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Abstract

Totoaba, is a fish endemic to the upper Gulf of California, protect-
ed since 1975. Juveniles are incidentally caught by shrimp boats,
but the gillnet fishery and poaching also capture solder specimens.
Therefore, the goal of this paper is to determine the current status
of the totoaba stock after 45 years of prohibition of its capture. The
analysis of the age structure from catch data and simulation of po-
tential biomass reconstructing the current population carried-out.
Current stock biomass is estimated in >41,000 t, as compared to
16,000 t estimated for 1933, and <2,000 t in 1945-1974, when the
stock was collapsed. The number of adults estimated for 2015 ex-
ceeds 637,000 and the total stock size is >2.4 Million fish. Results
suggest a population recovery, but the illegal exploitation induced
by high demand, may result in booming illegal trade. Reopening the
fishery is suggested to avoid an uncontrolled illegal exploitation and
the risk of new collapse of the totoaba. A catch quota of 1,000 adults
the first year is recommended.

Keywords: Endangered species; Fisheries management; Gulf of
California; Simulation; Stock assessment; Totoaba
Introduction

The totoaba is the largest fish of the Family Sciaenidae (Figures
1&2), measuring up to 2 m long and with a weight of up to 135 kg
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[1-5]. It is endemic to the upper Gulf of California, where it displays
a migratory pattern [6,7] making use of the Colorado River estuary
as a nursery ground. This species suffered an intense exploitation for
decades until 1974, when the stock collapsed and then protected with
a permanent ban in place since 1975 [8]. One year later, the IUCN
declared it as endangered [9,10]. However, since 1979, the US gov-
ernment, through NOAA, declared totoaba as an endangered species
[11]. Establishment of the Biosphere Reserve in the Upper Gulf of
California and the Colorado River Delta in 1993 was the most im-
portant institutional effort to improve the conservation of totoaba and
the vaquita (Phocoena sinus), an endangered dolphin. Since then,
the population was endangered and has been legally untouchable,
although poaching has existed since the beginning of the closure, in-
creasing in recent years, stimulated by the demand and high cost of
the swim bladder in the black market, leading to be considered part of
a transnational organized crime [12].

Figure 1: Growth rate of totoaba described by the von Bertalanffy growth
model.

Figure 2: Comparison of some critical variables of the population dynamics of the
totoaba and other components of the Family Sciaenidae.
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Factors associated to the population collapse

Lercari & Chavez [13] stated that several factors contributed to the
decline of the stock, finding a significant correlation with the virtual
disappearance of the Colorado River discharge and loss of nursery
habitat caused by the construction of the Hoover dam in 1934 and
the Glenn Canyon dam in 1953 on the American side of the river.
The excessive growth of the fleet catching totoaba is a factor that un-
doubtedly contributed to the collapse, as well as the recent discovery
of the influence of climate variability, as measured by the Index of
the Pacific Decadal Oscillation (PDOI). The impact of climate seems
to be more general than believed [14,15]. Over exploitation of all the
stock, juvenile overexploitation as by catch in shrimp fishery and
plundering are identified as main causes of stock depletion of totoa-
ba [16-18]. Effects of all these factors had a synergistic effect. The
increasing black market and poaching were stimulus for writing the
present paper, hoping to awake the interest of the Mexican authorities
for supporting further studies addressed to the application of manage-
ment regulations based on accurate stock assessment and controlling
the growing problem of illegal exploitation.

Methods

The FISMO-simulation model was used [19,20], as a basis for this
analysis; it was developed for the assessment of exploited stocks. It
uses the population parameters and catch data since 1930 as input,
used to rebuild the age structure during the time the fishery flourished.
It allowed the simulation of an additional 40 years for the estimation
of the status of the stock. The limited information available provided
the basis for calibrating the simulation model before 1974.

Initial stage of the evaluation of a currently or potentially exploit-
able stock is to evaluate the growth rate. Then, estimated growth rate
referred to the age structure in the population sampled, referred to the
population in its habitat. By using this process, it is feasible to deter-
mine the decline in the number of individuals in a cohort as they get
older and by using an exponential equation, the coefficients of natural
and fishing mortality could be estimated. The exploited biomass was
evaluated by multiplying the number of individuals of each age by
their mean weight at each age. The sum of the weights of the animals
of all ages can provide an estimate of the biomass caught, and with
some reference to the population abundance, it is feasible to evaluate
the total stock biomass.

The simulation model reconstructs the population in numbers and
volume per age group, both during the historical period and in the
41-year projection. The 41-year reconstruction was made by using an
approximately constant fishing mortality. In this case, the estimated
fishing mortality through estimates of by-catch by the two fleets men-
tioned (F = 0.002 - 0.003) was used exploiting about 0.001 % of the
population. This low exploitation rate is assumed to be equivalent to
the incidental catch by the shrimp fishery.

The rate of exploitation (E = F/(M + F)) is considered a part of
the diagnosis for each year of the series, where M = Natural mortality
and F = Fishing mortality, M is a constant and F was estimated for
each year. The values of E were compared to that of E at the level
of the maximum yield (MSY = Maximum Sustainable Yield), which
is the threshold of overexploitation or maximum acceptable limit of
exploitation at F ., the fishing mortality that produces the MSY.
With these calculations made, it was possible to diagnose the state

of the exploitation for each year of the data series, with the F values
below the horizontal line indicating the boundary between a popu-
lation underexploited and those above the line indicate which one is
overexploited. Details of the stock assessment procedure are based
on methods described by Beverton & Holt [21], and were adopted in
the simulation model. Data used as input of the simulation model are
in table 1.

Parameter Value Unitsor ref.
K 0.14 Bertalanffy
L 206 cm Bertalanffy
w 102,623 g Bertalanffy
to -0.30 years Bertalanffy
a 0.02 Length - Weight
b 2.90 Length - Weight
Age of st catch 3 Years
Maturity age 7 Years
Longevity as 3/K 21 Years
Natural mortality, M 0.21 per year
Table 1: Parameter values used to feed the simulation model of Totoaba.

The model estimates recruitment rate during the historical period
of the fishery, and the recruitment predicted during the future pro-
jection by using the same parameter values of the Beverton & Holt
recruitment model [21], with which it was possible to evaluate the
status of the stock. In this case, recruits were considered as those fish
one-year old and for the simulation period, recruitment rate was based
on the mean number of recruits per adult of the historical record.

Model calibration

Because of the need of recent data on the population abundance
of totoaba and constrained by the legal impossibility of sampling the
population in its natural environment, the limited information avail-
able was used. The calibration was a necessary step in the assessment
process. The Atlas by Pedrin & German [22] provides, among other
data, the totoaba by catch in the shrimp fishery in 1991, which were
used to make a calibration of the stock and the fishery during the
historical catch records and 40 years after the closure, allowing esti-
mating its abundance through the simulation period.

Results
Age and growth rate

The estimated number of individuals and biomass of the popula-
tion are variables subject to a high degree of uncertainty. This uncer-
tainty is greater if the sample size used as the basis for the estimation
is low and thus has the risk of being not representative. The problem
of lack of representativeness and thus the implicit error in the esti-
mates becomes evident when comparing growth rates estimated using
various sources [3-5,23]. Consequently, resulting growth rates differ
in the asymptotic length in up to 40 cm, as shown in figure 1, which
translates into huge differences in the biomass of the whole popula-
tion. The growth values adopted here are from Pedrin-Osuna [5].

The curves from Arvizu and Chavez [3] and Pedrin Osuna et al.
[5], are from the source. The curve of Rowell et al. [23], was calculat-
ed from data “post-dam” (presumably in their figure 3, the length of
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one year in the data “pre-dam” were omitted, and if so, trends before
and after the dam display very little difference).

Figure 3: Recruitment of the population of totoaba, estimated for the his-
torical period and simulated after 1974 (blue line, left axis). In red line
(right axis), the number of recruits per adult is shown; the low recruitment
is evident, approaching zero from the years 1945 to 1973. Since 1993 the
number of one year old recruits per adult is >1,438,000, suggesting that
the stock is fully recovered since then and exceeding in twice the values
estimated for the late thirties.

Comparative dynamics of the totoaba in the context of
Sciaenidae

With the purpose of examining the dynamics of T macdonaldi in
a comparative way, population parameters of the 25 species of the
Family Sciaenidae recorded in Fish Base [24] were examined. From
this data series, three parameters were compared, asymptotic Length
(L), natural Mortality (M), and longevity. For consistency of the anal-
ysis in this paper, the parameter values used for the totoaba in this
comparison were the same as those in the simulation model. These
values are shown in figure 2; from here, longevity was used as inde-
pendent variable in two cases, and M and L are dependent variables
(Figure 2). In the third case, M is the independent variable and L is the
dependent variable (Figure 2). In the first case, correlation was high
(R? = 0.9475); the two others are hardly significant. However, trends
are consistent showing that M displays a strong inverse correlation
with longevity (Figure 4); the maximum size does not show a strong
correlation with longevity; however, the same pattern as in the first
case is observed, indicating what is already known, that large fish live
longer (Figure 2) and vice versa.

Figure 4: Incidental totoaba monthly catch data for 2001 to 2005 and total
of the years 1990 - 2005. In the F figure, three of the last five-year columns
show an increasing number of the catch outside the upper Gulf; before that
period, the numbers are even. This increase can be evidence of stock re-
covery.

In each graph, the position of totoaba is indicated with a white dot.
A. Correlation of natural mortality (M) and the longevity. B. Maxi-
mum length as a function of longevity; the totoaba is the largest spe-
cies of the group displaying a large longevity. C. Maximum length (L)
as a function of natural mortality (M); here again, the totoaba displays
the longest size together with a low mortality. This attribute makes it
very susceptible of depletion as consequence of overexploitation.

By testing the relation between L and M, a negative correlation
between these variables is shown, although is low; but again, the trend
suggests that the species with low M have high longevity and vice
versa (Figure 2). In this figure, the totoaba displays the highest L and
the lowest M values on the left side of the graph, indicating that a low
natural mortality is closely associated to the largest size of the group.

Incidental catch

Data from direct samplings and from the incidental catch of totoa-
ba in the shrimp fishery were confidential until now. These data were
crucial to enable a more accurate approach on assessing the stock
biomass in the upper Gulf of California. Data suggest that the catch
can occur all year round, though it is more likely between May and
October (Figure 4). The historical trend of 2001 to 2005 shows that in
2001 more than 16,000 individuals were caught and then the number
declined, but between 2002 and 2005 an increasing trend between
7,500 and 10,500 totoaba were taken (Figure 4). The latter was inter-
preted as an upward trend. The by-catch is so large in all these years
that may approach 250 t, which obviously is a good indicator of its
overall abundance in the ecosystem of the Upper Gulf of California
and it may be interpreted as an evidence of stock recovery.

The size composition of incidental catch during 2002 to 2004 (Fig-
ure 5) suggests that the by catch contains almost exclusively young
animals, because this species reaches maturity size at 130 cm total
length. That information may be insufficient, but under the absence
of any other data, this allowed an estimation of the fishing mortality
of the by catch in the shrimp fishery. It was also assumed that in the
gillnet fishery, the totoaba had a similar mortality. From the model
calibrated to these data, F values were known and a fishing scenario
was defined.

-

Figure S: Size composition of the incidental catch of the years 2002-2004.
A, 2002 sample, n = 345 fish. B, 2003 sample, n =490 fish. C, 2004 sample,
n =321 fish. D, all data in samplings. The y-axis indicates numbers per size
class. All fish in these samples are juvenile.
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Diagnosis of the population

Reconstruction of the stock biomass from 1930 to 1974 shows
a dramatic decline in the last year of the fishery; in 1932 and 1933
had low catch values. Afterwards, it was followed by an increase to
2,200 t, then a decrease the next two years, and another peak reaching
about 2,300 t the year after, then followed by another drop till 1957
when there was a low harvest of 350 t. After this, a new weak increase
reached about 1,300 t and then dropped to its virtual disappearance in
1974 with a catch of only 57 t (Figure 6).

Figure 6: Trends of the stock biomass, catch and simulated totoaba catch
(t), since 1930 to 2015. An evident drop in the stock biomass is remarkable
in 1974, when the fishery collapsed and the ban was imposed. Catch data
after 1974 (right scale), correspond to the resulting harvest after applying
an assumed F = 0.002.

By examining the Exploitation rate (E) and the Fishing mortality
(F) over the exploitation period (Figure 7), it is evident that the stock
was over exploited in 1939 and from 1941 to 1949. Likewise, the ex-
ploitation rate suggests that the fishery was over exploited from 1937
to 1949, excepting the year 1940.

Figure 7: Diagnosis of the status of exploitation of totoaba, based on F and
E values during 45 years of the fishery, and 41 additional years of simula-
tion. Bars represent fishing mortality (F, right scale) and the estimated and
simulated exploitation rates (E), in dashed line (left side scale). E and F at
the MSY level are the two horizontal lines.

When both sets of E values were checked, it became evident that
the totoaba was underexploited for only the fifteen first fishing sea-
sons, from 1930 to 1944 (Figure 7) and finally since 1971, when the
fishery was in the way of being closed. During these last four years,
the stock showed little signs of recovery, probably as result of its scar-
city and further reduction of the fishing effort. This evidence is a sign
of overexploitation of the stock in a process that inevitably led to its
collapse.

The number of one-year old recruits followed a similar decrease,
and though they depended on the number of adults, the trend does
not reflect a parallel decline (Figure 3). Here in the years 1974 to
1975, the recruit number displayed a severe drop decreasing from
1,225 thousand to near 400 thousand the year after, when the ban to
the fishery was imposed. By estimating a constant number of recruits
per adult, in the simulation, recruits displayed a consistent increase as
consequence of the increasing number of adults, and recruit number
reached its maximum once the adult stock was fully recovered (Fig-
ure 3).

Recruitment

In the depleted period of the fishery, recruitment shows an abrupt
drop after 1945 from nearly 469,000 to 223,000 in 1971 with a par-
tial recovery showing two peaks between 1950 and 1971. However,
as consequence of the closure of the fishery, and with some delay,
the number of recruits displayed an increase also abrupt after 1971,
attaining the normal range of about 475,000 by 1984, being stable
afterwards until the last year of simulation (Figure 3). By examining
the recruitment rate per adult, the analysis indicates that during the
period of collapse of the fishery, there was a significant reduction of
the recruitment rate. In the years of exploitation, the stock had high
recruitment rate, with more than 600,000 per adult, declining to less
than 11,000 for the years 1945 to 1973. The period of recovery started
in 1974 until 1992, when the rate surpassed 1,400,000 recruits per
adult, maintaining these high numbers afterwards (Figure 3).

Age structure

Estimated fishing mortality through estimates of by-catch by the
two fleets mentioned (F = 0.002 - 0.003) was used exploiting about
0.001 % of the population. This is a low fishing intensity allowing the
stock to recover, as evidenced in figures 8&9, showing the trend of
age groups in numbers (Figure 8) and in biomass (Figure 9) during the
historical period and during the additional years of simulation.

e

Figure 8: Reconstruction of the population of totoaba in numbers during
the exploitation period (1930-1974) and for 41 additional years since the
establishment of the permanent ban. According to data, the stock shows an
inherent capacity to recover its biomass, despite the incidental catch, which
is not so severe as to constrain significantly its recruitment rate.
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Figure 9: Reconstruction of the population of totoaba stock in biomass
(t) during the exploitation period (1930-1974) and for 41 additional years
since the establishment of the permanent ban. A maximum level of biomass
of about 36,000 t was estimated, probably determined by the carrying ca-
pacity and by its fecundity, which is consequence of adaptive process.

Potential yield

The simulation model allowed predicting potential yield as a func-
tion of the values of growth, mortality, recruitment, and catch vol-
umes recorded in recent years. Thus, depending on the age at first
capture and fishing mortality as independent variables, the model sug-
gests that the potential stock biomass of totoaba is higher than 36,000
t and the catch could exceed 2,370 t at an age at first capture of seven
years and an F = 0.2. This is just a preliminary assessment, because
the background data may be insufficient to provide a more accurate
evaluation to support a categorical statement. Therefore, if the author-
ity decides to reopen the fishery, the capture to be authorized should
be based on adults only, with fish older than 7-years-old, where total
length > 130 cm and a weight > 25 kg. In these circumstances and
by considering the status of the population, is advised the capture of
1,000 adult totoaba by the sport fleet only and for just the first fishing
season. These adults should be exploited from 232,000 adult fish in
the stock. For subsequent years, new quotas should be determined
before opening each fishing season.

Results of this evaluation suggest that the exploitation rate pro-
posed here would go from E = 0.09 in 1933 to more than 0.8 in the
decade of 1960-1970. The stock biomass dropped from 23,000 t in
1936 to only 1,500 t in the years 1968-1970. After this period, and
with the prohibition of the fishery, there was a gradual recovery of the
stock biomass until 2015 when it attained > 36,000 t. These results
suggest that, in case that the fishery is open, it should be necessary to
make annual assessments of the stock to determine well in advance
the effects of the last fishing season. In addition, to be able to assess
the number of individuals in the stock before the authorization of the
quota for the following season, implementing an adaptive manage-
ment process of this resource. The fishery might be open annually as
a sport-fishing tournament.

Prognosis

The simulation allowed a reconstruction of the stock biomass
and the catch over time, which is from 1930 until a projection to the
year 2015. Starting with the recruit number, the tendency indicates

declining numbers after 1945, from 443,000 to only 223,000 in 1971.
After this, an increasing trend is displayed, with a maximum recruit
number of > 1,440,000 after 1994 and being maintained afterwards.
This has its equivalence in the number of adults, with 335,000 in 1940
and > 637,000 after 2010 (Figure 8).

The stock biomass shows a tendency similar to recruitment, with
nearly 123,000 t in 1936 followed by the collapse through 1945 until
1975, when the biomass dropped to below 2,000 t most years, with a
low stock (Figure 9). So, the over exploitation driving to the collapse
took about thirty years and the stock recovery after closing the fishery
took nearly twenty years. Simulation indicates that a recovery of the
stock biomass up to 34,000 t in 1990 may occurred, maintaining these
values until 2015, the last year of simulation. This means to increase
of more than twice the level the population had in 1936, when was re-
corded the highest catch. The incidental catch and a future projection
of it for a few years suggest that it is not significant when compared
to the overall stock biomass.

Discussion

The delta of the Colorado River supports one of the most produc-
tive artisanal fisheries in Mexico [25]. However, aggressive fishing
practices lead to totoaba stock depletion, in addition to other factors,
like the loss of Colorado river discharge, reducing growth and in-
creasing the age of maturity [26,27], and the protection instruments
have been clearly ineffective [28]. Evidence by Rowell et al. [29]
shows dramatic slowed half growth rate and three-year delayed mat-
uration of totoaba after the dam construction reducing the Colorado
river flow and loss of habitat, advising an appropriate water flow of
the Colorado river to allow recovering the population of the stock
[23].

Controversial ideas on the recovery of the totoaba stock have been
expressed [30-35], as releases of water across the border in excess
of agricultural usage will probably have a positive impact upon en-
dangered species habitat [36]. The delta of the Colorado River is not
dead, but it requires international collaboration for its recovery [16].

In recent years, research on different aspects of the totoaba was
intensified [35,37-43]. The unexpected catch of two five-foot-long
adult totoaba, caught in East Cape, near to San José del Cabo (its
maximum adult range previously known extends southward only to
about Bahia de Los Angeles on the Baja coast. Kira [44] suggests as a
logical explanation to this event, that the totoaba stock recovered after
so many years after its fishery was banned, and nowadays a probable
irruption of the surplus population extends its range looking for new
areas induced by the need of reducing intra specific competition.

Because it is a long-lived species, totoaba is a slow growing spe-
cies and matures until the age of seven years, attributes that make it a
density-dependent population. For this reason, it is very vulnerable to
overfishing, but as occurred in other species, it has the potential to re-
cover and nowadays it can withstand new exploitation, which must be
well regulated and strictly controlled. As in other species, the stocks
may not be as vulnerable to a managed fishing pressure as previously
thought, which when are compared to recent increases, may represent
a significant recovery compared to the population abundances before
depletion [45].
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The intention of ranching juveniles from artificial breeding seems
to be a futile strategy. With the level of knowledge of its basic re-
quirements and life cycle, no effort to recover the wild stock by re-
leasing cultured animals seems to be feasible with traditional proce-
dures, as has been seen elsewhere [46]. However, places in the upper
Gulf where it could be cultivated are suggested [47], ignoring that
releasing juveniles in the wild, would expose them to predation, be-
cause they have not had the opportunity to receive the imprinting in
their original nursery ground. In order to be the most cost effective
to achieve the conservation targets, more resources addressed to its
protection should be invested [48].

Overfishing has not been solely responsible for the historic exhaus-
tion of the population. The global climate variability and the habitat
loss produced by the virtual suspension of the runoff of the Colorado
River, caused by the construction of the Hoover and Glenn Canyon
Dams in 1930 and 1963 have also contributed to its depletion [13,49].
Despite the consideration that the upper Gulf of California is like an
estuary of the Rio Colorado [33], it was suggested that the population
could never be restored to the highest levels ever achieved in histori-
cal records. This was supported by development of a response index
addressed to demonstrate the impact of floodwaters on the habitat of
Delta endangered species [36]. However, the results of the simulation
indicate a much more optimistic perspective and are consistent with
the paper by Valenzuela-Quifionez et al. [35]. Morzaria-Luna et al.
[50], found that increasing ecosystem function and structure lead to
lower economic performance indicators, and joint efforts have been
conducted between US and Mexico addressed to outline conservation
priorities [51].

The recommendation of opening the activity as a strictly regulated
sport fishery tournament is based on the belief that this is the most
likely way to do samplings of the wild stock. In addition, the exploita-
tion would be a way to evaluate and to control the real fish numbers
caught from the wild stock, and evaluating the stock biomass, avoid-
ing or at least minimizing illegal catch that is taking place nowadays,
which is impossible to evaluate. Strengthening local protection is im-
perative to the recovery of this or other endangered populations [52],
drawing attention to justifiable conservation needs [53].

Conclusion

* The collapse of the stock was caused by overfishing, loss of habi-
tat, and climate change.

* So far, there has been no authorized fishery for more than 40 years
and the stock seems to be recovered.

* Evidences, like increase of illegal exploitation, smuggling, re-
duced control of poaching, and casual fishing of adults in the
southern Gulf, suggest that the population of totoaba increased
significantly.

* Increasing illegal exploitation of totoaba, given the high value of
its gall bladder, is a risk of stock depletion that must be controlled

* Based on the former considerations and after the simulation of
the stock, it seems evident that there are conditions to restart the
capture of totoaba on a small-scale and under conditions of strict
control and regulation, until a more accurate assessment is made,
based in representative samples.

» If the fishery is reopen and capture is authorized, the more desir-
able option would be as a sport fishery in first place, as an incentive

for attracting foreign currency. If the fishery is open, high fees of
the fishing permits should accompany it. This would allow con-
trolling the access to the stock, a regulation of the catch controlled
by observers on board, and an accurate evaluation of the fishery.

Recommendations

* Access to the fishery should authorize to sport fishing activity
only. This would imply encouraging that part of the commercial
fishing fleet should address their activity into sport fishery, ensur-
ing a fair distribution of the potential income.

* The number of permits should not exceed 1,000 (one animal per
permit) during the first year.

» After assessing the stock based on data of the first fishing season,
a new catch quota should be determined afterwards.

» Establishment of a legal minimum size of 130 cm total length or
25 kg weight.

» The permit fees should be high enough to create a fund to pay the
costs of monitoring, with observers on board, and the stock assess-
ment by a competent group.

+ Before the beginning of each fishing season, there must be an up-
dated assessment to provide sufficient evidence of the stock size
that will serve as a prerequisite for setting the fishing quota for the
next season.

+ If these recommendations are adopted, conditions for a truly sus-
tainable totoaba fishery will be achieved in socioeconomic terms
and under the framework of resource conservation.
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