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a  b  s  t  r  a  c  t

White  Seabass  (Atractoscion  nobilis;  Sciaenidae)  comprise  an  important  commercial  resource  in  the  USA
and Mexico,  but  there  are  few  growth  rate  estimates  and its population  structure  remains  uncertain.
Growth  rates  were  estimated  based  on otolith  analysis  of  fish  collected  at  three  locations  spanning  1000-
km. Variations  in growth  rates  were assessed  at the  population  level  and  by  reconstructing  individual
growth  trajectories.  Seabass  were sampled  from  fisheries  operating  off  southern  California  (SC) and  the
northern and  southern  (NBC  and  SBC)  Baja  California  peninsula  from  2009  to 2012  (n = 415).  Ages  ranged
from  0  to 28-years,  but fish  >21-years  of  age  were  sampled  infrequently.  Size-at-age  was  highly  vari-
able,  particularly  for fish  <5-years.  White  Seabass  grew  quickly  during  the  first 8-years  of life  after  which
growth  rates  decreased  considerably.  Fitting  the size-at-age  data  with  the  von  Bertalanffy  growth  func-
tion  and applying  the  likelihood  ratio  test  to parameter  estimates  indicated  that  SC,  NBC  and  SBC did  not
differ  significantly  in  growth  rates  (0.18–0.19-yr−1) or asymptotic  length  (141-cm  total  length).  Individ-

ual  otolith  growth  trajectories  showed  high  variability  within  regions  and  there  were  only  significant
differences  in  the  average  width  of the first  annuli.  However,  residual  analysis  of  the  average  annual  radii
suggests  fish  from  SBC  had  a larger  size-at-age.  Those  differences  may  be related  to the  higher  coastal
temperatures  found  in  southern  coastal  waters.  Although  growth  rates  may  differ  during  the  first  year  of
life,  findings  suggest  growth  to be  similar  across  the  study  range.
. Introduction

The sciaenid Atractoscion nobilis,  or White Seabass, is distributed
long the Pacific coast of North America from northern California,
SA, to southern Baja California, Mexico and within the Gulf of
alifornia. White Seabass are considered an important commer-
ial and recreational fish species in both countries (Thomas, 1968).
lthough landings have fluctuated widely over time, U.S. manage-
ent regimes have been in effect since 1930 and have included
ifferent gear restrictions, bag limits, closed seasons and minimum
ize limits (Vojkovich and Reed, 1983; Pondella and Allen, 2008).
ishing by the US fleet was permitted in Mexican waters until 1982
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and comprised as much as 89% of the annual catch landed by the
US commercial fleet (CalCOFI, 2009).

In Mexican waters the White Seabass fishery existed before the
1950s (Vojkovich and Reed, 1983; Erisman et al., 2010). During late
spring and summer, White Seabass are considered a target fish-
ery species along the western coast of the Baja California peninsula
(Cartamil et al., 2011). In the northern Gulf of California, Moreno-
Báez et al. (2012) identified White Seabass as one of 40 target
fishery species. Little is known about the White Seabass population
in the Gulf of California. However, Franklin (1997) provided evi-
dence of a genetically distinct group from that found in the Pacific
coast. Mexico does not have a specific regulatory strategy for this
fishery resource such as minimum size limits, landing quotas for
different fishing areas or a total allowable catch. The fishery is man-

aged through non species-specific commercial fishing permits, and
White Seabass are included in the broad category of coastal finfish
species (Escama; SAGARPA, 2013). Species-specific catch statis-
tics are unavailable for White Seabass. SAGARPA (2013) reported
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 total commercial catch for all croaker species in the Pacific off
aja California were ca. 1,800 metric ton (mt) for 2012, and White
eabass likely represent most of the catch. Data for recreational
atches in Mexico are unavailable.

Studies on the biology of A. nobilis have been performed only in
he northern portion of their range. Along the Pacific, the spawning
eriod is from March to August with a peak in May  or June (Allen
nd Franklin, 1992; Donohoe, 1997). White Seabass form seasonal
pawning aggregations within shallow coastal waters and around
earshore islands (Thomas, 1968; Aalbers and Sepulveda, 2012).
onohoe (1997) estimated the daily growth rate of recently settled
hite Seabass and calculated that early juveniles remain in shallow

ursery areas for two or three months. Older juveniles are concen-
rated in shallow areas close to the surf zone and their abundance
ecreases as a function of depth and distance from shore. Adults are
ound in schools and also as solitary individuals from the surf zone
o a depth of 120 m and in habitats including sandy banks, rocky
reas, kelp beds and artificial reefs (Vojkovich and Reed, 1983; Allen
nd Franklin, 1988; Donohoe, 1997).

Although the White Seabass is an important commercial
esource of the US and Mexico, there are few growth estimates for
his species with no studies assessing growth parameters across
heir range in the Pacific. The studies published to date are based
n both otolith and scale analyses of fish captured in southern
alifornia waters. Clark (1930) generated the first estimates of age
ased on length frequency information from a limited number
f individuals. Thomas (1968) conducted the first comprehen-
ive age determination work based on the analysis of scales, but
hose estimates were later shown to underestimate age (CDFG,
002; Williams et al., 2007). Based on unpublished data, the CDFG
2002) generated population-level growth rate parameters based
n otolith ageing, and found that the maximum age and size were
7 years of age and 136.6 cm total length (TL). Fish of 71.1 cm TL
the current minimum size limit in California) were estimated to be
hree years old and the growth rate during the first few years was
stimated to be 0.156 mm yr−1. The CDFG (2002) data was based
n primarily smaller individuals and examined a limited number
f samples from age classes seven and older.

Williams et al. (2007) suggested that White Seabass growth
ates vary annually relative to temperature; growth rates of juve-
ile White Seabass (1–4 years of age) were positively correlated
ith the higher sea-surface temperatures (SST) that are charac-

eristic of El Niño Southern Oscillation (ENSO) conditions. This
as observed despite the lower overall productivity of the region
nder ENSO conditions (Chavez et al., 2002). Temperature and
ood availability are among the most important environmental fac-
ors influencing growth rate in fishes. Within physiological limits,
igher temperatures are reflected in fast growth rates, particularly

n young fishes if food is not limiting (e.g. Brett, 1979; Otterlei
t al., 2002; Folkvord et al., 2004; Neat et al., 2008). Somatic and
tolith growth are highly correlated, and temperature has also
een shown to have a strong influence on incremental ring widths
nd an otolith’s growth rate (Brett, 1979; Mossegard et al., 1988;
rnason et al., 2009). Otolith-based age estimates and incremen-

al (seasonal) ring width measurements have long been shown to
rovide a good approach for reconstructing the growth of fishes
t the population (Campana and Neilson, 1985) and individual
evels (Wilson and Larkin, 1980; Chambers and Miller, 1995). Con-
equently regional variations in growth could be an indicative
f separate populations (Begg et al., 2001; MacNair et al., 2001;
amaguchi et al., 2004).

Biogeographical breaks along the Pacific coast of North America

ave been shown to play an important role in determining pop-
lation structure of coastal fish and invertebrate species. Punta
ugenia, located in the central part of the Baja California peninsula,
s considered a transitional area in the California Current System
search 161 (2015) 374–383 375

(CCS) due to seasonal and latitudinal shifts in upwelling inten-
sity and regional variation in the direction and intensity of coastal
currents. There is also a well-documented latitudinal pattern in sea
surface temperature (SST) along the Pacific coast of North America
(Lynn and Simpson, 1987; Durazo et al., 2010). Some studies have
documented the presence of biogeographical breaks in fish and
invertebrate species north and south of Punta Eugenia (Horn et al.,
2006; Kelly and Eernisse, 2007; Selkoe et al., 2007; Blanchette et al.,
2008). To date, there are no studies that investigate the growth rate
of this economically valuable species across their range, despite the
oceanographic differences along the distribution of White Seabass
in the Pacific.

The widths of otolith growth increments (daily rings and annuli)
have been used to determine the somatic response to variations in
habitat quality (Molony and Choat, 1990; Jones, 1992). The average
values of the internal measurements of otoliths can vary signif-
icantly when comparing individuals of different stocks, although
individual measurements do not necessarily allow individuals to
be assigned to a particular stock (Pawson and Jennings, 1996); this
tool has been used to help discriminate between stocks (Campana
and Casselman, 1993; Begg et al., 2001).

This study used otolith-based techniques to estimate age and
growth in White Seabass sampled off southern California and the
northern and southern Baja California peninsula. We  hypothesized
that White Seabass collected along the Pacific coast may  exhibit dif-
ferent growth rates throughout their distribution. Specifically, this
work has focused on (1) strengthening age estimates for this species
by examining a large range of adult sizes, (2) comparing population
level growth rates among three locations, and (3) assessing indi-
vidual growth trajectories through measurements of the width of
annual growth rings.

2. Materials and methods

2.1. Sample collection

White Seabass were sampled between 2009 and 2012 from com-
mercial and recreational fisheries in southern California (SC) and
along the Pacific side of the Baja California peninsula (Fig. 1). Sam-
ples collected off Baja California were subdivided in two  regions
separated by Punta Eugenia (northern and southern Baja California,
or NBC and SBC, respectively). Samples were primarily collected
during the spring and summer months, which is when the fisheries
operate in the US and Mexico. The SC samples were obtained from
recreational fisheries that have a minimum size limit of 70-cm-TL
(CDFG, 2002). In NBC White Seabass were caught by gill nets as well
as by hook and line, which yielded a broader size range than for
SC. In SBC commercial fishermen used gill nets and smaller fishes
were caught than in SC and NBC. Fish total length and standard
length (SL) were measured to the nearest cm (n = 415). Sagittal
otoliths were extracted, cleaned and stored dry. For southern Baja
California only SL measurements were taken, and a linear regres-
sion between TL and SL was  generated to convert to total lengths
(TL = (SL + 2.54)/0.93; r2 = 0.99; n = 135).

2.2. Otolith ageing

Sagittal otoliths of White Seabass are very large, as in other sci-
aenids, and are unreadable if not sectioned. Whole otoliths were
embedded in epoxy resin and two or three transverse sections
1 mm  thick were cut through the central region along the dorso-

ventral plane with a slow-speed circular saw (Buehler, ISOMETTM)
to obtain a section that included the otolith core. Sections that
included the core were polished using decreasing grit abrasive
paper. A final polish with micro-cloth and 0.3-micron alumina
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ig. 1. White Seabass (Atractoscion nobilis)  sampling regions along the Pacific coa
opulation and individual-level growth rates based on otolith ageing of White Se
outhern Baja California peninsula, Mexico between 2009 and 2012.

owder was performed. Otolith sections (0.7–0.8 mm width) were
ounted on a glass slide and viewed with a stereoscope (Olympus

ZX7) at magnifications between 1.2 and 3.6× and photographed
ith a digital camera (Olympus U-CMAD3). Under transmitted light

he core and opaque bands appear as dark rings, and the wider

ranslucent bands as clear or hyaline rings (Fig. 2).

The count path of the annuli was from the nucleus toward the
ip of the inner face next to the sulcus, where the deposition of
easonal rings appeared clearly defined (Fig. 2). For each otolith, age
orth America. The presence of population structure was  evaluated by estimating
captured off southern California, USA and on the Pacific side of the northern and

was estimated twice by two independent readers in the absence of
information on fish size or sampling date. The agreement between
readings and readers were evaluated by calculating the percent
agreement (PA). Disagreements in age estimates >4 years were
resolved by both readers examining the otoliths simultaneously.

The index of average percent error (APE; Beamish and Fournier,
1981) and the mean coefficient of variation (CV; Chang, 1982)
were calculated to estimate the relative precision of age estimates
between readers. A total of 33 otoliths (8%) were excluded from
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ig. 2. Transverse section cut through a sagittal otolith of White Seabass (Atrac-
oscion nobilis) showing the annuli in a 13 year old fish. Dots indicate annuli and the
hite line indicates the axis along which otolith radius measurements were taken.

ge determinations because they were crystallized or if the growth
ings were difficult to interpret and a consensus between readers
ould not be achieved.

To assess the yearly pattern of deposition of otolith annuli,
he appearance of each otolith margin was recorded as opaque or
ranslucent. Only fishes 5–15 years of age were included in this
nalysis because the type of otolith margin was clearly discernible.
he timing of annulus formation was examined by plotting the
ercent occurrence of otoliths with a peripheral opaque band as

 function of the sampling month (Okamura and Semba, 2009).
he winter months were not well represented and were therefore
xcluded from the analysis.

.3. Population-level growth rate

To estimate population-level growth rates, age-at-length esti-
ates were fitted with the von Bertalanffy model using non-linear

egression (Nielsen and Johnson, 1985). The model is described
y the equation: Lt = L∞(1 − e−k(t−t0)), were L∞ is mean asymp-
otic total length (cm), K is the growth coefficient (yr−1), t is age
years) and t0 is the theoretical age (yr) at zero length. The growth
unction was fitted using a nonlinear least square in a SOLVER rou-
ine of Excel software (Haddon, 2001). The differences in the von
ertalanffy growth parameters among the three localities were
ompared through an analysis of residual sum of squares (ARSS)
nd the likelihood ratio test (Chen et al., 1992; Haddon, 2001). In
rder to compare the growth curves among localities the mean TL
t each age was also plotted.

.4. Individual-level growth rate

Individual otolith growth along the transverse plane was  mea-
ured as the distance from the core to the distal edge of each opaque
ing using the Image J software package. Only fishes between 9 and
6 years of age were included to generate time series of compa-
able lengths (at least 10 years). Growth was represented as the
rojection of the radii of each opaque ring as a function of age;
hose projections were evaluated within and among localities with
epeated-measures MANOVA (Chambers and Miller, 1995). In addi-

ion, the mean radius of each annuli at age was calculated for each
egion for fishes <10 years of age; older fish exhibit slower growth
ates and the width of the area did not vary greatly. In order to
est for differences in the increment width among ages, a one-way
search 161 (2015) 374–383 377

ANOVA was applied (Chambers and Miller, 1995). Both statistical
analyses were performed with the SYSTAT 13.0 software package.

Lastly, growth differences between regions were examined
using residual analysis; the average width-at-age for each region
was subtracted from the average width-at-age for all the otoliths
analyzed (Haddon, 2001). Only fish <10 years of age were consid-
ered because growth differences were more evident during the first
years of life.

3. Results

3.1. Length frequency distributions

Of the 415 fish sampled, 105 were from SC, 119 from NBC and
191 from SBC. The size range of the fish sampled varied between
locations (Fig. 3). In SC the TL of the White Seabass sampled ranged
from 35.6 to 147.3 cm,  with a mean of 118.6 cm (Fig. 3a). The
NBC sample was dominated by fish between 40.6 and 156.0 cm TL
(mean = 113.8-cm; Fig. 3b). The size range of White Seabass caught
off SBC was 31.0–147.0 cm TL (mean = 81.5 cm TL).

3.2. Analysis of otolith margins

The proportion of individuals with an opaque otolith margin was
highest during February and November, although the sample size
for those months was limited. Translucent bands predominated
in samples collected from April to September. During this period,
25–45% of otoliths had opaque bands along their margin (Fig. 4).

3.3. Otolith ageing

Ages ranged from 0 to 28 years. The APE and CV were 8.3% and
11.5%, respectively for the data in all localities. After eliminating the
otoliths that were hard to read or for which agreement could not
be reached between readers, there was  a 96% agreement between
readers, indicating a high level consistency. Disagreements in age
estimates between readers were more frequent for fish <4 years
and >16 years.

3.4. Population-level growth rates

The von Bertalanffy growth model showed that the TL of White
Seabass varied as a function of age class (Fig. 5). All fish showed a
rapid increase in size during the first eight years of life. There were
similar growth rates and asymptotic lengths in the three regions
(0.18–0.19 yr−1 and 140.84–141.20 cm,  respectively). Residual sum
of square analysis (ARSS) indicated that the von Bertalanffy growth
curves varied among areas (ARSS, F(3,373) = 55.46, P < 0.05). How-
ever, results of the Likelihood Ratio Test indicated that the growth
rates and asymptotic length parameters from the von Bertalanffy
function were not significantly differed between SC, NBC and SBC
(Table 1). Significant differences were evident in t0 values between
SC and SBC (−0.67 cm and −1.78 cm,  respectively), notably in fish
younger than 4 years sampled in SBC providing an explanation for
the statistical differences between locations found with the ARSS
analysis.

3.5. Individual-level otolith growth

Otolith growth measured along the transverse plane showed
high variability between individuals for the three regions (Fig. 6).
The average width of age-specific annuli was  similar for the three

regions; as expected, annuli width decreased with age, particularly
for fish 1–4 years of age (Figs. 6B, D and F). The average width
increments among localities were significantly different (Wilks’s
�; F(2,148) = 1.754, P < 0.05). Those differences were found in the
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Fig. 3. Length-frequency distributions of White Seabass, Atractoscion nobilis, sam-
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Fig. 4. Percentage of occurrence of opaque and translucent margin of sectioned
sagittal otoliths of Atractoscion nobilis collected off southern California and in the
Pacific off the Baja California peninsula. Only the otoliths of fish aged 5–15-yr were
selected and analyzed. n, number of otoliths analyzed for each month.

Table 1
Results of the likelihood ratio tests comparing von Bertalanffy parameter estimates
for  White Seabass, Atractoscion nobilis, collected off southern California, northern
Baja California and southern Baja California between 2009 and 2012. Statisti-
cal  results represent the null hypotheses that parameter estimates do not differ
between regions.

Hypothesis RSS �2 P

Southern California–Northern Baja California
Ho: = L∞ 835.384 0.032 0.858 ns
Ho: = K 838.244 0.189 0.664 ns
Ho: = t0 854.918 1.095 0.295 ns
Southern California–Southern Baja California
Ho: = L∞ 918.437 0.002 0.965 ns
Ho: = K 918.399 0.000 0.988 ns
Ho: = t0 1049.441 5.469 0.019 *

Northern Baja California–Southern Baja California
Ho: = L∞ 1065.718 0.012 0.914 ns
Ho: = K 1068.984 0.149 0.699 ns
Ho: = to 1111.085 1.888 0.169 ns

RSS = residual sum of squares; ns = not significant.

growth estimates for this species and suggests the presence of a
single population of White Seabass over their distribution in the
led  from 2009 to 2012 off southern California (A), northern Baja California (B) and
outhern Baja California (C). n, sample size.

tolith width comparison between SC vs. SBC (Hotelling’s, t = 29.05,
 < 0.05) and NBC vs. SBC (t = 23.43, P < 0.05), but no significant dif-
erence was found in otolith width measurements between SC and
BC (t = 13.09, P > 0.05). At a specific age, otoliths collected off SBC

ad significantly larger increment annuli for the first year of life
han those from SC and NBC. There were significant differences in
he average increment width for age 3 and 8 (Table 2). Growth rate
* Significant at  ̨ = 0.05.
** Significant at  ̨ = 0.001.

declined at 8 years of age, and was followed by an extended period
over which little change in size occurred.

The residual analysis of the average radii indicated White
Seabass otoliths collected off NBC were similar to the average for
the pooled data in the 10 years analyzed. White Seabass sampled
off SC had a smaller radius at age and measurements of otoliths
collected off SBC were higher than those from SBC and NBC (Fig. 7).

4. Discussion

This study used two  complimentary approaches, the generation
of population and individual-level growth estimates, for evaluat-
ing whether there were differences in the growth rates of White
Seabass along the Pacific coast of North America. This work updates
Pacific. Also, identifies differences at the individual growth level
during the first years of life between the northern (SC and NBC)
and southern regions (SBC).
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Fig. 5. Plots of age-length data for White Seabass, Atractoscion nobilis,  sampled between 2009 and 2012. Otolith aging was conducted on samples from fish caught off southern
California (A), northern Baja California (B) and southern Baja California (C). The pooled data are also presented (D). The data were fitted with the von Bertalanffy growth
m rowth coefficient (yr−1), t is age (years) and t0 is the theoretical age (yr) at zero length).
N ize.

4

o
c
f
t
t
b
t
c
g
e
i
o
e
t
p
1
i
(

t
W
l
P
S
t
c

Table 2
Results of the repeated measures MANOVA comparing the average annuli radius
(±SD) of White Seabass, Atractoscion nobilis, collected between 2009 and 2012 off
southern California (SC), northern (NBC) and southern (SBC) Baja California penin-
sula. Statistical results represent comparison for each annuli radius among localities.
Overall MANOVA results indicated a significant interaction between location-and-
width at age.

Annuli SC NBC SBC F P

1 0.87 ± 0.14 0.87 ± 0.11 1.00 ± 0.14 11.503 0.000 **

2 0.42 ± 0.12 0.45 ± 0.10 0.44 ± 0.13 1.143 0.322 ns
3  0.31 ± 0.08 0.36 ± 0.09 0.34 ± 0.09 4.337 0.015 *

4 0.30 ± 0.09 0.30 ± 0.08 0.30 ± 0.08 0.027 0.973 ns
5  0.27 ± 0.07 0.28 ± 0.08 0.28 ± 0.05 0.296 0.744 ns
6  0.24 ± 0.05 0.24 ± 0.06 0.25 ± 0.07 0.922 0.400 ns
7  0.21 ± 0.04 0.22 ± 0.05 0.23 ± 0.05 0.880 0.417 ns
8  0.19 ± 0.04 0.20 ± 0.04 0.22 ± 0.05 3.604 0.030 *

9 0.19 ± 0.04 0.20 ± 0.04 0.20 ± 0.04 1.299 0.276 ns
10  0.17 ± 0.04 0.18 ± 0.04 0.18 ± 0.04 0.223 0.800 ns
odel  Lt = L∞(1 − e−k(t−t0)), were L∞ is mean asymptotic total length (cm), K is the g
ote  that a single � could denote several overlapping data points and n is sample s

.1. Validation of age determinations and otolith analysis

Generating estimates of age and growth based on the analysis
f fish otoliths relies on a systematic interpretation of the opti-
al appearance of internal structures, the assumption that periodic
eatures are formed with constant frequency and that the dis-
ance between consecutive features such as annuli are proportional
o fish growth (Campana and Neilson, 1985). Those features can
e described at a population or individual level. At the popula-
ion level, fish growth represents the average of many individual
haracteristics of fish inhabiting a region. On the other hand the
rowth pattern at the individual level is a direct reflection of the
nvironmental conditions in which an individual fish grew and its
ntegrated response to food availability and temperature, among
ther factors (Weatherley, 1972; Persson and De Roos, 2006; Zhang
t al., 2014). Fisheries-dependent collections run the risk of being
oo irregular or geographically imprecise to provide adequate sam-
les for the evaluation of stock separation (Hilborn and Walters,
992). Ideally, the analysis of otoliths for ageing studies should

nclude a good representation of fish from broad range of sizes
Baggenal and Tesch, 1978).

This study targeted the local coastal fisheries and we were able
o obtain otolith samples from a relatively broad size range of

hite Seabass (e.g. 30–150 cm TL for all locations). However, the
ength–frequency distributions of White Seabass sampled in the

acific varied between regions. The distribution was  unimodal for
C and bimodal for NBC and SBC. A greater proportion of rela-
ively small fish (<60 cm TL) were sampled in SBC. During the first
ollections in NBC (2009 and 2010) and SBC (2010) most of the
ns = not significant.
* Significant at  ̨ = 0.05.

** Significant at  ̨ = 0.001.

fish caught measured around 100 cm TL. In 2011 and 2012, a large
number of smaller (<70 cm TL) White Seabass were caught by the
fishery in SBC. Despite the limitations associated with our fisheries-
dependent sampling and the differences in fishing gear used in SC,
NBC and SBC, we consider that the sampling is reasonably repre-

sentative of White Seabass of all sizes.

There are no published studies that fully validate the yearly
deposition of annuli in White Seabass otoliths. Previous studies
have estimated the age of White Seabass based on non-validated
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Fig. 6. Individual growth trajectories of White Seabass, Atractoscion nobilis. White Seabass were collected off southern California (A and B), northern Baja California (C and
D  trans
t re to th
a

o
(
o
o
S
t
t
c
n

)  and southern Baja California (E and F). Measurements were performed along the
racks  (A, C and E) were determined from measurements of the distance from the co
nnuli  ± SD (B, D and F) was  also calculated.

tolith ring deposition and assuming yearly annuli formation
Clark, 1930; CDFG, 2002). Williams et al. (2007) estimated the age
f juveniles based on the morphological characteristics of the sec-
nd primordia of the otoliths and documented that young White
eabass appear to form four increments each year (bipartite annuli)

hat can be observed as pairs of opaque and translucent bands in
he ventral otolith face. However, in other sciaenid species, annulus
ounts typically start at the core and proceed toward the outer edge
ext to the sulcus (VanderKooy, 2009). Since the objective of this
verse plane of otoliths that were cut, mounted and polished. The individual growth
e distal edge of each opaque ring (radius-at-age). The average width of age-specific

study was to perform age determinations of fishes of all sizes and
not only juveniles, we  selected a methodology that was consistent
with that used for fish with similar otolith morphology (Barbieri
et al., 1994; Román-Rodríguez and Hammann, 1997; La Mesa et al.,
2008).
We  were unable to fully validate the temporal periodic-
ity of annuli formation due to difficulties in obtaining samples
throughout the year because of the seasonal nature of the fish-
ery. Nevertheless, our data indicates that during the spring and
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ig. 7. Residuals analysis of mean individual annulus widths-at-age of White
eabass, Atractoscion nobilis,  from southern California (SC), northern Baja California
NBC) and southern Baja California (SBC).

ummer months 60–75% of otolith margins were translucent,
hich is consistent with the season of rapid growth. Beckman

t al. (1988) found that the translucent zones in Red Drum (Sci-
enops ocellatus; Sciaenidae) were deposited during summer and
all months and the opaque zones were during winter and spring

onths. Our data suggest an annual pattern but is not conclusive
ue the lack of sampling during the winter months.

Annual increment ring formation has been validated in other
embers of the family Sciaenidae, including Red Drum (S. ocella-

us [Murphy and Taylor, 1991]), Atlantic Croaker (Micropogonias
ndulatus [Barbieri et al., 1994]), Totoaba (Totoaba macdonaldi
Román-Rodríguez and Hammann, 1997]) and Brown Meager (Sci-
ena umbra [La Mesa et al., 2008]). Consistent growth increment
atterns within the otoliths of White Seabass, the previous vali-
ation of annual ring deposition in other members of the family, and
he predominance of transparent growth rings during the spring
nd summer support the hypothesis of annual ring deposition for
his species.

Long-lived species often have large, robust otoliths that require
ectioning in order to accurately enumerate annuli for age esti-
ation (VanderKooy, 2009). Transverse otolith sections of White

eabass generally provided clear zones that could be used for
ge determinations. The otolith of fish >4 years of age showed a
lear pattern of deposition of annuli, while the growth bands of
ome younger White Seabass were difficult to differentiate and fre-
uently showed what could be false annual rings. For fish >16 years
f age, rings were often narrow and sometimes difficult to differ-
ntiate. However, the values of precision obtained for APE, CV and
A (8.3%, 11.5% and 96%, respectively) can be considered adequate
ased on the reference points indicated by (Campana, 2001; 5.5%
PE and 7.6% CV).

.2. Population and individual-based growth rates

Size-at-age was highly variable. For example, White Seabass
rom SBC that were estimated to be 3 years of age had a range
f about 50 cm between the largest and smallest individuals, and
he same level of variability was observed in fish from SC at 8 years
f age. Williams et al. (2007) documented that cohorts of juveniles
hite Seabass grow at different rates in relation to water temper-
ture, with faster growth during warm periods or throughout the
outhern extent of their distribution. Similar to what we found, a
onsiderable level of variation in size-at-age between individuals
as been observed in other species of Sciaenidae (e.g. Griffiths and
search 161 (2015) 374–383 381

Hecht, 1995; Román-Rodríguez and Hammann, 1997; La Mesa et al.,
2008). For example, Barbieri et al. (1994) suggested that high vari-
ability in size-at-age observed in Atlantic Croaker was  due the fast
growth rate during the first year and the fact that spawning lasts
several months. Thus, fish hatch at different periods of the spawn-
ing season and display different growth rates. However, unlike
White Seabass, Atlantic Croaker reaches their asymptotic length
at about 2 years of age. We  suggest that the wide range of size-at-
ages observed in White Seabass otoliths could be attributed to (1)
field sampling variability, since length measurements of some fish
were performed after processing by fishermen (i.e., removing of the
gills and gut); (2) the prolonged spawning period that characterizes
this species and (3) local and inter-annual variation in temperature
and food availability. The causes underlying the variability warrant
further study.

The results of the von Bertalanffy growth models indicated that
in all three regions White Seabass exhibited a pattern of rapid
growth until approximately 8 years of age, after which asymp-
totic TL of 141 cm was  reached and the growth rate decreased.
In previous collections from the Southern California Bight (SCB),
White Seabass had a slightly lower asymptotic length and a lower
growth rate (L∞ = 139.1-cm-TL, K = 0.156-yr−1; CDFG, 2002) than
those found in this study (L∞ = 140.84-cm-TL, K = 0.18–0.19-yr−1).
The maximum age estimated of 28 years (for an individual with
142.2 cm TL from the NBC) was similar to that reported by CDFG
(2002), which was 27 years of age. The growth coefficient values
that were estimated for the 3 areas of the Pacific coast of North
America were higher than those reported for White Seabass in
previous studies published to date (Thomas, 1968; CDFG, 2002).

There were no significant differences between the asymptotic
lengths and growth rates of White Seabass sampled in southern
California, northern Baja California and southern Baja California,
representing a distance of over 1,000 km along the coastline. The
results of the maximum likelihood test indicated that there were
only significant differences in the length at age 0 (t0) between SC
and SBC. These differences may  be due to the smaller number of
fish sampled at the lower end of the size range in SC and NBC. The
parameter t0 represents the hypothetical age at zero length and can
affect the steepness of the curve (Haddon, 2001). The results sug-
gest similar growth rates and asymptotic lengths between White
Seabass captured in this study at the population level.

Measurement of annulus radii of individual fishes showed a high
variability among individuals as a function of age in all regions.
This is consistent with the variability in length-at-age observed in
the population-level analysis. There were significant differences in
the mean widths of the first radius (corresponding to the growth
accrued during the first year of life); White Seabass from SBC had
wider ring widths than those from SC and NBC. The residual analysis
also showed consistent albeit slightly larger ring widths in White
Seabass from SBC until about 10-years of age. Williams et al. (2007)
found that higher temperatures appeared to have a positive effect
on growth rates of White Seabass juveniles from the SCB, and noted
that the growth rates during the first 3 years of life were signifi-
cantly and positively correlated with mean SST. The difference in
the width of the first annuli and in the mean width until age 10
found in SBC fishes compared with SC and NBC suggest that those
fish grew under different environmental conditions. This could be
in response to coastal SSTs that are about 4–5 ◦C higher south of
Punta Eugenia during the summer than in more northern locations
(Durazo et al., 2010).

Franklin (1997) assessed the population structure of White
Seabass based on microsatellite DNA analysis, comparing speci-

mens collected from Point Conception, CA to Magdalena Bay, off the
southern Baja California peninsula and the central Gulf of California.
Their samples included young of the year, older juveniles and
adults. Their results support the existence of a single panmictic
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reeding population of White Seabass along their distribution in
he Pacific coast, and a genetically distinct population in the Gulf
f California. The results of the individual and population growth
ates presented here are consistent with the absence of subpopula-
ion structure for this species, which is consistent with the results
eported by Franklin (1997) for the Pacific coast.

. Conclusion

Size-at-age measurements indicate similar growth rates and
symptotic lengths between White Seabass captured in southern
alifornia, northern and southern Baja California peninsula. These
ndings are suggestive of a single population of White Seabass
long the Pacific coast of North America. Individual growth trajec-
ories and the width of the annual growth increments suggest that
he White Seabass from SBC grew under different environmental
onditions during their first year of life than fish from the north-
rn regions. However, additional studies that focus on movement
atterns, otolith microchemistry and population genetics are nec-
ssary to better determine the stock structure of White Seabass in
he Pacific.
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