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The warming of the world’s oceans has resulted in the redistribution of many marine
species globally. As species undergo range shifts, the expanding edge of the population
often experiences novel environmental and demographic conditions that may result in
the emergence of variation in life-history strategies. The northern stock of black sea
bass, Centropristis striata, has recently expanded its distribution poleward, into the Gulf
of Maine. Management has struggled to keep pace with this rapid range shift, in part,
because very little is known about the expanding population. We compared life-history
traits of black sea bass collected from 2013 to 2016 from the northern most point of
the historic range of the northern stock (southern Massachusetts) to those from two
areas in the newly expanded range (northern Massachusetts and Maine). We found
significant differences in size, diet, condition, maturity and sex ratio between black sea
bass from southern Massachusetts and the Gulf of Maine. Overall, sea bass in the newly
expanded range consumed a less diverse diet and their condition was lower, but they
reached maturity at a younger age. We also found greater length- and age-at-maturity
estimates from all regions combined compared to the most recent black sea bass stock
assessment which includes data from Cape Hatteras, NC to southern Massachusetts.
This study represents initial observations of life-history traits of sea bass in its newly
expanded range in the Gulf of Maine, and suggests that these sea bass exhibit life-
history strategies that differ from their southern counterparts within their historic range.
Given these findings, the stock assessment for the Northeast U.S. Continental Shelf
black sea bass stock may not be adequate for sea bass in the Gulf of Maine. Studies
investigating the expanding edge of economically valuable fishery species are needed
to aid in ongoing and future efforts to assess and manage their stocks.

Keywords: black sea bass, range expansion, life-history traits, warming water, Gulf of Maine, population
dynamics

INTRODUCTION

Climate-induced range shifts have become common in recent decades. Species are altering their
distributions to avoid climatic stress, which is modifying the structure and function of ecosystems
globally (e.g., Parmesan and Yohe, 2003; Perry et al., 2005; Poloczanska et al., 2013; Pecl et al.,
2017). This movement is expected to intensify, and may already be occurring at unprecedented rates
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(Lawing and Polly, 2011; Pecl et al., 2017). As species undergo
range shifts, they encounter unique selective pressures that
may alter life-history traits and lead to increased spatial
heterogeneity among populations (Burton et al., 2010; Phillips
et al., 2010). These shifts can greatly complicate conservation and
management efforts, particularly if the impact of range expansion
on a species’ population dynamics is not well understood.

Geographic variation in life-history traits often arises in
response to different environmental and demographic gradients
experienced across the range of a species (e.g., Roff, 1993;
Brown, 1995). For instance, populations not constrained by
density-dependent effects often invest less in competitive (K)
and more in reproductive (r) capabilities (Charlesworth, 1971;
Roughgarden, 1971). In contrast, populations that are density-
dependent are often K-selected because successful propagation
is related to fitness in high density areas (Charlesworth,
1971; Roughgarden, 1971). Although the “abundant center”
distribution does not always occur in natural populations (e.g.,
Sagarin and Gaines, 2002), range expanding species are expected
to exhibit lower population density along the expanding range
edge in comparison to more centralized populations (Burton
et al., 2010; Phillips et al., 2010). Environmental heterogeneity
across a species’ range can also drive life-history variation
(Brander, 2010). In particular, temperature and the length of the
growing season can strongly influence growth and the timing
of maturation in fish (Pauly, 1980; Conover, 1990; Pörtner
et al., 2001). Spatial variations in predation pressure (e.g.,
Reznick et al., 1990; Benard, 2004), harvesting (e.g., Jorgensen
et al., 2007) and prey availability (e.g., Sherwood et al., 2007)
also can influence life-history traits in fish. Collectively, these
environmental and biotic processes that mediate the biology of
fish species also help determine the amount of biomass that can
be sustainably harvested.

Recently, emphasis has been placed on incorporating spatial
heterogeneity into marine fisheries management (Ciannelli et al.,
2008; Cadrin and Secor, 2009; Pascoe et al., 2009; Lorenzen et al.,
2010). Traditionally, stock populations have been managed over
large geographic areas where demographic and environmental
variables were considered homogenous (Ciannelli et al., 2008).
Spatial heterogeneity has largely been ignored due to the
substantial complexity it adds to stock assessment models
(Pascoe et al., 2009). However, demographic and environmental
conditions are rarely homogenous throughout a species’ range,
and ignoring this heterogeneity may lead to a misunderstanding
of the mechanisms regulating population dynamics (Ciannelli
et al., 2008; Lorenzen et al., 2010) and subsequent mismatches
between harvest levels and stock productivity. Incorporating
spatial heterogeneity may be of particular importance for range
expanding species that can undergo rapid evolution of life-
history traits (Burton et al., 2010). Yet, a big impediment to
adaptively managing range shifts is that there often is little
information about these species at the leading edge of their newly
expanded distributions.

The black sea bass, Centropristis striata, is a temperate serranid
that is distributed from the Gulf of Mexico to the Gulf of
Maine (GOM) (Drohan et al., 2007). Within that range, they
are managed as three separate stocks: Gulf of Mexico, Southeast

U.S. Continental Shelf and Northeast U.S. Continental Shelf. The
Northeast U.S. Continental Shelf stock is further defined as two
sub-units, north and south of Hudson Canyon. The Northeast
U.S. stock undergoes seasonal migrations, and inhabits the outer
continental shelf in the winter vs. nearshore habitat in the spring
and summer when spawning occurs (Moser and Shepherd, 2009).
They support important commercial and recreational fisheries
throughout their range.

Historically, the Northeast U.S. stock ranged from Cape
Hatteras, NC to Cape Cod, MA, but in recent years the center of
stock biomass has shifted poleward (Bell et al., 2015) and sea bass
populations have expanded into the GOM. Very little is known
about the population dynamics of sea bass in the GOM. Current
stock designations are based on differences in seasonal migrations
and life-history traits of sea bass south of Cape Cod, yet it is
unclear if the biological characteristics of sea bass in the GOM
differ from those of populations farther south. Furthermore,
sea bass fisheries have recently developed in the northern
GOM outside of stock assessment areas, potentially making this
population vulnerable to rapid depletion (Link et al., 2011).

Sea bass are protogynous hermaphrodites (i.e., they are
typically born female and transition to male as they increase in
size and age), which can complicate management, particularly if
accurate information on sex ratios and the mean size at which
individuals change sex is not available (Alonzo et al., 2008;
Provost and Jensen, 2015). Furthermore, latitudinal variation in
growth rates and age-at-maturity has been observed in both the
Northeast U.S. (Kolek, 1990; Caruso, 1995) and Southeast U.S.
sea bass stocks (McGovern et al., 2002). Kolek (1990) and Caruso
(1995) found that sea bass collected in southern Massachusetts
grew faster than sea bass from New York and Virginia and
Caruso (1995) also noted that sea bass collected from this area
were predominantly mature. In addition, McCartney et al. (2013)
observed genetic variation across a latitudinal gradient in the
northern stock. These studies provide evidence that life-history
variation exists within the northern stock, and further emphasize
the need to understand how the northern range expansion is
influencing population dynamics and structure.

The purpose of this study was to document life-history traits
of sea bass collected from southern Massachusetts (i.e., native
range) and two regions within the GOM (i.e., newly expanded
range). We analyzed diet, growth, condition, and reproduction
within these regions, and examined spatial variation that may
have implications for stock assessment and management. This
study represents one of the first documentations of black
sea bass life-history traits at the northern extent of their
newly expanded range.

MATERIALS AND METHODS

Sampling Design
To determine if life-history traits of black sea bass differed
between native and newly expanded populations, we collected
samples from three regions: southern Massachusetts (SMA)
(historic northern range limit delineated by Cape Cod), northern
Massachusetts (NMA) (newly expanded range north of Cape
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Cod) and midcoast Maine (ME) (expanding range edge), between
May and October from 2013 to 2016 (Figure 1). In SMA, fish
were collected by the Massachusetts Division of Marine Fisheries
trawl and trap surveys, as well as by commercial lobstermen
who caught sea bass as bycatch in their lobster traps. State and
federal trap and trawl surveys rarely find sea bass in NMA, so
fish were also collected via hook and line by recreational fishers,
as well as bycatch from lobster traps. Collecting fish caught as
bycatch in lobster traps was the only successful method in Maine.
Recreational and commercial sea bass fishing does not occur in
this area, and state and federal trawl surveys do not encounter
sea bass. Therefore, the only capture method that was the same
across regions was bycatch from lobster traps. Black sea bass
smaller than 10 cm total length are not commonly captured in
lobster traps, but are captured by trawl surveys, so to avoid biased
size estimates between capture types, we did not collect sea bass
smaller than 10 cm.

The date, location, and capture method were recorded at
each site where fish were collected. To explore the influence
of season on biological metrics, samples were categorized into
seasons defined as spring (May–June), summer (July–August),
and fall (September–October). Fish were frozen immediately
after capture and transported to the laboratory where they were
kept frozen until they were processed. The total length (cm),
standard length (cm) and total weight (g) were measured for each

fish prior to removing vital organs. Weight was also recorded
after the removal of vital organs to obtain the gutted weight
(g). The gonads and liver were then weighed individually, and
stomachs were retained for stomach content analysis. Sagittal
otoliths were removed to determine age and calculate growth
rates. Small core subsections (∼1 g) were taken from muscle
tissue samples to conduct stable isotope analysis to examine the
diet of black sea bass.

Size Distribution and Growth
Size-frequency histograms were used to explore regional
differences in black sea bass distributions. The Kolmogorov-
Smirnov (K-S) test was used to compare the cumulative size
frequency distribution among regions. We also compared the
cumulative size frequency distribution among capture types in
SMA and NMA (only one capture type was used in ME). Age
determination was conducted to compare age-at-maturity of
sea bass among regions. Aging techniques were adapted from
the Massachusetts Division of Marine Fisheries and Northeast
Fisheries Science Center protocols for black sea bass (Robillard
et al., 2011; Elzey et al., 2015), which age whole otoliths up to
age five, and sectioned otoliths for ages six and up. Only six fish
collected in this study were six or older, and they were collected
by the Massachusetts Division of Marine Fisheries in trap or trawl
surveys. The otoliths of these fish were removed prior to arriving

FIGURE 1 | Map of the Gulf of Maine with field sites delineated: Maine (ME) in blue, northern Massachusetts (NMA) in gray, and southern Massachusetts (SMA) in
red.
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at our lab, and were sectioned and aged at the Division of Marine
Fisheries Age and Growth Laboratory. For fish ages five and
under, whole sagittal otoliths were immersed in mineral oil on a
black background and viewed under a microscope. The number
of annuli on each otolith was counted outward from the core to
estimate age. Annuli were defined as continuous dark bands with
no breaks. Age was calculated based on capture date and seasonal
timing of when annuli form and delineate from the otolith edge
(Elzey et al., 2015).

Growth was modeled using von Bertalanffy growth function
(VBGF) parameter estimates obtained from the non-linear
regression function in the “FSA” package (Ogle et al., 2020) in R
(R Core Team, 2017) and the following equation:

Lt = Linf (1− e(−k(t−t0)))

where Lt is length (cm) at age t, Linf is the asymptotic
length, k is the Brody growth coefficient and t0 is the age at
which length is 0. 95% confidence intervals were calculated
by bootstrapping and extracting 2.5 and 97.5% quantiles of
the parameter estimates. A VBGF curve was established for all
regions combined. Separate growth curves were not established
for each region due to low sample sizes of the youngest and oldest
age classes in NMA and ME.

Diet
Stomach contents were used to compare the diet of sea bass
among regions. Stomachs were dissected and contents were
weighed, counted and identified to the lowest possible taxon.
Prey items were divided into the following groups: pelagic fish
(bay anchovy, butterfish, herring, etc.); demersal fish (sculpin,
scup, black sea bass, etc.); squid (long-fin squid); crabs (various
species); shrimp (various species); lobster; benthic invertebrates
(mollusks, polychetes, amphipods, algae, etc.); and unidentified
fish. Partial fullness index (PFI) of prey was calculated for
each fish, and mean PFI was used to compare the relative
importance of prey groups among regions. Mean PFI provides
a length-standardized way to determine relative volumetric prey
importance (Bowering and Lilly, 1992), and was calculated as:

Mean PFI =
1
n
×

∑ wij

L3
j
× 104

where wij is the weight of prey i for fish j, Lj is the length of fish j
and n is the total number of fish sampled.

Stable isotope ratios of nitrogen (δ15N) and carbon (δ13C)
can be used to determine the trophic position of an organism
(Zanden and Rasmussen, 1999) and the source of carbon (e.g.,
benthic, demersal, pelagic, etc.) in marine food webs (Owens,
1987; Fry, 1988; Sherwood and Rose, 2005), respectively. Muscle
tissue samples were dried in a drying oven at 60◦C for 48 h,
ground to a fine powder using a mortar and pestle, and
weighed and packaged in 4 × 6 mm tin capsules. Samples
were sent to the Colorado Plateau Stable Isotope Laboratory
(Northern Arizona University, Flagstaff, AZ, United States) for
analysis. Samples were combusted to produce CO2 and N2, from
which stable nitrogen and carbon isotope ratios were analyzed
using an elemental analyzer followed by gas chromatograph

separation interfaced via continuous flow to an isotope ratio mass
spectrometer. Stable carbon and nitrogen ratios were expressed in
delta (δ) notation and defined as parts per thousand deviations
from the following standard materials: Pee Dee Belemnite for
δ13C, and N2 in air for δ15N. To determine the level of precision
of isotope results, 8% of the samples were analyzed in duplicate.

Distinctions in the overall diet among groups were assessed
using a permutational multivariate analysis of variance
(PerMANOVA) using the “vegan” package in R (R Core
Team, 2017). Specifically, PerMANOVA was used to test the
effects of region, sex, season and their interactions on the PFI’s
of each prey group. PerMANOVA requires the use of a matrix
of dissimilarity indices, rather than raw response values, which
we calculated prior to analysis. Gower’s index was used as the
dissimilarity measure because it allows for the use of double
zeroes (Gower, 1971). The multivariate dispersions of each
group matrix were compared using beta diversity tests to identify
potential violations of PerMANOVA assumptions.

A two-step modeling approach using GLMs was used to
analyze individual prey categories, similar to Stefánsson (1996).
First, the presence of prey was analyzed using generalized linear
models (GLMs) with binomial error distribution and logit link
functions. Second, prey category abundance (i.e., PFI 6= 0)
was analyzed using GLMs with gamma error distributions and
identity link functions. A similar approach using generalized
additive models has also commonly been employed in diet studies
(Stefánsson and Pálsson, 1997; Santos et al., 2013; Buchheister
and Latour, 2015), however, GLMs are more appropriate when
utilizing multiple factors (Stefánsson, 1996; Stefánsson and
Pálsson, 1997). Fixed effects in both binomial and gamma GLMs
included region, sex, season, and all interactions. Capture method
was also included as a fixed effect, but not as an interaction term
because capture method was unequally represented across the
levels of the other factors. Total length was included as a covariate
when analyzing prey presence, but not abundance, since PFI is a
length standardized measure. Akaike information criteria (AIC)
was used to assess fit and select the most parsimonious model(s).
Separate three-way ANOVAs were used to test the effect of region,
season and size class on carbon and nitrogen stable isotope ratios.
Size classes were categorized as 10–19 cm (juveniles), 20–29 cm
(50–95% mature), 30–39 cm (reproductive adults), and 40 + cm
total length (≥50% male).

Condition
The length-weight relationship was estimated for all regions
combined (n = 288) using the “FSA” (Ogle et al., 2020) and “stats”
packages in R and a linearized version of the following equation:

W = aLb

where W is the whole body weight (g), L is the total length (cm), a
is the intercept of the regression and b is the regression coefficient.
Linearization of this equation results in the errors being additive
(as opposed to multiplicative) and stabilizes the variances about
the model (Ogle, 2013), allowing for linear regression methods to
be used. The linear model was calculated as:

log(W) = log(a)+ b log(L)
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with y = log(W), x = log(L), slope = b, and intercept = log(a).
We considered two indices of physiological condition: Fulton’s

condition factor K, and liver-somatic index (LSI). K is primarily
an indicator of energy reserves available for somatic growth (i.e.,
muscle mass), while LSI is a measure of energy reserves available
for reproduction (i.e., lipid storage). A length-standardized
measure of Fulton’s condition factor was calculated to determine
the effects of region and season on condition (Le Cren, 1951;
Froese, 2006):

Krel =
Wg

aLb

where Wg is the gutted fish weight (g), L is the total length (cm),
and a and b are the parameters of the length-weight relationship
defined above. We also calculated Fulton’s condition factor by
standardizing for season, rather than size, to examine how
condition varies with size and related diet ontogeny (Sherwood
et al., 2007):

Kadj = K − Kavg

where K is Fulton’s condition factor and Kavg is the average
condition factor (all sizes and regions) by season. LSI was
calculated as:

LSI =
Wl

Wg
× 100

where Wl is the liver weight and Wg is the gutted fish weight.
A seasonally adjusted value was also calculated for LSI:

LSIadj = LSI − LSIavg

where LSIavg is the average LSI (all sizes and regions) by season
(spring, summer and fall).

The standardized residuals from the least-squares regression
of total length and LSI or GSI were used to account for the
effect of size on LSI and GSI. Krel, residual LSI and residual
GSI were analyzed using separate two-way ANOVAs where
region, season, and their interaction were included as fixed
effects. Post hoc multiple comparison tests were conducted
using the glht function in the “multcomp” package, which
conducts simultaneous tests and computes confidence intervals
for parametric models (Hothorn et al., 2008; Bretz et al., 2010).
Regional differences in Kadj and LSIadj were qualitatively explored
within 2 cm size intervals.

Reproduction
Sex and reproductive maturity were determined macroscopically
using techniques modeled from Wuenschel et al. (2011).
Macroscopic gonad analysis was sufficient for identifying
developing, spawning capable and spent stages, and therefore
allowed us to classify samples as mature or immature for
subsequent analyses.

The gonadosomatic index (GSI) of each fish was calculated
using the following equation:

GSI =
Wg

Wt −Wg
· 100

where Wg is gonad weight and Wt is total weight. The sex ratio-
at-length was determined separately for males and females using

a logistic regression in R (R Core Team, 2017) with the following
equation:

p =
1

1+ e−k(L−L50)

where p is the proportion of males or females at length L, k is
a slope parameter, and L50 is the length at which 50% of the
fish are male or female, respectively. Maturity-at-length for both
sexes combined was determined using the same equation, where
p is the proportion of mature fish at length L, and L50 is the
length at which 50% of the fish are mature. Sex ratio-at-length and
maturity-at-length were calculated using all regions combined,
due to the small sample size within each 1 cm size bin when
regions were separated. Age-at-maturity for both sexes combined
was determined for all regions combined, as well as each region
separately, using a logistic regression in R (R Core Team, 2017)
with the following equation:

p =
1

1+ e−k(A−A50)

where p is the proportion of mature fish at age A, k is a slope
parameter, and A50 is the age at which 50% of the fish are
mature. We chose to combine sexes to determine length-at-
maturity and age-at-maturity because this was the method used
in the most recent black sea bass stock assessment (Northeast
Fisheries Science Center [NEFSC], 2016). 95% confidence
intervals were calculated for sex ratio-, maturity-, and age-at-
length by bootstrapping and extracting 2.5 and 97.5% quantiles
of the parameter estimates using the “FSA” package (Ogle et al.,
2020) in R (R Core Team, 2017). We explored whether the
proportion of males and females, as well as the proportion of
mature and immature fish, differed among region using Chi-
Square tests.

RESULTS

Size Frequency and Growth
Of the 288 sea bass collected between 2013 and 2016, 131
were captured in SMA, 109 in NMA and 48 in ME. There
was no significant difference in the cumulative size frequency
of sea bass collected among capture types in NMA and SMA
(K-S test, p > 0.05 for all comparisons). Large sea bass were
significantly more frequent in NMA compared to ME and SMA
(K-S test, p < 0.001 for both comparisons) and small sea bass were
significantly more frequent in ME compared to SMA (K-S test,
p = 0.01; Figure 2). The VBGF curve for all regions combined
revealed greater length-at-age estimates than the 2016 black sea
bass stock assessment, particularly for younger fish (Table 1
and Figure 3).

Diet
Sea bass diet varied among region and season, and also varied
with size (Figure 4). Demersal fish, pelagic fish and squid
comprised 47–66% of sea bass diet in SMA, but only 20–29%
in NMA and 8% in ME. Meanwhile, crustaceans (e.g., shrimp,
crabs, lobster) accounted for 31–53% of sea bass diet in SMA,
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FIGURE 2 | Cumulative length frequency distribution of black sea bass collected in Maine (blue), northern Massachusetts (gray) and southern Massachusetts (red)
for (A) all capture methods combined, and (B) trap caught fish only.

69–76% in NMA and 78% in ME (Table 1). The best fitting
binomial and gamma GLMs included various combinations of
explanatory variables. Region and season were typically the
two most important factors in the models, emphasizing the
importance of both spatial and temporal dynamics in trophic
interactions. Sex did not significantly influence the presence or
abundance of prey. Overall, total length and capture method
did not significantly influence presence or abundance for the
majority of prey groups (Supplementary Figure S1).

The presence of demersal fish significantly differed by region
(x2 = 23.5, p < 0.001), season (x2 = 39.2, p < 0.001) and total
length (x2 = 9.5, p = 0.002). Demersal fish were more frequent
in the stomachs of SMA fish compared to NMA (Tukey’s HSD,
p < 0.001) and ME (Tukey’s HSD, p = 0.01) fish, and significantly
more frequent in the fall compared to the summer (Tukey’s HSD,
p = 0.001). No demersal fish were found in the stomachs of fish
collected in the spring. Demersal fish regularly occurred in the
diet of sea bass measuring 24–40 cm total length, but were more
variable in smaller and larger fish. None of the factors tested
significantly influenced the abundance of demersal fish.

The presence of squid significantly differed by region
(x2 = 10.86, p < 0.001) and season (x2 = 21.59, p < 0.001). Squid
were significantly more frequent in the stomachs of fish collected
in the fall compared to the summer (Tukey’s HSD, p = 0.008) and
spring (Tukey’s HSD, p = 0.009), and significantly more frequent
in SMA fish compared to NMA fish (Tukey’s HSD, p = 0.003). No
squid were found in the diet of fish captured in ME.

There was a significant interaction between region and season
(x2 = 21.81, p < 0.001) on the presence of shrimp biomass in
black sea bass stomachs. Shrimp were significantly more frequent
in the stomachs of fish collected in SMA in the spring compared
to summer (Tukey’s HSD, p = 0.012) and fall (Tukey’s HSD,
p = 0.013). Similar to presence, there was an interaction between
region and season on shrimp abundance (x2 = 3.35, p = 0.001).
Shrimp were less abundant in SMA in the fall compared to spring
(Tukey’s HSD, p < 0.001) and summer (Tukey’s HSD, p < 0.001),
and more abundant in the summer in SMA compared to ME
(Tukey’s HSD, p = 0.03).

The presence of crabs significantly differed by region
(x2 = 29.70, p < 0.001) and season (x2 = 26.64, p < 0.001)

independently. Crabs were significantly more frequent in the
stomachs of fish collected in NMA compared to ME (Tukey’s
HSD, p < 0.001) and in the fall compared to the spring (Tukey’s
HSD, p < 0.001). The abundance of crabs significantly differed by
capture method (x2 = 9.35, p = 0.012). There was a significantly
greater abundance of crabs in the stomachs of hook and line
caught fish compared to trap (Tukey’s HSD, p = 0.022) and trawl
(Tukey’s HSD, p = 0.05) caught fish.

The consumption of benthic invertebrates (e.g., mollusks,
polychetes, tunicates) significantly differed by region (x2 = 14.15,
p < 0.001) and season (x2 = 34.99, p < 0.001). The presence
of benthic inverts was significantly greater in SMA compared
to ME (Tukey’s HSD, p = 0.012), and significantly lower in the
summer compared to spring (Tukey’s HSD, p = 0.011) and fall
(Tukey’s HSD, p < 0.001). The lobster and pelagic fish prey
groups were not modeled using GLMs due to a small sample size.
However, it is worth noting that lobsters were found in the diet
of fish from all regions, while pelagic fish were only found in
SMA and NMA fish.

Stable isotope analysis indicated that sea bass diets likely
differ among region and season, but not size class (Table 1 and
Figure 5). There was a significant interaction between region and
season on both δ13C [ANOVA, F(4, 160) = 5.94, p = 0.0002] and
δ15N [ANOVA, F(4, 160) = 2.55, p = 0.04]. The δ13C values of
SMA and NMA fish indicated that their diets were more pelagic
in the spring, whereas the diet of ME fish was more pelagic in the
fall. δ13C values were significantly lower for ME fish in the fall
compared to the spring and summer (Tukey’s HSD, p < 0.001),
and significantly lower for NMA fish in spring compared to fall.
There was a trend of lower δ13C values for SMA fish in the spring
compared to summer and fall, but this effect was not significant.
Finally, δ13C values of ME fish in the spring were significantly
higher than those for SMA and NMA fish (Tukey’s HSD, p < 0.05
for both comparisons). Similarly, in the fall, δ13C values of NMA
fish were significantly greater than those of ME fish (Tukey’s HSD,
p < 0.001), and there was a trend of greater δ13C values in fish in
NMA than in SMA fish (Tukey’s HSD, p = 0.15).

There was a trend of higher δ15N values in SMA fish compared
to those in NMA and ME. δ15N values were significantly higher
for SMA fish compared to NMA fish in the spring, summer and
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TABLE 1 | Black sea bass sample sizes and life-history parameter estimates by region and season.

ME NMA SMA

Spring Summer Fall Spring Summer Fall Spring Summer Fall

N

Capture type

Trap 10 14 24 15 17 5 0 38 0

Hook and Line 0 0 0 1 22 25 0 0 0

Trawl 0 0 0 11 0 13 44 0 49

Growth

VBGF Linf = 59.2 cm (95% UCI-LCI = 77.5–50.7 cm), k = 0.21 (95% UCI-LCI = 0.31–0.13), t0 = −0.88 (95% UCI-LCI = −0.49 to −1.46)

Diet

Mean PFI

Demersal fish 0.07 0.23 0.90

Pelagic fish 0.00 0.02 0.19

UNID fish 0.03 0.09 0.19

Benthic inverts 0.20 0.04 0.10

Squid 0.00 0.18 0.56

Crabs 0.40 0.98 0.51

Lobster 0.16 0.14 0.09

Shrimp 0.47 0.10 0.27

Stable isotopes

δ13C ± 1 SE −16.88 ± 0.25 −17.16 ± 0.19 −17.68 ± 0.31 −17.73 ± 0.08 −17.28 ± 0.13 −17.05 ± 0.07 −17.75 ± 0.11 −17.23 ± 0.10 −17.51 ± 0.10

δ15N ± 1 SE 13.73 ± 0.19 13.57 ± 0.21 14.14 ± 0.18 13.49 ± 0.11 13.67 ± 0.15 13.80 ± 0.11 13.92 ± 0.22 14.56 ± 0.14 14.18 ± 0.13

Condition

Krel ± 1 SE 0.89 ± 0.02 0.90 ± 0.03 1.10 ± 0.02 0.97 ± 0.02 0.97 ± 0.02 1.10 ± 0.02 1.03 ± 0.02 0.96 ± 0.02 1.07 ± 0.02

Residual LSI ± 1SE −0.15 ± 0.11 −0.35 ± 0.10 0.29 ± 0.11 0.03 ± 0.08 0.26 ± 0.10 0.48 ± 0.13 −0.16 ± 0.06 −0.30 ± 0.06 −0.53 ± 0.04

Reproduction

Residual GSI ± 1SE 1.14 ± 0.67 0.51 ± 0.41 −1.11 ± 0.09 1.77 ± 0.44 1.47 ± 0.38 −1.14 ± 0.13 0.65 ± 0.15 −1.43 ± 0.16 −1.36 ± 0.04

Sex ratio 33% male/67% female 56% male/44% female 22% male/78% female

L50/A50 26.60 cm (95% UCI-LCI = 27.1–25.6 cm)/1.78 (95% UCI-LCI = 1.94–1.62)
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FIGURE 3 | Von Bertalanffy growth curves for black sea bass from all regions combined (black), and from the 2016 Black Sea Bass Stock Assessment (purple)
(Northeast Fisheries Science Center [NEFSC], 2016). Gray shaded area represents 95% confidence intervals for all regions combined (95% confidence intervals not
available for 2016 Black Sea Bass Stock Assessment).

FIGURE 4 | Stacked area graph of mean partial fullness index (Mean PFI) by 2 cm size bins for black sea bass from all regions combined.

fall (Tukey’s HSD, p < 0.05), and significantly higher than ME
fish in the summer. In addition, δ15N values of ME fish were
significantly higher than those of NMA fish. Finally, δ15N values
for ME fish were significantly higher in the fall compared to

spring and summer, for SMA fish were significantly higher in
the summer compared to spring and fall, and for NMA fish were
significantly higher in the fall compared to spring (Tukey’s HSD,
p > 0.05 for all comparisons).
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FIGURE 5 | Mean (± 1 SE) δ13C plotted against mean (± 1 SE) δ15N, separated by region (Maine = blue, northern Massachusetts = gray and southern
Massachusetts = red) and season (spring = spr, summer = sum and fall = fall).

Condition
The equation Wg = 0.02 ∗ Lt

2.86 explained > 97% of the
variance between length and weight of sea bass from all regions
combined (Supplementary Figure S2). There was a significant
interaction effect between region and season on Krel [ANOVA,
F(4, 254) = 3.36, p = 0.01, Figure 6A]. Krel was significantly greater
for NMA and ME fish in the fall compared to the spring and
summer, and significantly lower for SMA fish in the summer
compared to spring and fall (Tukey’s HSD, p < 0.05 for all
comparisons). Krel was also greater for SMA fish in the spring
compared to ME fish (Tukey’s HSD, p = 0.009). Mean (± 1 SE)
values of Kadj (binned into 2 cm sea bass length intervals) varied
greatly, but there was a decreasing trend in Kadj between 28 and
36 cm for all regions combined (Figure 7).

There was a significant interaction between region and season
[ANOVA, F(4, 251) = 7.36, p < 0.001, Figure 6B] on residual
LSI. Residual LSI was significantly lower for SMA fish in the fall
compared to the spring and summer, significantly greater for ME
fish in fall compared to summer, and significantly greater for
NMA fish in fall compared to spring (Tukey’s HSD, p < 0.05 for
all comparisons). LSI was also greater in the fall for NMA and ME
fish compared to SMA fish, and greater in the summer for NMA
fish compared to ME and SMA fish (Tukey’s HSD, p < 0.05 for
all comparisons). Mean (± 1SE) values of LSIadj (binned into 2
cm sea bass length intervals) also varied greatly, but contrary to
Kadj results, there was a trend of increasing LSIadj between 26 and
36 cm for all regions combined (Figure 7).

Reproduction
There was a significant interaction between region and season
[ANOVA, F(4, 240) = 7.36, p < 0.001] on residual GSI (Table 1 and
Figure 6C). Residual GSI was lower for NMA and ME fish in the

fall compared to spring and summer, and greater for SMA fish in
the spring compared to summer and fall (Tukey’s HSD, p < 0.05
for all comparisons). Residual GSI was also lower in the spring
for SMA fish compared to NMA fish, and lower in the summer
for SMA fish compared to both NMA and ME fish (Tukey’s HSD,
p < 0.05 for all comparisons).

There were significantly more females than males in SMA
and ME (x2, p < 0.05), and slightly more males than females in
NMA, but this was not significant. The black sea bass sex ratio-
at-length for all regions combined is shown in Figure 8A. The
length at which 50% of the population was female was 33.9 cm
(lower and upper 95% CI = 31.9 and 36.8 cm). Mean length
at 50% maturity for all regions combined was 26.6 cm (lower
and upper 95% CI = 25.6 and 27.1 cm; Figure 8B), and the age
at 50% maturity for all regions combined was 1.78 (lower and
upper 95% CI = 1.62 and 1.94; Figure 8C). Age-at-maturity varied
among regions, with SMA having the highest age-at-maturity and
NMA having the lowest. There were significantly more mature
than immature sea bass collected in NMA (x2, p < 0.05). The
proportion of mature fish collected in SMA and ME did not differ
(x2, p > 0.05).

DISCUSSION

In the past decade, black sea bass have expanded their range
into the GOM where historically cold oceans waters are now
warming faster than 99% of the world’s oceans (Pershing et al.,
2015), causing a shift in the distribution of suitable habitat
for many species. Observations of black sea bass from SMA
(i.e., historic northern range limit), NMA (i.e., newly expanded
range) and ME (i.e., upper limit of newly expanded range
edge), revealed variation in life-history traits across a relatively
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FIGURE 6 | (A) Mean Krel, (B) mean residual LSI and (C) mean residual GSI
by season for Maine (ME), northern Massachusetts (NMA) and southern
Massachusetts (SMA).

small geographic area. Significant spatial differences in size,
diet, condition, maturity and sex ratio were observed. Although
small sample sizes across years prevented us from analyzing
inter-annual variation, which may have biased our results, our
findings pooled across years suggest that range expanding sea

bass may exhibit life-history strategies that differ from their
southern counterparts.

Growth and Reproduction
Length-at-age estimates for all regions combined were greater
than the length-at-age estimate established in the 2016 Black
Sea Bass Stock Assessment, which combines length and age
data from populations throughout the northern range, from
Cape Hatteras to Cape Cod (Northeast Fisheries Science Center
[NEFSC], 2016). We also found that sea bass from NMA
and ME reach reproductive maturity at a younger age than
sea bass from SMA, and that the length-at-maturity for all
regions combined (L50 = 26.6 cm) was greater than the length-
at-maturity utilized in the most recent sea bass assessment
(L50 = 21 cm; Northeast Fisheries Science Center [NEFSC], 2016).
These observed differences may have arisen from latitudinal
variation in temperature and the length of the growing season.
Organisms at higher latitudes may be locally adapted to grow
within a lower range of temperatures, may have growth rates
that evolve inversely with the length of the growing season (i.e.,
countergradient variation), or may exhibit some combination of
these adaptations (Yamahira and Conover, 2002). For instance,
Conover and Present (1990) found that fish from colder regions
were adapted to a shorter growing season and grew faster than
their southern counterparts. This effect may be due, in part,
to northern fish having greater food conversion efficiencies
(Present and Conover, 1992).

It is also possible that the observed differences in growth and
maturity may be related to differences in migration strategies.
In their native range, sea bass migrate off of the continental
shelf in the winter and migrate back to nearshore habitat in
the spring (Shepherd, 2008). However, very little is known
about the migration patterns of sea bass in the GOM. Three
potential different migration strategies could be occurring: (1)
sea bass overwinter in the GOM, (2) sea bass overwinter in
the Mid-Atlantic and return to the GOM each year, or (3) sea
bass overwinter in the Mid-Atlantic and randomly re-occupy
northern areas each year. Given the observed differences in
biological metrics found in this study, it may be more likely
that sea bass are overwintering in the GOM or returning to the
same areas each year. Anecdotal evidence from fishers suggests
that sea bass are occasionally found in offshore regions of the
GOM during the winter months, further indicating that resident
populations may exist. Differences in the bioenergetics of resident
vs. migratory fish populations has been well documented (e.g.,
Forseth et al., 1999; Morinville and Rasmussen, 2003; Kerr and
Secor, 2009). In particular, Morinville and Rasmussen (2003)
found that resident brook trout have higher growth efficiency as
a result of lower total metabolic costs. Further studies focusing
on both the migration patterns and bioenergetics of sea bass
in the Gulf of Maine are warranted, and may begin to uncover
the mechanisms driving the latitudinal variation in growth and
maturity found in this study. Furthermore, the variation in life
history traits observed could have far reaching management
implications as the northern stock of sea bass continues to expand
poleward (Pinsky and Mantua, 2014; Hare et al., 2016; Kleisner
et al., 2016, 2017).
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FIGURE 7 | Mean (± 1 SE) values of Kadj (dashed line) and LSIadj (solid line) by 2 cm size bins for black sea bass from all regions combined.

FIGURE 8 | (A) Proportion of male (black) and female (gray) black sea bass as a function of total length for all regions combined (M50 = 33.5 cm), (B)
length-at-maturity (L50 = 26.6 cm), and (C) age-at-maturity (A50 = 1.78 years) for all regions and sexes combined.

Demographic patterns of abundance may also be influencing
sea bass growth and reproduction. Range expanding sea bass
populations are likely at lower densities, as evidenced by low
capture rates by both fisheries dependent and independent
sources, and therefore may not be subject to density-dependent
competition (Burton et al., 2010; Phillips et al., 2010). These range
expanding sea bass appear to be growing faster and achieving
reproductive maturity at a younger age, but larger size, which
follows r-K selection theory (Charlesworth, 1971; Roughgarden,
1971). Faster growth rates result in fish achieving reproductive
maturity at a younger age, which promotes rapid population
growth. Spatial variation in conspecific density can influence
life-history traits in fish, including growth, maturation, and diet
(Jones, 1987; Caselle et al., 2003, 2011; Samhouri, 2009). For
example, Caselle et al. (2011) found that high density populations
of California sheephead were smaller in size, had lower fecundity,
and changed sex at smaller sizes, and Samhouri (2009) found that
aggressive interactions in high density populations of damselfish
resulted in reduced growth and reproductive output. Similar
density-dependent effects may be influencing the spatial variation

in black sea bass life-history traits observed among our study
sites, as well as between our data and the most recent sea bass
stock assessment from farther south where these effects are likely
stronger (Northeast Fisheries Science Center [NEFSC], 2016).

Interspecific competition may also differ between the GOM
and regions farther south. Atlantic cod, a historically dominant
large bodied predator in the GOM, has rapidly decreased in
abundance in recent decades, and spawning stock biomass is
currently estimated to be at 5–8% of the target level (Palmer,
2017). In general, large groundfish species are functionally
absent in much of the nearshore ecosystem, and have been
largely replaced by smaller-bodied fish, such as sculpin and
cunner (Witman and Sebens, 1992; Steneck, 1997). Sea bass
are an aggressive and territorial species, and may easily
outcompete small-bodied native GOM fish. For example, SCUBA
and video surveys in NMA and ME have captured sea
bass aggressively interacting with cunner and small pollock,
generally driving them away from sea bass territories (McMahan
and Grabowski, unpublished data). Therefore, in addition to
potentially experiencing reduced intraspecific competition, sea
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bass in the GOM may also be subjected to reduced interspecific
competition in comparison to those in southern regions, further
minimizing the reproductive-growth trade-offs encountered in a
highly competitive environment (Burton et al., 2010).

Diet and Condition
We found both regional and seasonal variability in Krel, but
overall there was a decreasing trend with latitude which may be
due, in part, to variations in diet. We found that the diversity and
quality of prey items in the diet of sea bass decreased with latitude.
The diet of SMA sea bass was dominated by lipid rich demersal
and pelagic fish, as well as squid, whereas the diet of NMA and
ME sea bass was dominated by small crustaceans. Diet trends
in NMA and ME were similar to results from previous studies
suggesting that sea bass rely heavily on crabs and other benthic
invertebrates (Mack and Bowman, 1983; Steimle and Figley, 1996;
Garrison and Link, 2000). Within this study area, heterogeneity
in prey availability is likely driving regional differences. For
instance, many prey items found in the diet of SMA sea bass (e.g.,
bay anchovy, scup, squid) are rare or found in lower abundance
in the GOM. However, it is unclear why SMA sea bass would
consume more fish and squid than populations farther south.
Stable isotope signatures reflected many of the dietary trends
revealed in the stomach content analysis. ME fish had the highest
δ13C values in the spring, which was also when the most shrimp
and benthic invertebrate prey were found in their diet. SMA and
NMA fish had higher δ13C values in the fall, which was when the
greatest amount of crabs were found in their diet. δ13C values
were lowest for SMA and NMA fish in the spring, however, this
was also the period of time when very few fish and squid were
found in their diet. Therefore, there may be a prey source that
these fish consume in the spring (i.e., when sea bass are migrating
from the continental shelf to nearshore spawning habitat) that
was not found in stomach content results.

Ontogenetic trends in diet revealed that feeding habits also
fluctuated with fish size and that Kadj closely tracked diet trends.
We were unable to compare ontogenetic trends in diet and
condition among regions due to low sample sizes. However,
in general, we found that fish between 28 and 36 cm total
length decreased their feeding and shifted from consuming
predominantly squid and fish to crabs, which coincided with
a decrease in their Kadj. Sherwood et al. (2002) found that
prey switching often occurs when condition starts to decline,
suggesting that these diet changes may be necessary to overcome
energetic bottlenecks. Yet, counterintuitively, LSIadj increased
within this size range, suggesting that further research will likely
be needed to resolve whether it is an energetic bottleneck. It is
also possible that the allocation of energy shifts during certain
growth phases, causing liver and somatic condition to diverge.
As individuals allocate energy to fat reserves (i.e., lipid storage in
the liver) they must reduce energy allocation to somatic growth.
Therefore, sea bass storing energy for periods without feeding,
such as spawning, may exhibit decreased somatic growth and
increased lipid storage.

The range of LSI and GSI values obtained in this study were
similar to values previously reported for sea bass collected in
SMA (Wuenschel et al., 2013). LSI varied among season, but

was highest in the fall for NMA and ME, and was inversely
correlated with GSI. This finding may indicate that sea bass in
the GOM are using energy reserves in the liver while spawning,
and that those reserves are replenished when spawning concludes
in the late summer and fall. It is also possible that this energy
allocation strategy relates to the fall migration of sea bass in the
GOM, however, very little is known about seasonal movement
patterns of sea bass in this newly expanded region. The opposite
energy allocation trend was found in SMA. LSI decreased from
spring to fall and was positively correlated with GSI. LSI values
in SMA were also lower than in NMA and ME. We speculate
that this could have been related to increased consumption of
fish and squid in SMA. As spawning decreased from spring
to fall for SMA fish, consumption may have rapidly increased.
A substantial increase in body weight would sharply increase
the denominator of the LSI equation, leading to decreased
LSI values (Brown and Murphy, 2004). Overall, these results
suggest that sea bass in SMA may exhibit different energetic
strategies than sea bass in the GOM, and that parameters from
sea bass caught within the historic range may not accurately
predict the biology and population dynamics of sea bass in the
GOM. Further investigation of how energetic strategies vary with
latitude is warranted.

Regional differences in GSI may reflect a latitudinal gradient in
the length of the spawning season. Sea bass in SMA are likely able
to spawn earlier in the spring due to warmer temperatures and
a shorter migration from offshore winter habitat. We collected
sea bass between mid-May and mid-June in the spring season. In
SMA, GSI may have already begun to decrease during this period
if spawning began earlier than mid-May. Conversely, GSI was
much higher in NMA and ME during the spring, perhaps because
spawning is delayed at higher latitudes. In the summer season,
GSI was greatly reduced in SMA as spawning was likely ending,
and GSI values were similarly low among all regions in the fall.

Size and Sex Ratio
We found that the sex ratio of all regions combined was 100%
female for the smallest sizes and approached 100% male for the
largest sizes. This pattern is typical of a hermaphroditic species
that matures as a female and transitions to male as it grows,
however, our results were markedly different from previous black
sea bass work that has found sex ratios of approximately 30%
male below 30 cm, and 30–40% female above 45 cm (Wuenschel
et al., 2011; Northeast Fisheries Science Center [NEFSC], 2012,
2016; Blaylock and Shepherd, 2016). Indeed, the northern stock
of black sea bass in its historic range is distinguished from
typical protogynous hermaphrodites because of the presence of
secondary mature males and the abundance of large females
in their population (Blaylock and Shepherd, 2016). Blaylock
and Shepherd (2016) concluded that black sea bass are likely
more resilient to fisheries exploitation because of these unique
sex ratios. Our results did not reveal a similar abundance of
smaller males and larger females, which may be a consequence
of small sample sizes of the smallest and largest black sea bass size
categories. We analyzed a total of 288 sea bass, whereas the stock
assessment utilizes results from thousands of sea bass throughout
the northern range (but south of Cape Cod). However, it is also
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possible that range expanding populations do not reflect the same
sex-ratio trends as populations near the center of their range.

In addition, we found that sex ratios varied with region, with
20–30% males and 70–80% females in SMA and ME, and 55%
males and 45% females in NMA. We also found that sea bass
were larger in NMA and predominantly mature. Caruso (1995)
observed that the majority of sea bass recruiting to SMA where
mature, and at the time of these observations (early 1990s), SMA
was considered the range edge of the northern stock. These
results indicate that sea bass populations have shifted, and that
large, mature fish are now recruiting to NMA. Meanwhile, small,
immature fish (i.e., those that can be outcompeted by larger fish)
are common farther north in ME, where conspecific density is
lower, but habitat may be suboptimal (i.e., colder temperature and
less diverse prey availability).

CONCLUSION

Collectively, these results suggest that demographic patterns
and life-history strategies of range expanding sea bass differ
from more centralized populations, and that important stock
metrics, such as growth and maturity, vary over relatively short
distances. Previous black sea bass stock assessment reviews
explicitly called for the incorporation of spatial structure within
the northern stock due to concern that incomplete mixing
was occurring (Northeast Fisheries Science Center [NEFSC],
2016). In response, the most recent sea bass stock assessment
incorporated a spatial divide at the Hudson Canyon and found
that the two-area model better represented overall population
dynamics (Northeast Fisheries Science Center [NEFSC], 2016).
However, our results suggest that latitudinal heterogeneity exists
in sea bass populations north of the Hudson Canyon divide.
Furthermore, the poleward range expansion of black sea bass
is predicted to continue as additional warming occurs along
the U.S. Northeast Continental Shelf (Kleisner et al., 2016,
2017), which could result in further divergence of life-history
traits of range expanding sea bass away from more centralized
populations. We recommend that future assessments target
GOM sea bass to build upon these initial findings and enhance
our understanding of the biology and population dynamics
of sea bass in their newly expanded range. Finally, these
findings apply more broadly to the global redistribution of
species that is currently underway and expected to intensify
(Pecl et al., 2017), and emphasize the need to incorporate
alternative assessment and management approaches to range
shifting species.
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