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ABSTRACT: The use of mark-recapture data can be an alternative to other methods for estimating
abundance of the jumbo squid Dosidicus gigas and can be used when catch-per-unit-effort data
applied to depletion models or estimates from survey research are not available. Two mark-
recapture events were analyzed in the central Gulf of California, Mexico, during October 2001
and April 2002 to assess the status of jumbo squid. Results from October 2001 yielded a population
size of 20.2 million squid with a 95% CI of 16 to 26.5 million squid (p < 0.05). In April the popula-
tion size was estimated at 132.6 million squid with a 95 % CI of 85.5 to 222 million squid (p < 0.05).
The results for October and April show 2 different periods of abundance. Estimates of tag return
rates were higher in April (5.5%) than in October (1.7 %), and recruitment is the most plausible
explanation. In the Gulf of California, recruitment of jumbo squid commonly occurs during April
and May.
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INTRODUCTION

The jumbo squid Dosidicus gigas provides an
important fishery in the Gulf of California, Mexico.
This fishery is an alternative when yields in the
shrimp fishery fall. The landing records of the squid
fishery have shown the largest catches to be during
1996 and 1997, followed by falling abundance in
1998 and 1999, and a new period of stability in land-
ings observed since 2000 (Boyle & Rodhouse 2005).
For the jumbo squid fishery, the proportional es-
capement, set at 40 %, has been used as a manage-
ment strategy since 1996 (Herndndez-Herrera et al.
1998, Morales-Bojérquez et al. 2001a,b). According
to Nevarez-Martinez et al. (2010) this value is an
acceptable management strategy to avoid overfish-
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ing jumbo squid. In order to evaluate the effective-
ness of this strategy, detailed knowledge of abun-
dance is required (Beddington et al. 1990).

In this fishery, there are 3 fishing fleets in the Gulf
of California, Mexico. Two fishing fleets are artisanal
small boats, called pangas, equipped with outboard
motors, and each has a crew of 2 fishers who use
hand jigs. The 2 fishing fleets are distributed along
both coasts (one on each coast) of the Gulf of Califor-
nia, in Guaymas, Sonora, and Santa Rosalia, Baja
California Sur (Fig. 1). They do not cross the Gulf of
California, and fishing activity occurs from April to
October along the west coast off Santa Rosalia and
from November to March along the east coast off
Guaymas; fishing grounds are between ca. 1.5 and
6.5 km from the coasts. The third fishing fleet is a
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Fig. 1. Dosidicus gigas. Study area (hatched) in the central
Gulf of California, Mexico. In this region, different biological
events related to the population dynamics and demography
of the jumbo squid have been identified, and the most
important fishing grounds are in this area

shrimp trawler fleet adapted for squid fishing; each
vessel with 6 to 10 fishers who use hand jigs. The
fishing ground of this fleet is off Sonora (Fig. 1);
although the fleet also crosses to Santa Rosalia for
harvesting.

According to Ehrhardt et al. (1983), migration of
jumbo squid into the Gulf of California begins in Jan-
uary and the squid reach their most northerly posi-
tion (29°N) by April. During this time, the juveniles
and subadults migrate separately from the adults.
The juveniles and subadults migrate along the coast,
whereas the adults occupy the central and deeper
areas of the gulf. From May to August, the stock is
mostly found in the upper central area of the Gulf of
California and is segregated by size. At this time, the
adults are found in a band about 16 km wide along
the coast, and the subadults are found beyond the
16 km limit between 26 and 28°N. During July, the
stock spreads towards the eastern side of the Gulf of
California and occupies almost all the central section;
there is a greater mixing of sizes at this time. At the

end of August and during September, the population
begins a migration south towards the entrance of
the Gulf of California. A small fraction of the stock,
mainly larger individuals (mantle length >55 cm),
remains in the upper Gulf of California during win-
ter. Its distribution is confined to the east-central por-
tion of the Gulf of California (Ehrhardt et al. 1983).
The migration pattern previously described may be
modified during certain conditions, possibly associ-
ated with the sea temperature and food availability.

Abundance estimates enable identification of trends
in biomass and improve the accuracy of estimates of
proportional escapement and the management of the
jumbo squid fishery. For these reasons, there is a
need to analyze different hypotheses about the bio-
mass of the squid fishery, e.g. by developing models
and improving them as new data become available,
while taking into account the uncertainty in the vari-
ability of the resource (Rodhouse et al. 2006). The use
of mark-recapture data may be an alternative method
for estimating abundance of jumbo squid, and this
statistical procedure could be used when catch-per-
unit-effort data (e.g. the Leslie-De Lury depletion
model [Morales-Bojorquez et al. 2008]) or estimates
from research surveys are not available. In the pre-
sent study, the abundance of jumbo squid in the
central Gulf of California was estimated based on
mark-recapture data.

MATERIALS AND METHODS
Field work

During October 2001 and April 2002, jumbo
squid were caught off Santa Rosalia (October)
and Guaymas (April) by commercial fishers using
hand lines with 30 cm jigs; the dorsal mantle
length of each squid caught was measured to the
nearest cm. The sampling periods corresponded to
the fishing season, for which spring recruitment
(April 2002) and a decline in abundance in autumn
(October 2001) have been reported (Morales-
Bojorquez et al. 200la, Nevarez-Martinez et al.
2006, 2010, Morales-Bojorquez & Nevarez-Martinez
2010). Squid were tagged on deck with spaghetti-
type, plastic cinch-ups (Floy Tag) through the
anterior edge of the dorsal mantle; these tags were
used in both sampling periods, October 2001 and
April 2002. Each individual was marked within
approximately 30 s and was then immediately re-
leased. Members of the scientific staff tagged the
squid.
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All squid quickly jetted away with no obvious sign
of trauma or physical impairment. It is assumed that
the survival and recapture rates were not affected by
the tagging operation or by the presence of a tag.
Squid that showed any visible damage, primarily
from cannibalistic attacks by other squid, were not
tagged. McAllister et al. (1992) evaluated 9 commer-
cially available tags to determine their suitability for
marking rainbow trout Onchorhynchus mykiss and
found that the tubing tags (model FT-4 cinch-up, Floy
Tag) were the most effective tag for fish maintained
in raceways. The spaghetti-type, plastic cinch-up tag
also showed high performance when it was used to
insert intraperitoneal transmitters into 4 fish species
(Butler et al. 2009). The tag we used was selected for
its performance because previous trials demon-
strated that when the tag was firmly attached to the
squid mantle, tag loss was avoided (Markaida et al.
2005). It was assumed that tagged squid could join a
different school according to the size class of the
school, and predation resulting from small, tagged
squid joining schools with larger individuals would
not be a factor. Tagged and released squid were not
recaptured in the same event. If the tagged squid had
remained in its school, the probability of recapture
would have been high; this was not observed.

Tag return information was imprinted on the tag,
and posters announcing the experiment were distrib-
uted at squid-landing ports and at local processing
facilities in Santa Rosalia, San Lucas, San Bruno,
Mulegé, Loreto and La Paz, Baja California Sur, and
in San Carlos and Yavaros, Sonora and Mazatlan,
Sinaloa. A monetary reward of $50 US was offered
for each tag returned with information on recapture
date and location.

Two tagging events were conducted. During the
first event 996 individual jumbo squid were marked
in Santa Rosalia (Fig. 1) between 9 and 16 October
2001. In the second event 997 individuals were
tagged in Guaymas (Fig. 1) between 3 and 7 April
2002. Recaptures were obtained from the fishing
fleet records during 12 to 30 October 2001 and 5 to 30
April 2002. The dorsal mantle length for each squid
recaptured was measured to the nearest cm.

Fishery catch data, expressed in kg, were obtained
from the Federal Fishing Office in Guaymas and
Santa Rosalia. The catch data were converted to num-
bers per length interval, and a power equation was
used to estimate the mantle length—mass relationship.
The equation was MW = oMLP, where MW is the
mantle weight (kg), ML is mantle length (cm), o the
y-axis intercept, and P is the slope. The parameters
of the power equation were estimated by Nevarez-

Martinez et al. (2006) using data from the 2001-2002
fishing season, where oo = 0.82 x 107 and B=3.15.

Estimation of the population size

An estimation of the population size was deter-
mined by using the binomial-probability density
function. The next maximum-likelihood method was
used according to Haddon (2001):
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where the objective function is the negative log likeli-
hood (-In L), 3 is the number of individuals in the sam-
ple size, in this case the total number of squid caught
in the central Gulf of California, 1 is the number of
marks recaptured, A is the proportion of squid that
were marked, determined by ¢/N where ¢ is the num-
ber of marked squid (¢ = 996 in October 2001 and 997
in April 2002), and N is the estimated population size,
which was computed when Eq. (1) was maximized.
The parameter N was estimated with a nonlinear fit by
using the Newton algorithm (Neter et al. 1996). Two
estimates of N were made, the first one for October
2001 and second for April 2002. To estimate the CI (o <
0.05) for Nin Eq. (1), the likelihood profile method was
used (Venzon & Moolgavkor 1988, Pawitan 2001). The
Clfor biomass estimation can be computed using (1) a
bootstrap method, which must assume an observation
error in mark-recapture data, and (2) an asymptotic
method, which commonly yields Cls that are too short
in many cases, and important biases are observed
with this statistical approach. There are possibilities
that the confidence regions can be asymmetric rather
than symmetrical ellipses as assumed by asymptotic
methods, and if this occurs the likelihood-profile
method is preferred because it is computationally
more efficient than bootstrapping. (Polacheck et al.
1993, Morales-Bojérquez & Nevarez-Martinez 2010).

RESULTS

After the first tagging event in Santa Rosalia (996
ind. tagged between 9 and 16 Oct), 55 individuals
were recaptured off Santa Rosalia between 12 and 30
October 2001. This was a tag return rate of 5.5%. In
the second tagging event off Guaymas (997 ind.
tagged between 3 and 7 April 2002), 17 recaptures
were obtained off Guaymas between 5 and 30 April
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2002; this was a tag return rate of 1.7 %. The distrib-
ution of tagged squid ML ranged from 32.7 to 83 cm,
and recaptured squid ranged from 48 to 74 cm ML.
Based on the mark-recapture results, no migration
was observed between the coasts of the gulf; this is
probably due to the brief durations of these experi-
ments. However, the main advantage of this short
time interval is that the natural mortality was as-
sumed to be negligible.

During the study period the individuals that were
marked along the west coast of the gulf were recap-
tured in that region, and those marked along the east
coast of the gulf were recaptured there. It was
assumed that jumbo squid could migrate during our
study period between coasts of the gulf. A range of
factors can be attributed to have produced hetero-
geneity in the population, which would have biased
the samples, and, thus, the success of recapture of
some individuals was more likely than for others.
Such differences in recapture susceptibility among
individuals could result from their movement pat-
terns, their behavior, environmental factors, or other
reasons (Whitehead 2003). Our study was carried out
in the most important biological area for jumbo
squid, in the central Gulf of California, because
observed growth, recruitment, spawning, feeding,
high abundance and the fishing grounds are local-
ized in this area (Boyle & Rodhouse 2005). In the
upper portion (north) and the mouth (south) of Gulf of
California, high abundances and captures of jumbo
squid have not been reported.

During the first mark-recapture effort (12 to
30 October 2001), a population size of 20.2 million
squid was estimated with a CI from 16 to 26.5 million
squid (p < 0.05, Fig. 2a). The estimated squid bio-
mass was 57000 t, which had a CI from 45000 to
74550 t (p < 0.05). During the same time period, the
landings along both coasts of the central Gulf of Cal-
ifornia were 3150 t, or about 1.1 million squid. For the
second mark-recapture effort (5 to 30 April 2002), the
population size estimated was 132.6 million squid,
with a CI between 85.5 and 222 million squid (p <
0.05, Fig. 2b). The biomass estimate was 373 100 t,
which had a CI between 240500 t and 624550 t (p <
0.05). In April the landings on both coasts of the cen-
tral gulf were 6360 t, or about 2.2 million individuals.

DISCUSSION

Historically, 2 distinct models have dominated ana-
lyses of mark-recapture data for open animal popula-
tions; the Jolly-Seber (JS) model (Jolly 1965, Seber
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Fig. 2. Dosidicus gigas. Number of individuals estimated

during (a) October 2001 and (b) April 2008. Thick line: likeli-

hood profile of population size for binomial distribution; thin
line: CI defined Chi-squared distribution

1965), which is used to estimate abundance, and the
Cormack-Jolly-Seber (CJS) model, which is used in
survival probabilities only (Cormack 1964). In the JS
and CJS models, data are obtained from the recap-
ture of marked animals at subsequent marking or
recapture occasions. These activities may be either
the live recapture of animals during trapping opera-
tions or live resightings over a short time period dur-
ing which the population is assumed closed. An im-
portant assumption of the JS model is that if animals
leave the study population, they do so permanently.

The information may be provided by marked indi-
viduals in 3 ways: (1) live recapture of animals during
marking operations; (2) recovery of marks from ani-
mals found dead between marking occasions; (3) re-
ported sightings (alive) of marked animals between
marking occasions. Most studies are designed so that
just one type of data provides the primary informa-
tion for the construction of a mark-recapture model.
However, these multiple sources of information on
marked animals can be exploited in the analysis
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phase of the study to increase precision of key para-
meter estimates (White & Burnham 1999).

In the central Gulf of California the jumbo squid
population is concentrated and movements occur be-
tween both coasts (Markaida et al. 2005). However,
during the study period, the mark-recapture data did
not show evidence of individuals caught off opposite
coasts. The artisanal fleets do not cross the gulf, and
the vessel fleet from Guaymas expends 90 % of its fish-
ing effort in its own fishing ground. The movements of
squid have been reported from 1996 (Hernandez-
Herrera et al. 1998) and migrations are not extensive
in the gulf. However, during certain conditions, possi-
bly associated with sea surface temperature, princi-
pally during El Nifio events, the distribution of the
squid population can be modified as individuals move
out of the gulf (Morales-Bojorquez et al. 2001a).
During years when the California Current is warmer,
the distribution of squid definitively changes in the
Gulf of California, and the pattern of movement is
modified. During our study period 2001 and 2002,
warmer or cooler than normal conditions were not re-
ported in the Gulf of California. Consequently, an ex-
tensive migration was not observed, and the individu-
als remained in the central Gulf area. This zone is the
most representative zone of distribution of Dosidicus
gigas (Fig 1). Different biological events in this region
related to the population dynamics and demography
of D. gigas have been identified. Staaf et al. (2008)
found an egg mass at a depth of 16 m, which was the
first evidence of jumbo squid spawning in this area.
Rosas-Luis et al. (2008) analyzed an ecosystem model
for the central Gulf of California, which showed that D.
gigas has an important role in the overall energy flow.
It is the main food item for most top predators and an
important predator of organisms at lower trophic lev-
els. Davis et al. (2007) reported on the activity and
trophic interactions between the sperm whale Physeter
macrocephalus and the jumbo squid.

In the central Gulf of California jumbo squid are
widely distributed, and vertical and horizontal move-
ments have been observed (Markaida et al. 2005,
Gilly et al. 2006). The most important biological
features, such as reproduction and spawning (Marka-
ida 2006), growth (Hernandez-Herrera et al. 1998,
Nevarez-Martinez et al. 2006, 2010), migration (Mar-
kaida et al. 2005) and recruitment (Morales-Bojérquez
et al. 2001c), have been described in the area. Conse-
quently, the fishing activity is well known in this
region (Morales-Bojérquez et al. 200la, Morales-
Bojorquez & Nevarez-Martinez 2010).

Gilly et al. (2006) and Bazzino et al. (2010) ex-
plained that a migration of jumbo squid from the fish-

ing ground off Santa Rosalia to those off Guaymas
occurred at an average estimated velocity of 8 km
d!, followed by a reciprocal migration back to Santa
Rosalia in May. This trans-gulf migration was previ-
ously reported by Morales-Bojéorquez et al. (2001a).
These squid moved over a straight-line distance of
almost 200 km in 7 d, or 100 km in 3 to 4 d, which is
consistent with an average migration rate of about
30 km d! (Gilly et al. 2006). The temporary nature of
this experiment with mark-recapture was based on
the behavior of the squid in the water column; it
allowed each marked individual to mix with the rest
of the population. The marked squid jetted strongly
downwards immediately after release, and during
the next 7 d the squid could have crossed the gulf.

However, a straight-line movement is not realistic
for the whole population. According to Burnham
(1993) there are differences between permanent and
random movements. Permanent movement is often
listed as an assumption for the CJS model; however,
Burnham (1993) has shown that in the CJS model
permanent movement is indistinguishable from ran-
dom movement. Under random movement, a squid
may leave the population segment where it is at risk
of capture and later return. However, the probability
that the squid is at risk of capture on a particular
marking occasion does not depend on whether it
was at risk of capture on earlier marking occasions.
Under random movement, the CJS survival para-
meter represents a true survival rate and the capture
probability and movement probabilities are con-
founded (Burnham 1993). We assumed that Dosidi-
cus gigas could show a random movement in the cen-
tral Gulf of California, as this condition would allow
the marked squid to mix with the population.

The jumbo squid migrates across the Gulf of Cali-
fornia on a seasonal basis. The movement from Santa
Rosalia to Guaymas has been observed during
November and early December (Markaida et al.
2005). In late May and early June the reverse move-
ment was reported and could be influenced by the
reproductive pattern of the species; Markaida &
Sosa-Nishisaki (2001) explained that maturing females
obtain their reproductive investment from feeding.
Thus, the alternate upwelling system of the central
Gulf of California could supply food all year round to
allow the squid to mature. It is assumed that the sea-
sonal variability in biomass is related to the popula-
tion dynamics of the squid in the gulf. During Octo-
ber 2001 population abundance was expected to be
low, in comparison with April, which is when re-
cruitment is observed in the central gulf. Nevarez-
Martinez et al. (2006, 2010) analyzed the spatial and
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temporal variability in recruitment from 2002 to 2008.
Warmer waters caused by El Nifio conditions in the
California Current are coincident with low recruit-
ment. Cooler waters that are identified with negative
anomalies in the sea surface temperature caused by
La Nina were related to high recruitment. Previ-
ously, Hernandez-Herrera et al. (1998) and Nevarez-
Martinez et al. (2000) identified the recruitment event
during early spring in the central Gulf of California.

According to Markaida et al. (2005) and Gilly et al.
(2006), the movements of jumbo squid into the Gulf of
California showed the movement described by Ehr-
hardt et al. (1983). However, this movement was not
random; during the 1982-1983 El Nino event identi-
fied in the California Current, the abundance and
distribution of jumbo squid were modified by squid
moving out of the gulf. A similar movement of the
squid population was documented during the 1997-
1998 El Nino event (Morales-Bojorquez et al. 2001a).

An important feature of mark-recapture studies is
that a researcher can only capture squid associated
with the trapping site where they were marked.
Furthermore, there is usually little control over ex-
actly which squid are at risk of capture, and squid
available for capture in one trapping session may not
be available for trapping in other sessions. The Jolly-
Seber model assumes that squid movement is perma-
nent (Seber 1982), meaning that if a squid leaves the
component of the population that is at risk of capture,
then it is not permitted to return. In many studies,
such an assumption may be hard to justify, and move-
ment of squid both in and out of the Gulf of California
may occur. Therefore, it is important that analyses be
flexible enough to allow other types of squid move-
ment. Random movement (Burnham 1993) occurs if
the risk of capture at time ifor squid in the population
at i— 1 is the same for all squid. However, it is just one
possible type of movement in and out of the Gulf
of California by squid. A more general model con-
sidered by Kendall et al. (1995) in the context of Pol-
lock's (1982) robust design is Markov movement, in
which the probability a squid is at risk of capture at
time i depends on whether it was at risk of capture at
time i—1. Permanent movement is a special case of
Markov movement where the probability of subse-
quent capture is 0 for individuals not at risk of capture
at 1. Generalizations of the Markov movement model
also can be envisaged that allow dependence to ex-
tend for more than one time period, for example, the
memory model of Brownie et al. (1978).

In the Gulf of California, the abundance of jumbo
squid has been estimated from catch-per-unit-effort
(CPUE) data, survey research data and catch-at-age

or catch-at-size analysis (Hilborn & Walters 1992).
Estimates of annual recruitment are updated as the
fishing season progresses by using current estimates
of abundance obtained by the monitoring of catch
and escapement or by fishery-independent data
(Herndndez-Herrera et al. 1998, Nevarez-Martinez
et al. 2000).

Despite having different estimation methods over
time, the present study does not compare abundance
estimates. We show that mark-recapture data could
be an additional option to the known methods for
assessing populations of jumbo squid. If the compar-
ison is desirable, then we must use a criterion that
considers the number of parameters in the candidate
models; with an increasing number of parameters,
the squared bias of the estimates of the individual
parameters goes down, but parameter uncertainty (or
variance) is greater. By treating the problem as one
of simply balancing variance and bias, one approach
is to make use of Akaike's information criterion (AIC)
(Burnham & Anderson 2002). If AIC is used, one
should select the model that yields the smallest value
of AIC among the models in the candidate model set,
not simply because it provides some balance be-
tween precision and fit, but because this model is
estimated to be the closest to the unknown reality
that generated the sample data from among the can-
didate approximating models being considered (Burn-
ham & Anderson 2002).

In this study, we did not make comparisons among
candidate models (CPUE, survey research data and
catch-at-age or catch-at-size analysis). These models
have different statistical criteria in algorithms (sum
of squares or likelihood function), and the compari-
son is not possible. Instead, in the future we could
compare different sample designs for analysis of
mark-recapture data, depending on the re-encounter
mechanisms operating. Possible survival and re-
encounter events after release at time i and up until
time i + 1 may be analyzed as follows: (1) the squid
may die with no encounter (alive or dead) after re-
lease; (2) the squid may die without being resighted
before death, but be found after death; (3) the squid
may be resighted alive, then die and be found after
death; (4) the squid may survive the interval without
being resighted and avoid capture at i + 1; (5) the
squid may survive the interval without being
resighted and be caught at i +1; (6) the squid may
survive the interval and be resighted alive during the
interval but avoid capture at i + 1; (7) the squid may
survive the interval, be resighted alive during the
interval and be resighted again and caught at 1 + 1
(White & Burnham 1999).
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The use of several stock assessment methods is
necessary because we must analyze alternative bio-
mass models, and take into account the uncertainty
in abundance variability. The mark-recapture
approach may be an alternative to other methods
for abundance estimation. The results showed the
variability in biomass of jumbo squid in the Gulf of
California, and the mark-recapture experiments
identified 2 different periods in abundance: during
October when the biomass declines, and in April
when the squid population increases at the time
when the recruitment occurs. The mark-recapture
method may be applied if the jumbo squid popula-
tion is concentrated in the central Gulf of California;
however, if the population has extensive migrations
associated with El Nino events, as have been
observed in the past (1982-1983 and 1997-1998), the
method should not be considered.
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