4.1. Oceanographic drivers influencing life
history variability

It is evident that life history traits related to growth,
size, M and T,,x were strongly associated with coast-
wide oceanographic gradients and were demonstra-
bly more predictable, whereas traits related to ling-
cod health and condition were spatially and annually
variable. Along the US West Coast, nutrient avail-
ability in the CCS is reliant upon coastal wind-driven
upwelling and horizontal advection from the North
Pacific Gyre and is directly correlated with SST (Di
Lorenzo et al. 2008). Northern latitudes near south-
east Alaska and Washington have the highest aver-
age chl a concentrations in the Northeast Pacific,
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originating from fresh water input and a steady sup-
ply of land-derived nutrients (Ware & Thomson 2005),
while the central CCS area between Cape Blanco
(southern Oregon) and Point Conception (southern
California) is considered the region of maximum up-
welling due to strong wind forcing and along-shelf
nutrient transport, with a local maximum at Cape
Mendocino, northern California (Checkley & Barth
2009). In lower latitudes south of Point Conception, a
major biogeographic and oceanographic boundary,
wind stress decreases reducing offshore transport
and is therefore comparatively nutrient-poor (Cud-
aback et al. 2005). Size- and growth-related biologi-
cal parameters are indicative of long-term population
characteristics, representing metrics that are inte-
grated over a lifetime, while somatic condition is
reflective of current environmental factors and can
be more susceptible to localized fluctuations in re-
source availability and environmental variability.
Our lingcod samples were collected from 2015-
2017, overlapping with the greatest anomalous mar-
ine heatwave and concurrent El Nifio Southern Oscil-
lation (ENSO) event on record (Hu & Fedorov 2019).
The effects of the 2015-2016 ENSO were drastically
exacerbated by a persistent, anomalous mass of warm
water in the Northeast Pacific, a marine heat wave
known as ‘The Blob' (Bond et al. 2015, Blunden &
Arndt 2016) that brought a northward shift in many
marine species ranges and coincided with a variety
of unusual biological events and species sightings.
CCS waters typically dominated by lipid-rich, north-
ern copepod species were replaced by lipid-poor,
southern copepod species, changing the composition
and nutrient quality within the coastal food web
(Peterson et al. 2017). Examination of lingcod gut con-
tents from the southern California region found that
7 % of lingcod stomachs contained pelagic red crabs
Pleuroncodes planipes (B. L. Basnett unpubl. data),
a species commonly seen during previous ENSO
events (McClatchie 2016). This anomalous pulse of
prey resources may be correlated with high body
condition of lingcod from southern California, while
likewise shifting typical prey availability and nutri-
ent profiles in northern waters, producing northern
lingcod in poorer condition. These effects could
result in several cohorts of southern California ling-
cod with faster early growth; however, rapid growth
does not necessarily translate into increased survival
or productivity later in life, when the effects of the
anomalous event have passed. In a study investigat-
ing black rockfish S. melanops early life history dur-
ing the Blob years, individuals exhibiting the fastest
early growth had decreased survival, possibly due to

the absence of suitable prey required to sustain this
period of rapid growth (Fennie 2020). Unlike black
rockfish, lingcod are opportunistic predators in near-
shore environments and fulfill a unique ecological
role and would likely respond differently to marine
anomalies. The relationship between predator—prey
interactions and patterns in coastal productivity (typ-
ical and atypical) remains an important area of
inquiry for understanding growth patterns of multi-
ple species; however, this endeavor remains data-
limited as baseline information is needed prior to
the start of environmental anomalies to truly under-
stand short- and long-term challenges to survival
and reproduction.

4.2. Sex-specific drivers influencing life
history variability

Reproduction within the Hexagrammid and Cottid
families is unique in that the males exhibit nest-
guarding behavior during spawning months where
they sit on exposed rocky reefs, undergo a period of
starvation while embryos develop (Cass et al. 1990),
and are left vulnerable to predation and potentially
unfavorable oceanographic conditions. In contrast,
female lingcod are able to feed throughout the year,
potentially magnifying size-specific differences over
time. Because parental nest-guarding behavior comes
at considerable cost to survival and fitness (Sabat
1994, Balshine-Earn 1995), early maturation, faster
growth, and small asymptotic body sizes in male ling-
cod may have evolved to offset the risk associated
with nest-guarding and to maximize reproductive
potential (Charnov & Berrigan 1991). However, ob-
served differences between male and female lingcod
life history were consistent with sex-specific differ-
ences in several other groundfish species as well, nest-
guarding and otherwise (Gertseva et al. 2017). Across
the majority of fish taxa, females generally have
higher lipid and protein content and are in better
condition than male conspecifics as it is assumed that
females require more energy for egg production and
brooding (Breder & Rosen 1966, Parker 1992), though
this assumption may not be true for lingcod where
male nest-guarding behavior is also energetically
costly. We found no differences in somatic condition
between sexes per region north of Oregon; however,
male lingcod were consistently in better condition
throughout all regions south of Oregon. This is likely
due to spatial differences in prey availability as pre-
liminary diet analyses revealed that in southern re-
gions, male lingcod consumed a significantly greater
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proportion of cephalopods by number and by weight
compared to females (B. L. Basnett unpubl. data).

4.3. Management implications

The boundary we identified in central Oregon
using size and growth-based life history traits does
not align directly with the genetic population break
reported by Longo et al. (2020) at Pt. Reyes, near the
port of Bodega Bay on the boundary of northern and
central California (Fig. 1). This contrast is not uncom-
mon nor unexpected as mechanisms driving genetic
differentiation do not necessarily overlap with those
influencing variability in growth, T},,x, and maturity.
Clines in genetic structure arise on evolutionary
timescales and result from the non-mutually exclu-
sive processes of random genetic drift, secondary
contact between previously isolated populations, and
continuous and/or discontinuous environmental con-
ditions (Endler 1977), while spatial differences in
life history can be shaped on comparatively short-
term decadal scales and are influenced by a variety
of external and internal drivers, as previously dis-
cussed. Phenotypic plasticity in association with
Bergmann's Rule has been observed in the absence
of genetic change across a variety of taxa (Husby et
al. 2011, Teplitsky et al. 2008), including sablefish
(Jasonowicz et al. 2017) and several rockfish species
(Sivasundar & Palumbi 2010). While the mechanism
behind lingcod genetic differentiation is postulated
to be largely driven by differences in environmental
conditions (Longo et al. 2020), there is no clear expla-
nation as to why population boundaries based on
genetics or life history traits should or should not
coincide. A large majority (89.7 %) of lingcod sam-
ples used by Longo et al. (2020) were supplied from
the current study, therefore it can be assumed that
there were no discrepancies in sampling distribution
or season among studies. Research is ongoing as
genetics and life history delineation methods con-
tinue to advance, but it is apparent that long-term (on
evolutionary timescales) and short-term (decadal
timescales) environmental changes can have lasting
effects on widely ranging populations (Cope & Punt
2009), effects that can be exacerbated by external
factors like fishing and changing climate regimes.
Determining appropriate stock breakpoints using
multiple data sources can be difficult to reconcile
from a management perspective and will likely
require increased interagency (state, federal, and
tribal) adaptability and collaboration as new methods
are discovered or conservation goals shift.

For lingcod, as with many groundfish species, life
history variability is often investigated for the pur-
pose of informing the spatial structuring of stock
assessment models that more accurately capture the
population dynamics of a given stock (Hamilton et
al. 2011, Kapur et al. 2020). Unfortunately, regional
stock assessment structure often aligns with political
boundaries and the historic exploitation patterns
within those boundaries when estimating stock
health, rather than biologically relevant geographic
breakpoints that might better reflect natural popula-
tion processes (Cope et al. 2016, Haltuch et al. 2018).
Several limitations exist in this study, most notably
the lack of samples within international waters,
effectively truncating the southern range and part of
the northernmost range, and the use of a priori
defined regions and ports to locate biological break-
points, which contains biogeographic assumptions
and biases instead of relying on data-driven analyses
or models. However, best practices for parameteriz-
ing spatial models are still being explored and re-
quire refining and simulation testing across a range
of scenarios (Berger et al. 2017, Okamoto et al. 2020).
Based on our findings, neither the stock boundary
currently used in the lingcod stock assessment (2
stocks, with a break at the California—Oregon bor-
der) nor the population genetic structure identified
by Longo et al. (2020) (2 stocks, with a break at Pt.
Reyes, central California) aligns with the biogeo-
graphic breakpoint we identified using life history
and demographic traits (central Oregon). We found
evidence of 2 regional clusters for the lingcod stock
using size- and age-based life history parameters for
each sampled port along the coast: a northern and
southern cluster, with the break in central Oregon
between the ports of Garibaldi and Newport. Al-
though this boundary between the northern and
southern clusters is not dramatically different from
the current boundary used in stock assessments, it
demonstrates the potential for considering alternate,
biologically driven breakpoints when managing nat-
ural resources, modeling population health, and set-
ting conservation goals.

Utilizing spatially structured stock assessments to
guide management decisions can aid in preventing
localized depletion and optimizing harvest potential
for all groundfishes but particularly species that are,
or were previously, overfished. There has always
been greater uncertainty and lower productivity sur-
rounding lingcod stock status in California than in
Oregon and Washington (Haltuch et al. 2018), and
within California, regional recreational fishing habits
vary based on season and vessel accessibility. In
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particular, lingcod in central and southern California
face a greater risk for depth-based localized de-
pletion due to high rates of recreational fishing that
disproportionately targets male lingcod in shallow,
nearshore habitats; depletion that may be over-
looked without spatial guidance. Future modeling
work accounting for spatial variability in genetics,
historic fishing pressure, and/or life history-based
population dynamics could reveal how best to set
size regulations, seasonal closures, and catch limits
that are sensitive to local harvest practices and
reduce the risk of depletion (Waples et al. 2008, Spies
& Punt 2015).

In conclusion, this study emphasizes the value of
obtaining accurate spatial information for determin-
ing stock structure and dynamics for management
purposes. Doing so for the >90 species of federally
managed groundfish on the US West Coast, let alone
all exploited marine fishes, is an unrealistic en-
deavor. However, species vary widely in allowable
attainment and value and can be prioritized accord-
ingly. Over the past several decades, fisheries man-
agement has focused on advancing ecosystem-
based approaches where multispecies interactions,
environmental fluctuations, and community shifts
through time and space are considered throughout
the decision-making process (Sainsbury et al. 2000,
Link 2005, Tam et al. 2017, Link et al. 2020). Apply-
ing the approach used in this study to even a small
subset of highest-priority groundfish stocks will help
to tailor management approaches, including harvest
and allocation decisions, to maximize long-term sus-
tainability in an uncertain future.
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