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a  b  s  t  r  a  c  t

We  applied  several  data-poor  techniques  to perform  an assessment  of the  Gulf  corvina  (Cynoscion  oth-
onopterus)  fishery  in  the  Gulf  of  California  from  1997  to 2012  and  to  investigate  the  effects  of  gear
selectivity  and  age-dependent  variation  in  spawning  frequency  on estimates  of  sustainability  in  spawning
aggregation  fisheries.  The  length  composition  of  the  catch  varied  significantly  among  years  but  showed
no  clear  directional  pattern.  However,  the  average  length  was  above  the  long  term  average  after  the
implementation  of  a regulation  that  standardized  mesh  size  of  nets,  and  the  average  length  of  fish  cap-
tured  after the  implementation  was  significantly  higher  than during  previous  periods.  Results  using three
simple  metrics  based  on catch  length  compositions  indicated  that  fishing  activities  were  sustainable  due
to the  exclusion  of juveniles  from  the  fishery  and  the targeted  harvest  of  adults  at  the  optimal  length.
However,  the  low  proportion  of older,  fecund  fish  in the  fishery  is a  serious  cause  for  concern.  Modeled
estimates  of  spawning  potential  ratios  (SPR)  were  consistently  higher  when  spawning  frequency  was
assumed  to  be  age  invariant  and were  significantly  higher  after  the implementation  of gear  regulations.
However,  SPR  values  only  reached  levels  above  35%,  a common  reference  point  for  sciaenid  fishes,  during
the current  fishing  period  (2010–2012)  under  conditions  of  age  invariant  spawning  frequency.  Results
of  this  study  support  previous  claims  that  suggest  estimates  of  reproductive  potential  are  highly sensi-
tive  to  age-dependent  variation  in  spawning  frequency  and  imply  that  such  details  related  to  spawning
behavior  require  more  attention,  particularly  for  fisheries  that  target  spawning  aggregations.  Our  results
also suggest  that  spawning  aggregations  can  be harvested  sustainably  through  conventional  regulations

if  juveniles  are  excluded,  fish  are  harvested  at  optimal  length,  and  older,  fecund  individuals  are  protected
from  harvest.  Given  the  uncertainty  of the status  of  the  corvina  fishery  based  on  the  discordant  results  of
this  study  and  the  inherent  vulnerability  of  the  species  to overfishing,  We  recommend  the  precaution-
ary  approach  be  applied  to  management  decisions  until  more  robust  information  is  acquired  on  stock
abundance,  the  relationship  between  spawning  frequency  and  age  or length,  and  reproductive  output.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Many fishes migrate to form massive spawning aggrega-

ions at specific locations and during specific periods, and these
vents support or have supported some of the most productive,
mall-scale fisheries in coastal regions throughout the world.
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Noteworthy examples include historical fisheries for the Nassau
grouper (Epinephelus striatus) in the Caribbean (Sadovy and Eklund,
1999) and the totoaba (Totoaba macdonaldi) in the Gulf of Califor-
nia (Cisneros-Mata et al., 1995), and the live reef food fish trade
in Southeast Asia (Sadovy and Vincent, 2002). The high abundance
of fish present at aggregations during predictable periods and at
known locations, which can range from tens to even millions of
individuals confined to small areas, generates the ideal scenario

for small-scale fishers with limited resources; large catches and
sizeable earnings with minimal effort (Sadovy de Mitcheson and
Erisman, 2012). However, these same characteristics render aggre-
gation fisheries particularly vulnerable to overfishing, as targeted
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arvesting of fish from aggregations may  result in the rapid removal
f large proportions of an entire population. When left unmanaged,
verfishing of aggregations is associated with severe declines in fish
tocks, fishery collapses, ecosystem imbalances, and in the most
xtreme cases, the complete extirpation of aggregations from spe-
ific areas or regions (Johannes, 1997; Sala et al., 2001; Dulvy et al.,
004; Erisman et al., 2011).

Awareness of both the productivity of aggregation fisheries and
heir vulnerability to overfishing has steadily increased over time
reviewed in Sadovy de Mitcheson and Colin, 2012), and fish spawn-
ng aggregations are beginning to emerge as a focal point of fisheries

anagement and marine conservation (Russell et al., 2012; SCRFA
ish Aggregation Database, 2013 and references therein). The most
ommonly applied management measures for fisheries on species
hat aggregate to spawn are seasonal bans during the reproductive
eriod when the species cannot be fished or traded, or the pro-
ection of aggregation sites during the spawning season or within
o-take marine protected areas. Such strategies have proven effec-
ive in stimulating the recovery of depleted aggregation sites while
lso supporting sustainable fisheries in adjacent areas (Nemeth,
005; Heppell et al., 2012).

Less information is available on the ability of conventional man-
gement tools such as gear restrictions, catch limits, or size limits to
rotect aggregations while also permitting sustainable harvest lev-
ls from the aggregations themselves. It is often assumed that such
ethods alone are incapable of sufficiently protecting aggrega-

ions since many collapsed aggregation fisheries are managed using
onventional fisheries regulations, and the most well documented
ases of recovery occurred under scenarios of targeted spatial or
emporal management (Sadovy and Domeier, 2005; Russell et al.,
012). Yet the dynamics of spawning aggregations vary greatly
mong species in terms of their timing, duration, and distribution
Sadovy de Mitcheson and Erisman, 2012). Likewise, the relative
mportance of spawning aggregations to fisheries also varies con-
iderably from those that exclusively target aggregations, to those
hat only partially exploit them, to those that do not target aggre-
ations at all (Erisman et al., 2010; Erisman et al., 2012; Tobin et al.,
013). Moreover, fisheries use a variety of gear types with differ-
nt selectivities, resulting in large differences in escapement. Thus,
t is reasonable to expect that no single type of management is
seful for all aggregating species, and there may  be circumstances
nder which conventional tools may  be sufficient, without time or
rea closures. Thoughtful exploration of such circumstances is war-
anted, because unnecessary spatial or seasonal restrictions may
mpose undue hardship on coastal communities that receive signif-
cant social, economic, and cultural benefits from the harvesting of
pawning aggregations (Sadovy de Mitcheson and Erisman, 2012).
lso, seasonal or spatial closures may  not be effective if uncon-

rolled fishing mortality outside of the closures dissipates all of the
iological benefits of the closures, resulting in additional fishing
osts with no gain in yield or sustainability.

Small-scale fisheries that target the spawning aggregations of
oastal fishes tend to be underfunded for research, undermanaged,
nd unmonitored (Sadovy, 2005). Consequently, they resemble
ost other small-scale fisheries that lack the necessary catch or

opulation data to perform quantitative stock assessments using
omplex models to generate robust estimates of stock status, vari-
us management targets or reference points, and sustainable yield
Dick and MacCall, 2011). However, a growing body of information
n methods to assess data-poor, small-scale fisheries has emerged
n recent years (e.g., Dulvy et al., 2004; Froese, 2004; Honey et al.,
010), providing resource managers with useful insights into the

tatus and trends of inter alia spawning aggregation fisheries and
acilitating the development of science-based management policies
ven when data are scarce. Noteworthy examples include meth-
ds that use life history parameters and length data to estimate
search 159 (2014) 75–87

biological reference points such as total and fishing mortality
(Gedamke and Hoenig, 2006), optimal length at capture (Froese,
2004; Cope and Punt, 2009), and spawning potential ratio (SPR –
the ratio of the total fecundity of the fished population under a
given exploitation rate to the total fecundity of the unfished pop-
ulation; Goodyear, 1993). Resulting outputs include estimates of
exploitation rates and reproductive potential, which can be used
in an adaptive management framework. For example, estimated
exploitation rate and SPR can be compared to commonly used ref-
erence values or rules of thumb (e.g., F should be close to M,  SPR
should be above 35%) to inform adjustments to catch or other mea-
sures aimed at controlling fishing mortality.

Aggregating behavior in fishes can pose significant challenges
to stock assessment and the interpretation of stock status indica-
tors. Specifically, aggregation fisheries often exhibit hyperstability,
in which catch rate declines at a slower rate than stock abundance
(MacCall, 1976; Erisman et al., 2011). This can lead to overestimates
of stock size and delay management responses to stock declines if
assessment models assume catch rates are proportional to abun-
dance (Rose and Kulka, 1999; Claro et al., 2009). Therefore, stock
assessments for fisheries that target spawning aggregations should
avoid the use of CPUE and other catch rate metrics as proxies for
population abundance if the relationships between these metrics
and abundance are not well understood. Certain data-poor assess-
ment methods may provide more easily interpretable and therefore
more useful outputs. For instance, changes in length frequency dis-
tributions of catch are often directly related to fishing mortality and
provide a basis for recognizing declines in stock condition that may
be less visible with metrics such as CPUE.

Most fishes that form spawning aggregations are seasonal batch
spawners with indeterminate fecundity (Sadovy de Mitcheson and
Colin, 2012), which poses serious challenges for assessments that
use some measure of reproductive potential of the population
(e.g., SPR). Quantifying reproductive potential for these types of
fishes requires estimates of batch fecundity, spawning frequency,
and spawning season duration (Murua et al., 2003). These data
must be obtained with estimates of how each may  vary with size
or age, as it is becoming increasingly known that the frequency
and duration of spawning increases with age for most marine
fishes (Lowerre-Barbieri et al., 2011; Fitzhugh et al., 2012). In fact,
if spawning patterns are assumed to be age invariant, modeling
studies indicate substantial sensitivity of estimates of spawning
potential ratio and reproductive value, and a tendency for overes-
timating these biological reference points for setting harvest rates
(Fitzhugh et al., 2012). Failure to consider such sensitivity can lead
to management decisions that either place unnecessary restric-
tions on fishers (over-management) or that fail to prevent depletion
to unsustainable levels or stimulate recovery in depleted popu-
lations (under-management). Therefore, more insight into how
variation in spawning frequency influences data-poor assessment
should result in better assessments and management of fisheries
on spawning aggregations, particularly with respect to tools such
as catch limits, size limits, and gear restrictions.

Here, we provide a data-poor assessment of a spawning aggre-
gation fishery for the Gulf corvina (Cynoscion othonopterus) from
the Gulf of California, Mexico. This fishery is particularly suitable
to explore the use of data-poor assessments for understanding
the effects of conventional fisheries regulations (i.e., gear restric-
tions and selectivity) and spawning behavior (i.e., age-dependent
variations in spawning frequency) on assessments of spawning
aggregation fisheries. This species forms a massive spawning aggre-
gation comprised of millions of fish at a single location during brief

yet highly predictable periods (Erisman et al., 2012). Nearly all of
the annual fishing effort and landings occur during this period. As
a result, the species is thought to be quite vulnerable to overfishing
and stock collapse (Musick et al., 2000; Chao et al., 2010), and the
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shery is currently the focus of intense monitoring and manage-
ent efforts. Related to this, the fishery is highly regulated by gear

estrictions; fishers have been required to use gill nets of a specific
esh size since 2005 (Solana-Sansores et al., 2012). Finally, suffi-

ient biological and fisheries information is available (Erisman et al.,
012; Gherard et al., 2013) to test the effects of gear restrictions
nd spawning behavior on stock sustainability using contemporary
ata-poor methods and compare the results with those that have
sed equilibrium models to estimate stock condition directly from
atch and effort data (Ruelas-Peña et al., 2013).

. Materials and methods

.1. Study species and its fishery

The Gulf corvina is a large sciaenid fish (Teleostei: Sciaenidae)
ndemic to the northern Gulf of California, Mexico, with a highly
estricted geographic range that extends from the Colorado River
elta south to the Midriff Islands region (Robertson and Allen,
008). Individuals can reach 1013 cm in total length, 12 kg in body
ass, and 9 years in age (Gherard et al., 2013). Gulf corvina are

ynchronous, multiple batch spawners with indeterminate annual
ecundity that reproduce through broadcast spawning (Gherard
t al., 2013). The entire spawning stock of adult corvina migrates
nto the Colorado River Delta to spawn within aggregations from
ate February through early June, with peak spawning occurring
n March and April, coincident with the timing of the spring tides,
uring the weeks prior to the new and full moons (Erisman et al.,
012).

The commercial fishery for the Gulf corvina is characterized as
 small-scale fishery based primarily in two locations of the Delta,
he coastal community of El Golfo de Santa Clara and seasonal fish-
ng camps at El Zanjón, which combine to represent more than
2% of the annual landings for the entire species (Erisman et al.,
012). The fishery lies mainly within the Upper Gulf of Califor-
ia and Colorado River Delta Biosphere Reserve, which includes a
o-take zone to protect the spawning and nursery habitat of C. oth-
nopterus and its endangered relative, the totoaba (T. macdonaldi).
ll fishing activities occur from pangas, small (8–9 m)  fiberglass
essels with outboard engines, in which fishers use the technique
nown as “encierre” to harvest fish. Briefly, fishers deploy gill
ets around an aggregation and then drive the panga in a circle
round the aggregation at high speed while continuing to deploy
he net. Immediately after deployment, the net and all entangled
sh are retrieved while the panga drifts with the current.The fish-
ry harvests up to 5900 tons of fish per year (mean = 3500 tons from
997 to 2012), with an average of 98.5% of fish harvested during
he spawning season (Erisman et al., 2012). Fishing activities are
ntense during this period, with more than 500 pangas harvest-
ng up to 1.8 million fish in less than 25 days of fishing within a
hort fishing season of mid-March through April, in an area less
han 1149 km2. The corvina fishery addresses the large demand
n Mexico for fish during Lent, which covers a period of approxi-

ately six weeks before Easter Day. Fishing is synchronized with
he spawning cycle such that 90% of landed fish are harvested dur-
ng the days when fish are spawning, which occurs from five to two
ays before the full and new moon (Erisman et al., 2012). Small
umbers of juvenile and adult corvinas are landed as bycatch in
ther gill net fisheries, although these landings are negligible com-
ared to the magnitude of fish harvested during the main fishing
eason (Walsh et al., 2004; Pérez-Valencia, 2012).
Since 2005, the Gulf corvina fishery has been regulated by
n official standard (NOM-063-PESC-2005). Fishers have been
equired to use gill nets of minimum mesh size of 14.6 cm and a
aximum length of 293 m since 2005, and there is evidence that
search 159 (2014) 75–87 77

compliance of this regulation is relatively high (Solana-Sansores
et al., 2012). There is a minimum size limit of 65 cm TL, but 35%
of the catch can be under this length without triggering sanctions.
Therefore, discarding of undersized fish is virtually non-existent
(Pérez-Valencia, 2012). Only one net is allowed per panga or fish-
erman, and fishing is restricted to daylight hours. The National
Fisheries Commission (CONAPESCA) recognizes the no-take zone
of the biosphere reserve as a restricted area, but the exclusion of
fishers from the area during the corvina fishery has proven to be
a challenge. For example, it is estimated that 86 and 90% of fish
were harvested from the no-take zone in 2009 and 2010, respec-
tively (Erisman et al., 2012). The fishery is closed from May  1st to
August 31st each year to protect a portion of spawning adults (some
spawning occurs in May  and early June; BE, unpublished data) and
juveniles that inhabit the biosphere reserve during that period. The
National Fisheries Institute (INAPESCA) is required by law to rec-
ommend a quota for each fishing season, which is published by the
Fisheries Secretary in the Official Diary of the Federation.

2.2. Annual and periodic trends in length composition of catch

Several types of analyses, each of which required a series of
methods and calculations, were used to assess the status of the
corvina fishery. A description of each analysis is summarized in
Table 1. As a first means of assessing the corvina fishery, we investi-
gated annual trends in the length composition data from the official
surveys conducted from 1997 to 2012. Length and mass data from
surveys of the corvina fishery conducted annually during the peak
fishing and spawning season (March and April) were used to gen-
erate length-frequency distributions of the catch. Briefly, fish were
sampled randomly and opportunistically from commercial fishers
at El Golfo de Santa Clara (Sonora) and El Zanjón (Baja California)
during days the commercial fishery landed corvina (total = 15,312
fish; mean = 1030 fish per year), and data on total length (1 mm)  and
body mass (1 g) were recorded for each fish. Life history parameters
related to growth, sexual maturity, and fecundity were taken from
a recent study by Gherard et al. (2013) (Table 2).

A Kruskal–Wallis (non-parametric) test was used to distinguish
significant changes in annual median length of harvested fish, as
length data did not conform to the assumptions of parametric test-
ing. Pairwise multiple comparisons tests were then used to identify
any directional changes in length (i.e., increases or decreases in
median length at capture) over that time period. As another method
to identify directional changes in length, we calculated the stan-
dardized anomaly (z-score) for each year by subtracting the grand
mean length at capture across the entire period (1997–2012) from
the annual mean length at capture for the given year and divid-
ing it by the standard deviation of the mean. A subset of length
data were also pooled into three time periods (Early = 1998, 1999,
2002; Implementation = 2005–2007; Current = 2010–2012) to test
for changes in median length by time period in relation to changes
in gear regulations after 2005 and to compare the results directly
to those obtained by analyses of SPR (see below).

2.3. Froese’s indicators of sustainability

As a second method to assess the corvina fishery, we calculated
the three indicators of sustainability proposed by Froese (2004)
from catch length compositions for each year from 1997 to 2012:
(1) the proportion of mature fish (Pmat) in the catch, with 100% as
target; (2) the proportion of fish within 10% of optimum length
(Popt) in the catch, with 100% as target; and (3) the proportion of

“mega-spawners” (Pmega) in the catch with 30–40% as representa-
tive of a sustainable stock structure. The proportion of mature fish
(Pmat) was  calculated for each year by dividing the number of fish
of lengths greater than the average length at maturity (295 mm  TL;
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Table 1
Summary of analyses used to assess the status of the Gulf corvina (Cynoscion oth-
onopterus)  fishery, include the methods applied and the resulting outputs.

Analysis Methods and outputs

Annual trends in length
composition

• Length and mass data from surveys:
generated length-frequency distributions of
the catch.
• Kruskal–Wallis (non-parametric) test:
distinguished significant changes in annual
median length.
• Pairwise multiple comparisons tests:
Identified directional changes in length.
•  Standardized anomaly (z-score) for each
year: identified directional changes in length.
• Length data pooled into three time periods:
tested for changes in median length by time
period in relation to changes in gear
regulations and results of SPR analysis.

Froese’s sustainability
indicators

• Percentage of mature fish in the catch with
100% as target.
• Percentage of fish with optimum length
(±10%) in catch with 100% as target.
•  Percentage of “mega-spawners” in catch with
30–40% as representative of a sustainable stock
structure.
•  Data pooled into three time periods: For
direct comparison with length-based and SPR
analyses.

Synthetic cohort model Generated a simulated size structure of an
unfished adult population of corvina. Used in
SPR analysis.

Spawning behavior • Created three discrete models of spawning
behavior to test the effects of age-related
variations in spawning frequency on SPR
outputs.

Mortality and
exploitation rate

• Generated a range of estimates for total
mortality and exploitation rate to estimate
total fecundity of the fished population for
each time period and behavior model. Used in
SPR analysis.

Spawning potential
ratio (SPR)

• SPR values compared by time period:
identified whether implementation of gear
regulations resulted in a change in total
fecundity of the stock.
• Calculated SPR values across a range of
exploitation rates from 0 to 1: used to
understand the relationship between time
period and spawning behavior model.
• Estimated the exploitation rate of the fishery
for each spawning behavior model in all three
time periods: Used to make inferences as to
whether overfishing is occurring.
• Calculated SPR using combinations of two
estimates for M and three estimates of E for
each spawning behavior model in all three
time periods: Used to calculate and plot
median SPR values to provide a
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Table 2
Life history parameters in C. othonopterus used in the assessment from Gherard et al.
(2013).

Parameter Value

Asymptotic length (L∞) 1006 mm TL
Growth parameter (K) 0.255
Theoretical age at zero length (t0) 0.616 years
Length (Lt) to weight relationship Weight = 2E−05 × Lt

2.8834

Batch fecundity (BF) to length relationship BF = 2867.5 × Lt − 1422110
semi-quantitative assessment of the fishery.

able 2) by the total number of fish sampled. Optimum length (Lopt)
as calculated using growth and mortality parameters (Froese and
inohlan, 2000) as follows:

og(Lopt) = 1.0421 × log(L∞) − 0.2742 (1)

Mega-spawners are defined as old, highly fecund fish that are
ore than 10% longer than the optimum length (Froese, 2004).

he resulting proportions were summed (Pmat + Popt + Pmega) to cal-
ulate annual values to distinguish the selectivity pattern of the
orvina fishery (Pobj). We  then followed the decision-tree created
y Cope and Punt (2009) to determine whether the spawning

tock biomass likely met  or exceeded target reference points and
hus would be considered sustainable. Proportional data were also
ooled into three time periods (Early, Implementation, Current) to
Total length (TL) at 50% maturity (females) 295 mm TL
Age at 50% maturity (females) 2.3 years

make direct comparisons with length-based analyses (above) and
SPR analyses (below).

We  assumed the behavior of the fishery, in which gillnets are
actively used to surround and envelop fish in a manner similar
to purse seines (called “encierre”; Erisman et al., 2012), means
there is no upper size limit to the fishery (i.e., large fish do not
escape capture). We support this assumption with several lines
of evidence. First, fish sampled from the commercial fishery reach
lengths greater than the longest previously recorded for the species,
despite nearly a century of exploitation of this species in the region
(Robertson and Allen, 2008; Erisman et al., 2012). Second, fish-
ers are known to infrequently capture aggregations of totoaba
(T. macdonaldi) as incidental bycatch of lengths greater than 1 m
using this same gear and methodology (BE, pers. obs.). Third, sur-
veys of commercial fisheries from an adjacent community (San
Felipe) that harvest Gulf corvina throughout the year using mul-
tiple gear types (e.g., hook and line; gill nets of variable mesh
sizes) and fisheries-independent surveys of adult Gulf corvina both
show length compositions that are similar to those in this study
(Román-Rodríguez, 2000; BE, unpublished data). Finally, there is
no evidence of size-selectivity in the fishery due to seasonal or area
closures, since compliance for such regulations is extremely low
(Erisman et al., 2012).

2.4. Spawning potential ratio

Spawning potential ratio (SPR) is defined as the ratio of the
total fecundity of the fished population under a given exploitation
rate (E) to the total fecundity of the unfished population (adapted
from Goodyear, 1993). This measure assumes constant selectivity,
fishing mortality and stationarity in terms of growth rate, natu-
ral mortality, and maturity schedules. While sometimes referred
to as “equilibrium SPR”, its application need not be limited to equi-
librium conditions as constant recruitment is not a requirement
(Mace et al., 1996).

We  examined SPR as a third means of assessing the status of the
corvina stock. To determine how SPR changed by fishing period,
SPR values were compared by fishing period to identify whether
the implementation of gear regulations resulted in a change in the
total fecundity of the stock. To test the sensitivity of SPR to the
conventional assumption of age-invariant spawning frequency, we
calculated SPR for three discrete models of spawning behavior:
age invariant, incremental increases in spawning frequency with
increasing age, and a model in which age 2–5 fish spawned half as
frequently as age 6–9 fish.

For each fishing period and behavior model, we calculated
SPR values across a range of exploitation rates from 0 to 1 (in
0.1 increments) to understand the relationship between the two
parameters. However, we also estimated the exploitation rate of
the fishery for each model of spawning behavior and within each

fishing period to make inferences as to whether overfishing is
occurring. We  used an SPR value of 0.35 as our limit reference
point for overfishing based on its common use in other Cynoscion
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sheries (Murphy et al., 2006; Jensen, 2009), such that values meet-
ng or exceeding the reference point would indicate overfishing.

For each spawning behavior model within each fishing period,
ix individual estimates of SPR were calculated using combinations
f two estimates for M (Pauly and Jensen methods; see below)
nd three estimates of E (from estimates of Z using catch curves,
everton–Holt, and SEINE methods described below). The results
ere then used to calculate and plot median SPR values (±95% con-
dence intervals) to provide a semi-quantitative assessment of the
shery.

The SPR analyses required a series of calculations. First, we  used
 synthetic cohort model (Section 2.5) to generate a simulated size
tructure of the unfished adult population of corvina. Next, we  used

 series of methods to generate a range of estimates for mortality
nd exploitation rate (Section 2.6), which in turn allowed us to esti-
ate total fecundity of the fished population for each period and

pawning behavior model (Section 2.7).

.5. Synthetic cohort model

Since fisheries-independent data on the abundance or size dis-
ribution of the spawning population of Gulf corvina do not exist,
e treated the size-frequency distribution of the commercial catch

Fig. 1) from each of three separate time periods (Early, Implemen-
ation, Current) as cohorts and constructed a growth projection

odel for each one that simulated the size structure and relative
bundance of this cohort at past and future times. In this case, we
efined a cohort (a group of individuals to which no new mem-
ers can be added, but from which members can only be lost by
ortality) based on the collection of fish caught in a single year’s

shery, as if we had imaginarily tagged them. This is justified by the
nusual circumstances of this fishery—its apparently high intensity
nd short duration at the only spawning site for the entire stock
roduces a “snapshot” of the age and size composition of available
sh (Section 2.1). The somatic growth rate is high, so we  can then
stimate the sizes and relative abundances this cohort would have
ttained in preceding and following years. Importantly, the lack of
verlap of projected size frequencies in adjacent years is an indica-
or of high fishing intensity, and substantial overlap would greatly
eaken the utility of this approach.

The cohort growth model takes the catch length composition
s input and estimates the expected growth of each individual to
roject the length composition of the fish in following years if they
ere not fished. Assuming Von Bertalanffy growth, the relationship

etween fish lengths in successive years is given by Ford (1933)
quation:

t+1 = Lt + (L∞ × (1 − e−K ) + Lt × e−K ) (2)

t represents the length of an individual fish at age t. Assuming
eterministic growth, length groups can be treated as cohorts, and

n the absence of fishing are subject only to natural mortality, so
hat for each cohort:

t+1 = Nt × e−M (3)

here N is numerical abundance, t is time, M is natural mortality,
nd k is the Von Bertalanffy growth coefficient. Length compo-
itions sampled at time t were projected into future years by
ombining Eqs. (2) and (3). To avoid erroneous conclusions related
o the calculation of reproduction of an unfished population (see

ethods on SPR below), length compositions were projected for-

ard and backward to create eight synthetic age classes (Mace et al.,

996). These age classes ranged from age 2 to age 9, commensu-
ate with the range of age classes in the unfished population that
re capable of reproduction (Gherard et al., 2013). The number of
search 159 (2014) 75–87 79

fish within each size class of each synthetic cohort of the unfished
population was calculated by

Nt+1 = Nt × e−M (4)

Nt−1 = Nt × eM (5)

Survivorship of each size class within each synthetic cohort of the
fished population was  calculated by:

Nt+1 = (Nt − Ct) × e−M (6)

Nt−1 = (Nt − Ct) × eM (7)

where N is numerical abundance, t is time, C is catch, and M is
natural mortality. Note that we used exploitation rate (E) rather
than the more conventional fishing mortality rate (F) in this study,
because the fishing season is very short. To calculate yield of both
the fished and unfished populations, mean weight per length class
was calculated according to the following equation from Gherard
et al. (2013)

Wt = 2e−5 × L2.8834
t (8)

where W is body weight (g) and L is total length (mm). Weights
were then multiplied by the number of individuals to obtain a total
weight per length class for each cohort. We  then calculated yield
per recruit (biomass at E) for each cohort of the fished population
by

Yieldt =
∑t+4

t−3
((Nt × Et) × Wt) (9)

Total yield per recruit (biomass at E) was  calculated as:

Total Yield per Recruit (YPR) =
∑t+4

t−3
(Yieldt) (10)

Egg production for each cohort of both the fished and unfished
populations were calculated as:

Egg productiont =
∑t+4

t−3

(
(2867 × Lt − 1422110) × N

2

)
(11)

based on the relationship between body length and batch fecundity
by Gherard et al. (2013). Total fecundity was  then calculated by

Total fecundity =
∑t+4

t−3
(Egg productiont) × (spawn frequencyt)

(12)

2.6. Mortality and exploitation rate

Based on recommendations by Kenchington (2013), we calcu-
lated two  estimates of natural mortality for corvina from the length
data, both of which assume that estimates of K and L∞ from Gherard
et al. (2013) are reliable, to generate upper and lower bounds with
respect to various biological reference points. The first estimate was
based on Pauly (1980):

M = 0.9849 × L−0.279
∞ × K0.6543 × �0.4634 (13)

where M is natural mortality, L∞ equals asymptotic length, K is the
growth coefficient, and � equals mean sea surface temperature. For
this study, � was set at 23.9 ◦C, the mean sea surface temperature in
the waters off the coast of El Golfo de Santa Clara during the period
of 1997–2012. The second estimate was based on Jensen (1996):

M = 1.5 × K (14)
Estimates of total mortality (Z) were calculated using three meth-
ods to generate upper and lower bounded estimates of biological
reference points of sustainability (i.e., SPR). First, life history param-
eters on growth were used to create a predicted age-frequency
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Fig. 1. Synthetic cohort model of a population of Gulf corv

istribution from the length-frequency distribution. The linearized
atch curve method was used to estimate the total mortality coef-
cient (Z) by plotting age groups versus the natural logarithm of
he relative abundance of each group, applying linear regression
nalysis on points at the peak age of recruitment to the fishery and
lder (Ricker, 1975; Smith et al., 2012). Estimates of Z based on
ength to age conversions are problematic, because they assume
hat selectivity is independent of age above the age at first capture
nd tend to overestimate the proportion of older fish in the pop-
lation (Pauly and Morgan, 1987). Therefore, we also calculated Z
sing the Beverton–Holt mortality estimator (Beverton and Holt,
956, 1957):

 = K(L∞ − L)
L − Lc

(15)

here L is length at age and Lc is the length at first capture by the
shery. The Beverton–Holt mortality estimator has been widely
sed due to its applicability in data-limited situations. However,
he model assumes equilibrium conditions in which catch rate is
roportional to abundance, which is difficult to meet in real-world
ituations and often violated by fisheries that target spawning
ggregations (Erisman et al., 2011). Therefore, we also calculated

 using the Survival Estimation in Non-Equilibrium (SEINE) sit-
ations model (Gedamke and Hoenig, 2006), a variant of the
everton–Holt estimator that allows a series of mortality rates to
e estimated from mean length data representing non-equilibrium
onditions in multiple years. For each method, resulting values of Z
ere used to calculate fishing mortality (F) from Z = F + M.  Exploita-

ion rate (E) was then calculated from E = F/Z. Again, please note that
e focused on exploitation rate (E) rather than fishing mortality

ate (F), because the fishing season is very short.

.7. Models of spawning behavior

Estimates of spawning frequency at age or length are not avail-
ble for C. othonopterus but may  have a marked effect on estimates
f sustainability as indicated by calculations of SPR (Fitzhugh et al.,
012). Therefore, we created three scenarios to test the potential
elationship between length (or age)-based patterns in spawning
requency and SPR (Fig. 2). Spawning frequency was assumed to

e invariant with age under the Equal model. Spawning frequency
as assumed to increase proportionally with increasing age under

he Incremental model. Lastly, fish of ages 2–5 were assumed to
pawn half as frequently as fish of ages 6–9 in the Dual model.
Fig. 2. Three proposed scenarios of spawning behavior in relation to age for Gulf
corvina (Cynoscion othonopterus).

Differences in median egg production of the unfished popu-
lation by time period and spawning behavior were tested using
Kruskal–Wallis nonparametric ANOVA, since data did not conform
to the assumptions of parametric testing. We  compared estimates
of median exploitation rate among calculations using values of nat-
ural mortality obtained from the Pauly (1980) method compared to
the Jensen (1996) method using a Kruskal–Wallis ANOVA. The same
method was  used to compare differences in exploitation rate by
method used to calculate Z. However, differences in mean exploita-
tion rate by time period were analyzed with a 1-way ANOVA, as data
were normally distributed and homoscedastic. A 2-way ANOVA
was used to compare differences in mean SPR by fishing period
and spawning model, and a Tukey HSD posthoc test for pairwise
comparisons.

3. Results

3.1. Assessment from catch length compositions

Annual median length at capture ranged from 614 mm TL (2003)
to 730 mm TL (2008) between 1997 and 2012 (Fig. 3A), with an
overall median length of 685 mm TL for the entire study period.
Therefore, harvested fish ranged from 319 mm to 435 mm larger

than the mean size at sexual maturity (L50 = 295 mm  TL; Table 2).
When length data were converted determinisically to predicted
age, the median age at capture ranged from 4.8 (2003) to 5.7 years
(2008), with an overall median age of 5.1 years (1997–2012). Given
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Fig. 3. Trends in catch length composition of the Gulf corvina (Cynoscion oth-
onopterus)  fishery from 1997 to 2012. (a) Box and whisker plots showing within
group variance in length by year; (b) mean length anomaly (z-score) by year; (c)
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Fig. 4. Froese’s indicators of sustainability. Graph showing changes in the annual
ox and whisker plots showing within group variance in length by fishing period
bottom graph). Black horizontal line shows the mean length at sexual maturity (L50)
or  Gulf corvina.

n age at first maturity (A50) of 2.3 years (Table 2), fish were capa-
le of spawning for 2.5–3.4 years before reaching the median age
t capture.

Median length at capture was significantly different among
ears (Kruskal–Wallis ANOVA by Ranks, df = 13, n = 15,312,

 = 5918.673, p < 0.001); however, pair-wise comparisons of indi-
idual years showed no clear directional trend (i.e., decreasing or
ncreasing) with respect to median length at capture over time

Fig. 3A). Variability in the size range of harvested fish was much
reater prior to 2005 (when gear regulations were implemented),
nd length composition in the catch was much more truncated
fterwards. Z-score values corresponding to annual average length
proportion of mature fish (Pmat), proportion of fish harvested at optimal size (Popt),
and the proportion of mega-spawners (Pmega) in the Gulf corvina (Cynoscion oth-
onopterus)  fishery.

at capture were consistently below the long-term mean just prior
to the regulation change and consistently above it after the change,
indicating the gear regulation had a positive impact on the fishery
(Fig. 3B). Finally, there was a significant difference in average length
by time period (Kruskal–Wallis ANOVA by Ranks, df = 2, n = 10,449,
H = 978.891, p < 0.001), and pairwise comparisons revealed dif-
ferences in average length between each time period (p < 0.001;
Fig. 3C) such that the average length of the catch increased pro-
gressively from the Early period to the Current period.

3.2. Assessment from Froese’s indicators of sustainability

The proportion of mature fish (Pmat) was calculated for each year
by dividing the number of fish of lengths greater than 295 mm  TL by
the total number of fish sampled. Juveniles were largely excluded
from harvest throughout the study period, as the proportion of
adults in the catch (Pmat) ranged from 0.970 to 1.00, with a mean
of 0.996 ± 0.002 sem (Fig. 4). Optimum length at capture (Lopt) was
calculated to be 715 mm TL, and the proportion of fish near opti-
mum length (Popt) was  calculated for each year by dividing the
number of fish sampled with lengths ranging from 644 to 787 mm
TL, by the total number of fish sampled. The fishery targeted the
harvest of fish at or near Lopt; the proportion of fish within 10% of
Lopt (Popt) ranged from 0.327 to 0.975, with a mean of 0.750 ± 0.026
sem. The proportion of mega-spawners harvested by the fishery
(Pmega) was  calculated for each year by dividing the number of
fish of lengths greater than 787 mm TL by the total number of
fish sampled. Annual values for Pmega ranged from 0.003 to 0.109,
with a mean of 0.033 ± 0.006 sem. Therefore, Pmega was well below
the desired range of 0.30–0.40 set by Froese throughout the study
period. Pobj ranged from 1.322 to 2.00, with a mean of 1.778 ± 0.057
sem. A mean Pobj value of <2 placed the selectivity of the fishery
in the category of “fish maturity ogive”. Under this scenario, the
fishery would be determined to exceed the limit reference points,
because Lmat < 0.75Lopt and Pmat > 0.90 during all years. During each
of the three time periods, the proportion of mature fish was at or
near 1.0 and the proportion of mega-spawners was at or below 0.02
(Table 3). The proportion of fish harvested at optimal length was
consistently higher after the implementation of gear and harvest
regulations.

3.3. Assessment from SPR analyses
Egg production peaks at the nominal age 5 cohort for the
Equal and Incremental spawning scenarios and at nominal
age 6 cohort under the Dual spawning scenario (Fig. 5). Total
egg production of an unexploited population (E = 0) showed
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Fig. 6. Box and whisker plots showing within group variance in estimates of
exploitation rate of the Gulf corvina (Cynoscion othonopterus) fishery in relation
ig. 5. Egg production of an unexploited population of Gulf corvina (Cynoscion oth-
nopterus)  in relation to spawning behavior scenario: (top) Early period; (middle)
mplementation period; (bottom) Current period.

ignificant differences with respect to fishing period
Kruskal–Wallis ANOVA by ranks: df = 2; n = 18; H = 13.345;

 = 0.0013) such that egg production of an unexploited population
uring the Current fishing period was higher than it was in both
he Implementation (p < 0.0001) and the Early (p < 0.0001) periods.
owever, total egg production did not vary significantly with

espect to spawning behavior (Kruskal–Wallis ANOVA by ranks;
f = 2, n = 18; H = 2.6666; p = 0.2636).

The estimated natural mortality (M) from the Pauly, 1980

ethod was 0.26 year−1, whereas the value obtained from the

ensen, 1996 method was 0.38 year−1. Median annual exploitation
ate was higher for calculations using values of natural mortality
btained from the Pauly (1980) method compared to the Jensen,

able 3
ummary of estimates of Froese’s indicators of sustainability by fishing period.
mat = the proportion of mature fish in the catch. Popt = the proportion of fish within
0% of the optimal length at harvest. Pmega = the proportion of the catch represented
y old, highly fecund fish that are more than 10% longer than the optimal length.
obj = Pmat + Popt + Pmega, represents the selectivity of the fishery (see Cope and Punt,
009).

Period Years Pmat Popt Pmega Pobj

Early 1998–2002 0.998 0.570 0.021 1.589
Implementation 2005–2007 1.000 0.822 0.012 1.834
Current 2010–2012 1.000 0.888 0.010 1.898
to  method used to calculate natural mortality (top), method used to calculate total
mortality (middle), and fishing period (bottom).

1996 method (Kruskal–Wallis ANOVA by ranks; df = 1; n = 18;
H = 7.2684; p = 0.007) (Fig. 6A). However, median annual exploita-
tion rate did not vary significantly among the three methods for
estimating total mortality (Kruskal–Wallis ANOVA by ranks; df = 2;
n = 18; H = 2.144778; p = 0.3422) (Fig. 6B), nor did mean annual
exploitation rate vary by period (1-way ANOVA; F2, 15 = 2.6407;
p = 0.1041) (Fig. 6C).

When we calculated SPR and YPR values across the entire range
of exploitation rates from 0 to 1, estimates of SPR were consis-

tently higher under the Equal spawning scenario compared to the
Incremental and Dual scenarios in all three periods, whereas the
latter two  scenarios produced consistently similar results in each
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Fig. 7. Estimates of Spawning Potential Ratio (SPR) and Yield per Recruit (YPR) in
relation to exploitation rate (E) for the Gulf corvina (Cynoscion othonopterus) fishery.
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of the gear restriction that standardized the legal mesh size for
top) Early period; (middle) Implementation period; (bottom) Current period. Gray
orizontal horizontal line represents SPR0.35, the reference point for overfishing.

eriod (Fig. 7). For the Early and Implementation periods, SPR
alues dropped below the reference point of 0.35 at exploitation
ates less than 0.50 under all spawning scenarios (Fig. 7A and B).
uring the Current period, SPR values in the Equal spawning sce-
ario exceeded the limit reference point at exploitation rates that
pproach 1. Conversely, SPR values fell below the reference point
t exploitation rates above 0.5 under the Incremental and Dual sce-
arios (Fig. 7C). During the Early period, YPR began to asymptote
t exploitation rates above 0.6. During the Implementation period,
PR began to asymptote at E = 0.7, whereas it began to asymptote
t E = 0.9 for the Current period.

When estimates of SPR were generated from estimates of
xploitation rate (see above), Median estimates of SPR were signif-
cantly different among fishing periods (ANOVA, F2, 49 = 31.3035,
 < 0.001) and among spawning behavior scenarios (ANOVA, F2,
9 = 16.1520, p < 0.001), but the interaction between these two
arameters was not significant (Fig. 8). Moreover, the Equal
Fig. 8. Box and whisker plots showing within group variance in estimates of Spawn-
ing Potential Ratio (SPR) for the Gulf corvina (Cynoscion othonopterus) fishery in
relation to spawning behavior scenario and fishing period.

spawning scenario produced significantly higher SPR values than
both the Incremental and Dual scenarios (Tukey HSD posthoc,
p < 0.001). No differences in SPR were detected between the Incre-
mental and Dual scenarios (Tukey, p = 0.685244). Similarly, the
Current fishing period produced significantly higher SPR values
than the Early and Implementation periods (Tukey, p < 0.001), but
there was  no difference in SPR between the Early and Implementa-
tion periods (Tukey, p = 0.194325). SPR values exceeded the limit
reference point (SPR = 0.35) only for the Current fishery period
under the Equal spawning scenario.

4. Discussion

For this study, we  employed several data-poor techniques to
gain insights into the sustainability of the Gulf corvina fishery in
the Upper Gulf of California and improve our understanding of
the effects of conventional regulations and spawning behavior on
assessments of spawning aggregation fisheries. The results pro-
duced from these methods generated somewhat equivocal results
regarding whether overfishing is occurring in the fishery. Analy-
ses based on the length composition of the catch indicated that the
fishery was  likely sustainable as a result of gear selectivity allow-
ing sufficient numbers of fish to escape, although the lack of large,
fecund adults in the population was identified as a serious cause
for concern. Conversely, analyses based on reproductive potential
suggested that overfishing was likely to occur unless spawning
frequency was invariant with respect to age. Discordance among
the results obtained made it difficult to draw a strong conclusion
about the status of the corvina fishery. However, they did produce
useful information on the use of conventional tools for managing
spawning aggregation fisheries and the importance of understand-
ing age or length related patterns in spawning behavior in stock
assessments.

If we  assume that the growth model for Gulf corvina (Gherard
et al., 2013) is reliable, then simple analyses focusing on the catch
length composition of the fishery indicated the implementation
of the gear regulation had a positive effect on the fishery. While
the length composition of harvested fish varied over time and
showed no clear directional change, mean length at capture was
consistently above the long-term mean after the implementation
the gill net fishery at 5.75 in. (DOF, 2005). In addition, when length
data were binned into three separate time periods, length at cap-
ture was significantly higher after the implementation of the gear
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egulation. Similarly, the proportion of fish harvested at or near
he optimal length was consistently higher after regulations were
mplemented, which suggested that catch length compositions
onsisted primarily of fish of the size that generate the highest yield
rom a cohort (Beverton, 1992).

However, the size distribution of the catch was  highly trun-
ated throughout the study period, such that the annual proportion
f mega-spawners reached 0.10 during only two years. Assuming
arger fish do not escape capture of gill nets due to the encircling
echnique used (see Section 2), this suggests that the large volumes
f fish harvested each year by the fishery resulted in the low sur-
ivorship of larger, older adults. Nevertheless, these results imply
hat conventional regulations associated with gear selectivity can
roduce positive results for aggregation fisheries.

The application of Froese’s (2004) indicators of sustainability
lso suggested that fishing activities for the Gulf corvina were sus-
ainable during most or all years of our study period as a result of
ear selectivity. First, the proportion of juveniles in the catch was
elatively low throughout the study period and nearly nonexistent
fter 2005. The mesh size of gill nets selected for fish larger than
1 cm TL, which enhanced the reproductive potential of the stock
y allowing adult corvina to spawn up to 3.4 years prior to reaching
he size at full selectivity for harvest. The selectivity of the nets also
esulted in the targeted harvest of most fish at or near the optimal
ength of 65 cm TL, or the expected length at which the combina-
ion of biomass and reproductive output of the population would
eak.

The proportion of large, old adults (mega-spawners) in the catch
as extremely low during most years and never met  the limit ref-

rence point of 30–40%. This indicates high mortality for fish at
r above full selectivity, resulting in a low proportion of mega-
pawners in the population and the truncation of age structure
f the population. Such effects are not unexpected given that the
shery involves a fleet of 500 pangas that harvest an average of
500 tons of corvina in less than 25 days of fishing each year within

 1149 km2 area; individual pangas are capable of harvesting more
han two tons of fish with a single net of 250 m in length in less than
0 min  (Erisman et al., 2012; BE, personal observation). While the
ole of large fish in this population has not been quantified, their
ow abundance may  represent a significant risk for this fishery,
s large fish with disproportionately large reproductive capacity
re thought to be important in sustaining other fish populations
Berkeley et al., 2004; Birkeland and Dayton, 2005). Likewise, trun-
ations in the population structure due to selective harvesting can
lter the basic dynamics of fish populations, reduces their ability
o buffer environmental events, and increases their susceptibility
o collapse (Hsieh et al., 2006; Anderson et al., 2008). Despite the
egative effects associated with the high mortality rate of mega-
pawners, which may  be unavoidable for any fishery that utilizes
ill nets, the overall conclusion based on Cope and Punt’s decision
ree is the fishery met  or exceeded the reference points associated
ith sustainability. These results suggest that a conventional reg-
lation that standardizes the minimal length at capture is capable
f producing a sustainable aggregation fishery even when fishing
ressure on larger adults is extremely high.

Empirical studies on the ability of conventional management
egulations such as gear restrictions to successfully enhance stocks
f aggregation spawning fishes are less common than those asso-
iated with seasonal or area closures that restrict fishing of
ggregations altogether. A notable exception relates to the white
eabass (Atractoscion nobilis),  another large sciaenid fish that sup-
orts a valuable commercial and recreational fishery in southern

alifornia. Landings of white seabass in California waters fluctu-
ted between 200 and 400 tons per year from the 1930s to the
970s but then collapsed to 10% of its historical catch by the early
980s (Vojkovich and Crooke, 2001). However, significant increases
search 159 (2014) 75–87

in commercial catch, CPUE, and the density of wild, juvenile fish
have been consistently observed since the early 2000s (Allen et al.,
2007). While favorable environmental conditions and the imple-
mentation of a hatchery-based stock enhancement program likely
contributed to stock productivity (Williams et al., 2007; Hervas
et al., 2010), a ban of commercial gill nets in nearshore waters
of California in 1994 resulted in the protection of white seabass
breeding aggregation sites and is believed to be the main factor in
the presumed recovery of the stock (Allen et al., 2007).

Modeled scenarios of reproductive potential as measured by
Spawning Potential Ratio (SPR) indicated that overfishing occurred
consistently throughout the study period of 1997–2012. In fact,
only the Current fishing period under the assumption of age invari-
ant spawning frequency resulted in an SPR that met  the target
reference point of 0.35. Our model simulations indicate that SPR
values are highly sensitive to age dependence in spawning fre-
quency. For example, scenarios under which smaller fish spawn
less frequently (i.e. those associated with the Incremental and Dual
models) resulted in SPR values well below targeted reference points
under moderate to intense fishing pressure. Similar results were
found in a recent study by Fitzhugh et al. (2012), who conducted a
literature search of spawning patterns in fishes and found that 62%
of the species included showed evidence of increased spawning fre-
quency with age or size, and 83% were found to spawn over a longer
duration with increasing age or size. Moreover, stock assessment
models based on both spawning potential ratios and maximum
sustainable yield tended to overestimate the biological reference
points used for setting harvest limits when the number of spawn-
ing batches increased with age but was incorrectly assumed to be
constant (Fitzhugh et al., 2012). Such insufficient incorporation of
age or size structure on reproductive potential could lead to erro-
neous conclusions regarding stock status and the overexploitation
of the stock (Witthames and Marshall, 2008). Age or size-related
patterns may  have particularly important implications for fisheries
that target spawning aggregations, since significant proportions of
stocks can be removed during the few spawning events that may
occur at only a few sites and during only a few days each year.
These results highlight the importance of future studies to focus on
understanding the influence of spawning behavior on vulnerability
of a species to fishing and the need to further investigate variations
in spawning frequency with age, location, etc.

The conclusion that assessments built upon estimates of repro-
ductive output are highly sensitive to age-based variations in
spawning patterns is not surprising. Such assessment methods are
also highly sensitive to variations in estimated values of natural
mortality (Williams and Shertzer, 2003). In addition, it is impor-
tant to note that SPR only reflects the reproductive potential of
a stock and not reproductive success. Work by Froese and Luna
(2003) reminds us that high fecundity does not necessarily con-
fer greater resilience to fishing pressure; their review of 49 species
found no correlation between fecundity and reproductive success
and concluded that the number of spawners is more important
for reproductive success than reproductive output. Moreover, such
misconceptions and the reliance of reproductive potential to set
harvest control rules pose a huge threat to populations of highly
fecund fishes (Sadovy, 2001).

Ruelas-Peña et al. (2013) assessed the status of the corvina
stock using two  biomass dynamic models (Schaefer and Pella-
Tomlinson), which calculated a historical annual abundance index
directly from commercial catch and effort data. They estimated
fishing mortality to be 26% higher than the precautionary target
reference point of F0.1 (i.e. the fishing mortality rate correspond-

ing to 10% of the slope of the yield-per-recruit curve at the origin)
which suggested that the stock was  overexploited. Similarly, they
found the average biomass of the stock was  52% of the optimum
level of the fishery (i.e. biomass at maximum surplus production)
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uring the period of 2006–2010 as a result of increased fishing
ffort after 1999. Results from that study were built upon assump-
ions of linear relationships between catch, fishing effort, and stock
ize, which are unlikely to be true given the aggregating behav-
or of the stock and the fishing behavior of the fleet (Hilborn and

alters, 1992; Erisman et al., 2011; Erisman et al., 2012). In addi-
ion, such analyses provide no information on the effects of fishing
ressure or gear regulations on the age or length composition and
he reproductive potential of the stock. Nevertheless, their conclu-
ions about overfishing do support those found in several of our
nalyses. This reinforces the argument that data poor assessments
an provide important insights on aspects of fish populations that
annot be observed by more conventional assessment methods.

. Conclusions

The results of this study support a growing consensus on the
mportance of applying multiple methods in fisheries assessments,
ince no one biological reference point is appropriate for all stocks
Clark, 2002; Williams and Shertzer, 2003). This principle is par-
icularly important for assessments of data-poor stocks, which
uffer from insufficient data to generate full stock assessments and
re often based on the availability of a few life history parame-
ers to which the outputs and may  be highly sensitive. Likewise,
he application of multiple assessment methods is important for
he monitoring and management of fishes that form large spawn-
ng aggregations during brief periods at only a few sites. Such
pecies can decline rapidly under intense fishing pressure yet these
rends may  not be visible depending on the methods used to deter-

ine target or limit reference points for their fishery (Sadovy de
itcheson and Erisman, 2012).
It is important to point out that the results of this study rely on

everal assumptions due to the limited amount of information on
he fishery, which could drastically change if any are violated. The
atch length composition indicated an incredibly low incidence of
apture of juveniles; however, such data comprise only fish cap-
ured by the targeted fishery and do not include the bycatch of
uvenile corvina captured by other fisheries in the region. Fish-
rs currently use gill nets of much smaller mesh sizes to capture
lue shrimp and other fishes (Pérez-Valencia, 2012), and a new
egulation will soon require all fishers involved in the small-scale
hrimp fishery to switch from gill nets to small bottom trawls to
educe bycatch of the endangered vaquita porpoise (DOF, 2013).
oth gear types are known to capture juvenile corvinas (Aguilar-
amirez and Rodriguez-Valencia, 2012; Pérez-Valencia, 2012) and
ould significantly reduce current estimates of the reproductive
otential of young adult corvinas that escape the targeted corv-

na fishery. The impact of such fisheries on the juvenile population
f corvina has not yet been quantified. Related to this issue, most
f the catch surveys of the corvina fishery have been conducted
t El Golfo de Santa Clara, which represents more than 85% of the
otal landings of the fishery and has been the focus of enforcement
ctivities since regulations were implemented in 2005 (BE, personal
bservation). Therefore, compliance for the use of the regulation
ill nets with 5.75 inch mesh is nearly ubiquitous (BE, personal
bservation). However, the use of nets with smaller mesh sizes has
een observed for fishers from the San Felipe and the Baja Rio and
ucapah communities (I. Mascareñas-Osorio, unpublished data).
stimates of reproductive potential (e.g., SPR) would be expected to
ecrease even further if non-compliance for the gear regulation is
idespread among these communities, which would increase the

easured level of fishing pressure.
Despite these important caveats, the lack of mega-spawners

uggested by results obtained from length-based approaches in
ombination with low SPR levels estimated under scenarios in
search 159 (2014) 75–87 85

which spawning frequency increases with age point to a clear need
to apply the precautionary approach (FAO, 1996) to the manage-
ment of the corvina fishery. State and federal agencies should adopt
cautious measures that take into account existing uncertainties
related to the size and productivity of the stock, reference points,
the impacts of fishing on the species, the influence of environmen-
tal conditions on recruitment and stock dynamics, and the amount
of unreported or illegal catch. Such actions are also warranted due
to certain life-history factors that indicate an implicit vulnerability
of Gulf corvina to overfishing as well as uncertainties and assump-
tions in the data gathered from the fishery. Notably, this species
has a highly restricted geographic range and adults are only known
to spawn in the estuary of the Colorado River Delta (Erisman et al.,
2012). This, along with its high degree of dependence on precise
timing of its spawning aggregation, may indicate its use of an
evolutionary strategy that depends on very high fecundity, sug-
gesting high fecundity might not necessarily be associated with
high resilience to fishing. The fact that potentially all fish aggre-
gate to spawn at a single location during very brief and predictable
periods, and more than 95% of fish are harvested during these peri-
ods and at this location, suggests that a collapse of the entire stock
could occur very rapidly.

In fact, there is a history of collapses in aggregation fisheries
of this region. The commercial fishery for totoaba (T. macdonaldi),
the world’s largest sciaenid fish and a close relative of the Gulf
corvina, collapsed in large part from the persistent overfishing of
their massive spawning aggregations, which formed in the Col-
orado River Delta in rhythm with the full moons during the spring
months (Cisneros-Mata et al., 1995) just as corvina aggregations
form. Similar to the corvina fishery, commercial fishers encircled
the aggregations of totoaba during the peak spawning periods with
gill nets deployed like purse seines and harvested several thou-
sands of tons during only a few weeks each year (Flanagan and
Hendrickson, 1976). The stock of totoaba collapsed in the mid  1950s
after several decades of intense fishing pressure on the aggrega-
tions, rebounded slightly in the 1960s, and then collapsed again in
the early 1970s (Cisneros-Mata et al., 1995). The second collapse
was followed by a moratorium on the fishery in Mexico and earned
the totoaba the dubious distinction as the first marine fish listed
on CITES as an endangered species. Precautionary measures seem
prudent for the corvina fishery given these results and the totoaba
collapse.
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