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The effects of fishing on the demography and population ecology of sex-changing fishes

are largely unknown, despite the fact that their fisheries provide important economic

and nutritional resources in coastal communities throughout the tropics, especially in

Latin America. Species with female-first sex change often have naturally skewed sex

ratios in the adult population, and fishing pressure can alter this natural bias, limiting

egg production and fertilization success. How fishing alters demography and population

vital rates depends on which sizes and sexes are selected. We consider two types of

fishery selectivity “asymptotic (selecting the largest fish) and plate-sized (selecting fish

between in a narrow, but small, size range)” that to represent fisheries for two important

fish species of the Tropical Eastern Pacific, the Pacific goliath grouper (Epinephelus

quinquefasciatus) and the endemic sailfin grouper (Mycteroperca olfax) of the Galapagos

Islands, known locally as bacalao. Each of these large, long-lived species support

small scale fisheries of significant value, but there is limited information on fishing effort,

selectivity, or population trends. Using a population model, we estimate how the biology

of these species contributes to their risk of overexploitation under different possible

scenarios of fishing and reproductive biology. Specifically, we consider how variation in

growth rates and fertilization rates interact with selectivity to affect age structure and sex

ratios. We compare two metrics of population status: the spawning potential ratio (SPR),

and the relative standing biomass after fishing (BF /B0). In our modeled populations, when

fertilization rates were reduced, fishing rapidly decreased the spawning potential of both

species, but did not affect biomass at moderate levels of fishing mortality. However,

we predict low fertilization success, fast somatic growth, and asymptotic selectivity of

fisheries for sex-changing species decreases both spawning potential and biomass,

even at low levels of exploitation, suggesting these factors can cause rapid depletion

of sex-changing species. Our findings highlight key gaps in our knowledge of spawning

behavior and fertilization success of sex-changing fishes that must be filled if we are to

sustainably manage these culturally and economically significant fisheries.

Keywords: data-poor, hermaphroditism, groupers, Latin America, sex change, Epinephelus quinquefasciatus,
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1. INTRODUCTION

Across Latin America more than 2 million people rely on fishing
activities as their primary source of income and nutrition (FAO,
2000; Salas et al., 2007). Small-scale fisheries contribute 74% of
total catches in the region, a greater contribution than other
regions, such as Asia and Oceania (70%) or Europe (24%)
(Chuenpagdee et al., 2019). Small-scale fishers often operate a
variety of fishing gears, and select a range of sizes, depending on
the species targeted and ecosystems fished (de Oliveira Leis et al.,
2019). These complex fisheries characteristics, in combination
with high uncertainty about total catch and fishing effort,
make evaluations of the cumulative impact of fishing on many
exploited fish species extremely challenging (Chuenpagdee et al.,
2011).

Groupers (Epinephelidae) are among the most commercially

valuable group of demersal fishes sought by small-scale fisheries
in Latin America (e.g. Begossi et al., 2019; Castellanos-Galindo
and Zapata Padilla, 2019). These species are large-bodied
predators, which often fetch high market prices due to the high
quality of their flesh (Sadovy deMitcheson et al., 2013). Groupers

are also at high risk of overfishing due to their particular life
history characteristics (Sadovy de Mitcheson et al., 2020): they
are long-lived species (Bullock et al., 1992) that form predictable
spawning aggregations (Sala et al., 2003), and have high site
fidelity (Koenig et al., 2011). In addition, many species of
groupers are protogynous (female-first) hermaphrodites (Sadovy
and Colin, 1995). Fishing pressure on sex-changing species with

female-first life histories can alter population sex ratios, decrease
fertilization rates, and hinder population growth (Alonzo et al.,
2008; Kindsvater et al., 2017). For species that aggregate to
spawn their eggs into the water column, a few large males can
fertilize the eggs of many females, and female-biased sex ratios

are common. However, little is known about the effects of fishing
on this mating system and the potential consequences for fishery
sustainability. This is especially true for tropical species that are
targeted in small-scale fisheries that select for fish of different
sizes, depending on the local fishing practices and seasonal
fluctuations in demand. Concerns of overfishing have been
raised for several protogynous grouper species along the Tropical
Eastern Pacific, including the Pacific goliath grouper (Epinephelus
quinquefasciatus) and the sailfin grouper (Mycteroperca olfax)
(Sala et al., 2004; Usseglio et al., 2016), but there is little scientific
guidance for their management or conservation.

The goliath grouper (Epinephelus itajara) was historically
reported as widely distributed throughout the Tropical Atlantic
and Eastern Pacific (Heemstra and Randall, 1993), until a
genetic study by Craig et al. (2009) identified the population
of the Eastern Pacific as a separate and distinct species, the
Pacific goliath grouper (Epinephelus quinquefasciatus, hereafter
PGG). Despite the Atlantic and Pacific species being genetically
distinct species, no morphological differences were identified
(Craig et al., 2009). Given its recognition as a new species,
a regional assessment by Erisman et al. (2018) found severe
population declines of PGG since the 1990s due to overfishing
throughout is distribution (from Mexico to Peru). Despite signs
of severe overfishing, the IUCN Red List categorizes the PGG as

“Data Deficient” due to minimal species-specific data on fishing
intensity and a complete lack of fishery-independent biological
and ecological data (Sadovy de Mitcheson et al., 2013). An active
fishery for the species has been documented in Pacific Colombia
(Castellanos-Galindo et al., 2018). In Buenaventura (main fish
market in Pacific Colombia), the fishery is characterized by
the targeting of “mero especial” (“special grouper,”) which are
groupers between 2.5 and 25 kg. These small fish often fetch
higher commercial values (US$ 3.7 per kilo) than groupers >25
kg (US$1.8 per kilo) (Baos et al., 2015; Castellanos-Galindo et al.,
2018). In most northern areas (north of Cabo Corrientes), the
prices per kilo of PGG (US$ 2 per kilo) are the same regardless
of the size (Castellanos-Galindo et al., 2018). Although fishing
pressure for PGG in Pacific Colombia has been speculated to be
less severe than in other countries (Sala et al., 2004; Castellanos-
Galindo et al., 2018), there is scant information on the overall
health of the population, including whether or not overfishing
is occurring.

Unlike the widely distributed PGG, the geographic
distribution of the sailfin grouper (Mycteroperca olfax) is
restricted to three offshore island systems (i.e., Galapagos,
Cocos Islands, and Malpelo Island) in the Tropical Eastern
Pacific, with the majority of its population occurring in the
Galapagos (Erisman and Craig, 2018). In the Galapagos, the
species is locally known as bacalao, and is of great economic
and cultural value (Nicolaides et al., 2002). Bacalao occupies
a high trophic level (Okey et al., 2004) and is a protogynous
hermaphrodite, resulting in a highly female-skewed sex ratio
(0.009 male:female) (Coello and Grimm, 1993; Usseglio et al.,
2015). Traditionally, this species is sold in dried form during
Easter for a traditional dish called “fanesca” (Nicolaides et al.,
2002). Commonly targeted by hand-line (i.e., hook-and-line), the
bacalao fishery occurs year-around, peaking between the months
of October and April (Nicolaides et al., 2002) in preparation for
the Easter holiday. In addition, seafood markets commonly offer
plate-sized fish to supply the local and tourism sectors demand
for whole fresh fish. Similar to the PGG, a regional assessment for
bacalao suggested population declines of 30% over the past four
decades (Erisman and Craig, 2018). Given the species’ limited
geographical distribution and evidence of severe population
declines, bacalao are currently categorized as Vulnerable in the
IUCN Red List (Erisman and Craig, 2018). However, there is no
research on how different levels of fishing pressure and fishing
selectivities interact with their sex-changing life history to affect
bacalao’s demography and population productivity.

For both species, there is concern that overfishing may
be occurring, as dramatic declines and fishery collapses have
been documented in similar species with slow growth and
protogynous sex change (de Mitcheson and Yin, 2015). However,
there is limited information on the status of each population and
the utility of different management and conservation actions for
their fisheries. To inform management priorities, it is useful to
calculate standard metrics of fishery health, known as reference
points. These metrics quantify the effect of different fishing
practices on the size-structure (biomass) and annual population
productivity (measured as the size of the larval year class, called
the “spawning potential”) (Goodyear, 1993). When the fished
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population spawning potential and biomass are compared to
historic estimates, the resulting ratios (known in the fisheries
literature as the spawning potential ratio, SPR, and the biomass
reference point, BF/B0), are standardized indices of population
health, or conversely, how overfished a population is. These
metrics vary according to species’ somatic growth and natural
mortality rates, as well as the sizes of fish that are caught in the
fishery (i.e., the fishery selectivity) (Beverton and Holt, 1957).

A sustainable fishery relies on a population’s natural ability
to compensate for fishing mortality. However, a population
with truncated size structure (due to fishing) that faces a
combination of poor environmental conditions and limited
spawning potential can collapse suddenly because its natural
ability to compensate for poor conditions has been eroded. The
degree to which fishing has decrease a population’s compensatory
capacity can be quantified with the SPR and the biomass
reference point. The SPR is especially useful for understanding
how fishing can undermine a population’s ability to buffer
environmental change (Kindsvater et al., 2016). A common rule
of thumb is that a fished population with values of SPR at 0.4
is fully exploited; an SPR lower than this threshold indicates
the population is at risk of overfishing and potential collapse
(Wiedenmann and Mangel, 2006).

In protogynous species, fishing can affect the spawning
potential directly by removing females (reducing eggs) and by
reducing the number of males, which could limit fertilization
success (Alonzo and Mangel, 2004; Chuenpagdee et al., 2011).
Fishing can also have indirect consequences for spawning
potential, if the removal of large males induces sex change in
smaller individuals. In other words, sex change from female
to male can occur at smaller sizes in populations where large
individuals are rare, as the population social structure adapts
to fishing (Kindsvater et al., 2017; Pavlowich et al., 2018). This
can lead to a situation where egg production decreases due
to the loss of females to the male class, as well as to fishing.
The ultimate consequences of fishing for the size structure of
males and females will depend on the overall intensity of fishing
mortality, the selectivity of the fishery, and the biology of the
protogynous species (Alonzo and Mangel, 2004, 2005; Heppell
et al., 2006; Provost and Jensen, 2015; Kindsvater et al., 2017).

The economic and cultural significance of the fisheries for
Pacific goliath grouper and bacalao means severe population
declines could jeopardize people’s livelihoods, as well as
cause cascading effects through nearshore marine ecosystems
(Stallings, 2008; Estes et al., 2011). Understanding how varying
levels of fishing selectivity can affect population trends and
resilience to future changes of sex-changing fish is critical for
assessing the economic and ecological sustainability of their
fisheries (Provost and Jensen, 2015). We adapt a population
model of sex-changing fish (Kindsvater et al., 2017) to simulate
the population demography and dynamics of both PGG
and bacalao under alternative fishing scenarios to evaluate
interactions between sex change and fishery selectivity. We
consider how variation in egg production and fertilization rates
arising from the biology of each sex-changing species affect
size and age structure after fishing. In addition, we contrast
two scenarios of fishery selectivity, one where the largest

individuals are preferred, and one targeting smaller (plate-sized)
individuals. For each fishing selectivity scenario we estimate
and compare two biological reference points which are used in
fisheriesmanagement to evaluate population status: the spawning
potential ratio (SPR), and relative biomass (BF/B0). This analysis
allows us to identify the critical biology influences sex-changing
species’ resilience to fishing pressure, such as plasticity in size at
sex change.We provide fisheriesmanagement recommendations,
given what is currently known or can be inferred about these
sex-changing species.

2. METHODS

Species-specific life history information for Pacific goliath
grouper and bacalao were sourced from published research.
Biological data on age and growth, length at maturity, and
mating and spawning behavior were deficient for PGG. Thus, life
history parameters were inferred from its closely-related Atlantic
counterpart (AGG, Epinephelus itajara), based on the assumption
that PGG and AGG share similar growth rates and have a female-
first reproductive strategy. Conversely, extensive information on
life history characteristics such as age, growth, and reproduction
exist for bacalao in the Galapagos Islands (Usseglio et al., 2015,
2016).

2.1. Demographic Modeling Framework
We adapted a modeling framework predicting age-structured
population dynamics for sex-changing species (Kindsvater et al.,
2017) to address the demographic consequences of fishing for
PGG and bacalao, given their life histories and the specifics of
their fisheries in the tropical eastern Pacific. The model structure
is very similar to the general age-structured model used in
fisheries stock assessments (Mangel, 2006; Haddon, 2011), but,
unlike standard demographic models, follows the fates of males
in addition to females. We used the published values of life
history parameters for each species from our literature review, or
inferred parameters from ecological principles or related species
(Table 1). Individual length and age are related by data on species’
growth, allowing us to model their vital rates - maturation, sex-
change, fecundity, and fishing mortality—as a function of both
size and age. For each species, we used discrete versions of the von
Bertalanffy growth curve, which depend on its maximum length
L∞ and growth coefficient k:

L(a+ 1) = L(a)e−k
+ L∞(1− e−k) (1)

This function provides the length-at-age, given a length
recruitment (a = 1), until the end of life (Amax).

2.2. Maturation
For both species, we assumed all individuals were born and
mature as females. It is possible that some individuals mature
as males, but the evidence for this is lacking and has only been
shown definitively for a few grouper species (Provost et al.,
2017). We assumed that maturation is a function of length
(which in turn is a function of age), where the probability an
individual is mature at each size, pmat , is a logistic curve (ogive)
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TABLE 1 | Life history parameters for Pacific goliath grouper (Epinephelus quinquefasciatus) and Bacalao (Matertera olfax).

Parameter Interpretation Pacific Goliath grouper Reference (if applicable) Bacalao References (if applicable)

t Time in years for population

simulation

200 – 200 –

Life history

M Instantaneous natural mortality rate 0.1 Artero et al. (2015) 0.1 –

Amax Maximum age in years 37 Bullock et al. (1992) 30 Usseglio et al. (2015)

L(∞) Asymptotic length (cm) in the von

Bertalanffy growth function (VBGF)

192 Artero et al. (2015) 110 Usseglio et al. (2016)

k Growth coefficient in the VBGF 0.2 Artero et al. (2015) 0.11 Usseglio et al. (2015)

L(a) Length–at–age (cm) in the initial size

at recruitment

4 – 4 –

Lmat Length (cm) at which 50% of females

mature (cm)

110 Bullock et al. (1992) 65.3 Usseglio et al. (2016)

q Shape parameter that determines the

slope of the maturation ogive

0.7 – 0.7 –

ν Scale parameter relating length to

body

1 – 1 –

ω Shape parameter relating length to

body mass

3 – 3 –

c Scale parameter relating body to egg

production

6 – 6 –

b Exponent relating body mass to egg

production

2 – 2 –

ρ Shape parameter that determines the

slope of the sex–change ogive

0.05 – 0.08 –

LSC Length (cm) at which 50% of

individuals have changed sex

160 – 78 –

1L Discounting parameter; modulates

the length at sex change relative to

average length of the population

60 – 27 –

Recruitment parameters

α Coefficient of the Beverton–Holt

recruitment function

0.03 – 0.03 –

β Coefficient the Beverton–Holt

recruitment function

1e−05 – 1e−05 –

Exploitation parameters

Fmax Maximum fishing mortality rate 0.1–0.3 – 0.1–0.3 –

(Figures 1C,D). The curve depends on the steepness parameter
q and the parameter Lmat , which determines the length at which
half of females of that length are mature (the inflection point):

pmat = 1/(1+ e−q[L(a)−Lmat]) (2)

2.3. Sex Change
Mature females transition to the terminal male class according
to their length, relative to the average length of individuals in
the population. We again represent the probability of sex change
pSC with a logistic function of length, which depends on a
steepness parameter ρ, and the mean length of individuals in the
population, L. Because the mean length incorporates immature
individuals, we also included an offset parameter, 1L, which
adjusts the sensitivity of the sex change function to changes in
mean size:

pSC = 1/(1+ e−ρ[L(a)−(L+1L]) (3)

These assumptions mean that the probability an individual
changes sex varies according to its length relative to the length
of other mature individuals in the population. The probability an
individual transitions at smaller sizes increases if large individuals
are rare, and can vary as a function of time t. While little is known
about the degree of plasticity in sex change rules in general, for
many species there is evidence that individuals adapt to fishing
by decreasing their size at sex change (Alonzo andMangel, 2005).
We also assumed that the probability to transition from female to
male never exceeds the threshold of 0.8 (Figures 1G,H), so that
some large individuals remain female.

2.4. Fecundity, Fertilization, and
Recruitment
We assumed that egg production is related to female mass. As
is commonly assumed in fisheries science, individual mass M is
related to length with a simple cubic function M(a) = vL(a)3,
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FIGURE 1 | Life history information for the Pacific goliath grouper (left columns) and bacalao (right column). Length at age (A,B); maturation (C,D); fecundity (E,F);

probability of sex-change (G,H).

where v scales the mass to the appropriate units (in this case,
kilograms). We can then use another power function to relate
mass to egg production E at each age, with a shape coefficient c
and exponent b that can be adjusted according to measurements
for each species. The number of viable eggs is further dependent
on the specific fertilization probability f (where f is a number
between 0 and 1):

E(a) = cM(a)bf (4)

Parameter values for Equation (4) can be found in Table 1.
The parameter f is of interest because it allows us to address
different rates of fertilization, representing potential scenarios
of male depletion. Fertilization success is difficult to study in
natural populations of sex-changing species, due to our limited
knowledge of their spawning behaviors. The key unknown is how
changes in the sex ratio of adults affect the chance that there
are enough males, or large enough males, to fertilize all eggs
produced in a spawning aggregation. The numbers and sizes of
adult females and males change due to direct removal by fishing,
as well as indirect effects on sex change (males could transition

earlier as large individuals become more rare) and female egg
production (fewer eggs are produced as large females are fished
out or transition to males).

The pool, or year class, of larvae P in year t can be calculated
as the sum of all individuals alive at time t, multiplied by the
probability they are mature, their size-specific egg production,
fertilization rates, and the probability they spawn as females or
transition to males (which depends on the size structure of the
spawning population).

P(t) =

Amax
∑

a=1

N(a, t)pmatE(a)[1− pSC(t)] (5)

Survival from the larval stage to “recruitment” to the age-1 year
class N(1) in year t + 1 depends on population density. As is
customary in fish population models, we assumed a non-linear
relationship between larval abundance and recruitment that
was characterized by the Beverton-Holt recruitment function
(Beverton andHolt, 1957; Kindsvater et al., 2017). This saturating
function is characterized by the parameter α, which determines
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the slope near the origin, and β , which, along with α, determines
the asymptote (Kindsvater et al., 2016):

N(1, t + 1) = αP(t)/[1+ βP(t)] (6)

Because there is very little empirical information on values of
α and β , we varied the values of these parameters in sensitivity
analyses, but we found they did not have a strong effect on
reference points.

2.5. Natural and Fishing Mortality
For simplicity, after age one, we modeled an average natural
mortality rate µ that applied to all ages. While it is certain that
natural mortality rates vary with size, for these long-lived species
natural mortality is low overall, so we approximate it with a
constant rate (Kindsvater et al., 2017). As very little is known
about fishing effort (e.g., number of fishers or boats), and because
fishing effort certainly varies spatially for these species, we
considered a range of fishing scenarios, S. The overall intensity of
fishing varied with the coefficient Fmax, but was distributed across
sizes (and ages) according to a selectivity function F[L(a)], which
were chosen to represent different types of size-selective fishing
scenarios. We focused on two scenarios, based on published
information about fisheries for PGG and bacalao. First, we
considered a preference for the largest individuals, known as
“asymptotic” selectivity and second, a fishery with “plate-sized”
selectivity, where fishers targeted only small fish, between 59 and
90 cm for PGG (Baos et al., 2015), and between 35 and 55 cm
for bacalao [derived from Usseglio et al. (2016) and personal
observations]. The asymptotic selectivity function was:

s[L(a)] = 1/[1+ e−j[L(a)−D]] (7)

Note the parameter j is the steepness of curve and D determines
the inflection point of the asymptotic selectivity function for
each species. The parameters were chosen as follows: j = 0.05
and D = 90 for PGG and j = 0.1, D = 60 for bacalao. The
selectivity functions (Figure 2) were adjusted by eye to match
the distribution of sizes observed in fish markets (Usseglio
et al., 2016; Castellanos-Galindo et al., 2018). By comparing the
demographic structure of populations in each fishing scenario,
and calculating the respective biological reference points, we are
able to characterize the relative effects of fishing intensity and
selectivity on population biomass and spawning potential.

2.6. Population Dynamics
We simulated the population dynamics through time, given
the above functions governing births, recruitment, sex change,
and mortality. The population N was initialized at an arbitrary
starting size. The dynamics of each age class, in annual time
steps, followed

N(a+ 1, t + 1) =

{

N(1, t), if a = 0

N(a, t)e−M+F[L(a)], if a > 0

}

(8)

We simulated populations until they reached a steady state,
from which we were able to calculate the stable age distribution.

FIGURE 2 | Selectivity functions at age (A) and length (B) for bacalao (similar

functions for PGG are not shown). Asymptotic selectivity (solid black line) has a

greater probability of capturing individuals larger than 60 cm in total length.

Plate-sized selectivity (dotted gray line) has a greater probability of targeting

individuals between 25 and 60 cm in total length.

We then “fished” our simulated population until it re-
equilibrated to a new steady state. The unfished steady state
(the carrying capacity) of the population emerges from the
balance of births, deaths, and our assumptions about density-
dependent recruitment. As very little information is known about
recruitment function in tropical fisheries, an alternative is to
focus on the relative effects of fishing on population biomass and
larval production (spawning potential) under different fishing
and fertilization scenarios (Kindsvater et al., 2016). Therefore,
we calculated the spawning potential ratio (SPR) for each fishing
scenario, S and rate of fertilization success, f .

The spawning potential of a cohort of females is equivalent
to the expected lifetime larval production of a female in a
population at equilibrium (O’Farrell and Botsford, 2005). The
larval production is given in Equation (5). To calculate the
spawning potential ratio, the larval production of a population
that has reached a fished steady state is compared to the larval
production of a population that is unfished.

SPR =
PS,f

Punfished,f
(9)

We also calculated the biomass reference point, where in each
fertilization scenario f , the steady-state fished biomass BS,f is
compared with the unfished biomass B0,f . The steady-state
biomass in each case is the product of the number of individuals

Frontiers in Ecology and Evolution | www.frontiersin.org 6 March 2022 | Volume 10 | Article 850006

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Chong-Montenegro and Kindsvater Fishing of Sex-Changing Groupers in the TEP

in each age class amultiplied by their mass.

BS,f

B0,f
=

Amax
∑

a=1

N(a)M(a) (10)

This ratio reflects the degree to which the population has been
depleted by fishing, assuming constant recruitment andmortality
rates, which represent average conditions over the long term. It
is a useful metric that integrates changes in abundance and size
structure of each sex caused by direct fishing mortality and the
indirect effects of fishing on sex change.

3. RESULTS

3.1. Literature Survey of Life History
Information
Our literature review revealed that documented growth rates
[the parameter k in Equation (1)] differed within and between
our focal species. The reported growth rate for goliath grouper
varied across its range. We assumed that growth rates among
Atlantic and Pacific species would be similar at the same latitude.
Therefore, we used the estimate of k = 0.2 from Artero et al.
(2015) for AGG from French Guiana (approx. latitude 4◦ S) as a
proxy for the growth rate of PGG from Pacific Colombia (approx.
latitude 4.5◦ S). For bacalao, growth was estimated as k = 0.11.
Goliath groupers had larger reported asymptotic lengths [L∞ =

192 cm, Artero et al. (2015)] than bacalao L∞ = 110 cm
(Usseglio et al., 2015, 2016).

Maximum age for PGG was again estimated from studies of
AGG to be approximately 37 years (Bullock et al., 1992). For
bacalao, the maximum age was estimated to be 30 years (Usseglio
et al., 2015). Figures 1A,B shows the resulting von Bertalanffy
growth function (Equation 1) for PGG and bacalao, respectively.
As these species both live longer than 30 years, natural mortality
is likely to be relatively low.We assumed an averagemortality rate
ofM = 0.1 for both species, after recruitment, which is similar to
estimates used in other studies of long-lived teleosts (Kindsvater
et al., 2016).

We found no explicit studies of PGG reproductive biology
and spawning behavior. Hence, we used the estimated Lmat =

110 cm from Bullock et al. (1992) in the Gulf of Mexico for
AGG. For bacalao, Usseglio et al. (2015) found that 50% of
the female population reaches sexual maturity at approximately
65.4 cm in total length (Figures 1C,D). In terms of sex-change,
the probability of females transitioning to males increases as
a function of length, as seen in Equation (3). In the absence
of explicit information on sex change for both PGG and
bacalao [e.g., only one male found in Usseglio et al. (2016)], we
manually adjusted the parameters Lc and ρ until the function
approximated observations on male size structure in fish markets
(Figures 1G,H).

In summary, we compiled parameters derived from
empirical reports and inferred from related species to produce
comprehensive descriptions of growth, maturation, egg
production, and sex change as a function of age for each species
(Figure 1).

3.2. Age Structure and Sex-Ratio
We next evaluated the effects of two types of fishing selectivity
(i.e., asymptotic and plate-sized selectivity) on the age-structure
and sex ratio of PGG and bacalao (Figure 3), given our
parameters for the life history of each species. In the unfished
scenario, for both species females vastly outnumbered males,
a common pattern in female-first fish populations (Allsop and
West, 2004). When assessing the effects of fishing (Fmax = 0.3)
on the population age structure, asymptotic selectivity had a
greater effect, depleting the largest and oldest individuals on
the population for both species (Figures 3B,F). Targeting larger
individuals of PGG significantly reduced the number of fish
older than 15 years in the population (Figure 3B). As in PGG,
a fishery with asymptotic selectivity also depleted the oldest
individuals of the bacalao population, with fewer individuals
reaching ages above 20 years old (Figure 3F). As expected, fishing
that targeted large and old individuals resulted in populations
characterized by younger individuals and a highly female-biased
sex-ratio. All else being equal, the plate-sized selectivity scenario
had less effect on the steady-state population structure for both
species (Figures 3C,F). Targeting individuals only within size-
specific slots (PGG, 59–90 cm TL; bacalao, 35–55 cm TL) allowed
some old (large) males to persist. In both selectivity scenarios,
due to plasticity in the size threshold for sex change, females
transitioned to males earlier in life.

3.3. Biological Reference Points
We assessed the effects of varying levels of fishing mortality
(Fmax) and fertilization success (f ) on the spawning potential
ratio (SPR) and relative biomass (BF/B0), for PGG and
bacalao populations in each selectivity and fertilization scenario
(Figure 4). We also varied overall fishing effort. Across
our scenarios, targeting the largest individuals (asymptotic
selectivity) had the greatest impact on the biological reference
points (both SPR and BF/B0 were lowest) for populations of both
species. Reduced fertilization success affected larval production:
when fertilization rates dropped from 100 to 50% the SPR
values declined by half regardless of the fishing selectivity. By
contrast, the relative biomass (BF/B0) of both species was not
affected (Figure 4), because of density-dependent compensation
in larval recruitment. This result would likely change with
stochastic variation in the recruitment function and warrants
further investigation.

4. DISCUSSION

For many small-scale fisheries in Latin American countries,
fisheries -dependent and independent data is often limited
in quantity and quality, making assessments of commercially,
culturally, and ecologically valuable fish species extremely
challenging (Chuenpagdee et al., 2011). Additional challenges
arise when exploited fish populations are subject to multiple
types of fishing selectivity. Depending on the species targeted
and demand, fishing selectivity can vary across locations. Here,
we considered two types of fishing selectivity for our population
model, the asymptotic and plate-sized selectivity for PGG and
bacalao, two sex-changing groupers of the Tropical Eastern
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FIGURE 3 | Stable age distribution of unfished (A), with asymptotic selectivity (B) and with plate-sized selectivity (C) for Pacific goliath grouper and of unfished (D),

with asymptotic selectivity (E) and with plate-sized selectivity (F) of bacalao, with fishing mortality, F = 0.3 and fertilization success, f = 100%.

Pacific. Traditionally, targeting the largest fish of the population
often yields higher economic revenue for fishers.While this holds
for certain species, there are growing market demands driven by
people’s needs, such as plate-sized fish, where fish within a specific
size range yield higher prices than the largest individuals of the
population. Accounting for particularities in fishing selectivity
can help understand the effects of fishing on the sustainability of
vulnerable fish populations.

We used species’ life history characteristics to characterize
vital rates in our population model, and evaluated how variation
in growth rates, maturation, and fertilization success interact
with different scenarios of intensity and selectivity of fishing to
subsequently affect the age structure and sex ratio of PGG and

bacalao. We demonstrated that changes in fishing selectivity can
affect the population structure of PGG and bacalao differently.

4.1. Common Patterns of Vulnerability to
Overfishing in Both Species
Despite the lack of species-specific life history information for
PGG and limited data for bacalao, we inferred realistic biological
and fishery parameters based on ecological principles and field
observations of both species. We found the relative vulnerability
of both of these species populations depended primarily on
fishery selectivity. The PGG and bacalao populations were the
most vulnerable to fishing scenarios targeting large individuals.
Asymptotic selectivity led to age structure truncation, heavily
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FIGURE 4 | Biological reference points for PGG (triangles) and bacalao (circles), with different selectivity and fertilization scenarios. The top row (A,B) shows the SPR

for each selectivity scenario, and bottom row (C,D) shows the biomass reference point. Colors represent fertilization success; note that for biomass, the two colors

are on top of one another.

skewed sex ratios, and severe declines in both reference points
(SPR and relative biomass).

When we considered management scenarios that could
improve the sustainability of fisheries for sex-changing species,
plate-size selectivity was less detrimental (given the reference
points of both species) when fishing effort was low or moderate
(Figures 4B,D). This suggests that fisheries management that
concentrates harvest on individuals within a limited size range
could allow females to survive long enough to change sex and
maintain sex ratios ensuring all eggs are fertilized. However,
we still do not have sufficient information for either species
to gauge what sex ratio is sufficient to maintain fertilization
rates. Our model predicted that a fishery targeting smaller
individuals will still lead to rapid overfishing (SPR < 0.4) if
fertilization success rates are reduced by 50%, for either species
(Supplementary Tables 1, 2). Furthermore, in contrast to the
asymptotic selectivity scenario, the slower growing bacalao had
a lower SPR and relative biomass than PGG in fishing scenarios
with plate-sized selectivity. This is because slower growing fish
(such as bacalao) spent more time at sizes vulnerable to fishing

mortality, while fast growing fish (such as PGG) outgrow this
range more quickly. This is an underappreciated source of
variation in the response-of species to size-based management
strategies. For example, Kindsvater et al. (2017) predicted that
plate-sized selectivity that targeted sub-adults decreased the
spawning potential of large sex-changing species more than other
types of harvest selectivity. The differences between that analysis
and the results of this paper likely arise from the particular
biology of each species, including the somatic growth rate, the
fishery selectivity relative to maturation size, and the details
of the sex change function. The analyses presented here and
in Kindsvater et al. (2017) are in agreement that management
actions that preserve population size-structure are critically
important for sex-changing species.

4.2. Contributions of Fishery Selectivity to
Status of PGG Across Its Range
Our model predicted rapid overfishing of PGG (SPR < 0.4)
when fishing selects the largest individuals of the population,
even at relatively low levels of fishing mortality. This prediction
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is consistent with observed dynamics of goliath grouper
fisheries. Similar population trends have been documented
for the Atlantic goliath grouper (AGG, Epinephelus itajara)
and Red Hind grouper (Epinephelus guttatus), where sport
fisheries targeting the largest individuals (i.e., trophy fish) of the
population contributed to sperm limitation and ultimately led
to reproductive failure and population collapse (Bullock et al.,
1992; Beets and Friedlander, 1999; Provost and Jensen, 2015).
Across most of the range of PGG, there is little to no fisheries-
dependent or independent data on population trends over time
(Castellanos-Galindo et al., 2018; Erisman et al., 2018). However,
in Pacific Panama and Ecuador, where large individuals are
routinely harvested, it is likely that PGG have experienced severe
disruption in their ability to recruit, due to low numbers of
spawning males in the older cohorts.

The potential for a plate-sized fishery to be sustainable for
PGG is consistent with the fact that in Pacific Colombia, where
“plate-size” fish fetch a premium price and thus are selectivity
targeted by fishers, larger individuals of PGG are still seen
(Castellanos-Galindo et al., 2018). These larger fish potentially
contribute to the pool of viable gametes, sustaining recruitment.
Additional factors that are unique to this area might contribute
to the health of the PGG population, including low human
population density, relatively low fishing pressure, and the
existence of large mangrove areas providing suitable nursery
habitat for juvenile PGG (Castellanos-Galindo et al., 2018).

4.3. Suggested Improvements to Current
Fishing Practices for Bacalao
Ourmodel predicted when bacalao were fished with low intensity
and with asymptotic selectivity, the estimated SPR value was
close to the fully exploited threshold (SPR = 0.44) at the
lowest level of fishing mortality (assuming all eggs are fertilized;
Supplementary Table 2). In reality, the bacalao fishery in the
Galapagos Islands occurs year-round and targets a wide range of
sizes, including the largest individuals (Nicolaides et al., 2002).
We do not know the level of fishing effort. Usseglio et al.
(2016) found a highly skewed female population, and signs of
overfishing (SPR < 0.5). These findings are consistent with our
predictions, and suggests that if depletion of large individuals
persists, reproductive failure and collapse can occur even at low
levels of fishing mortality (Alonzo and Mangel, 2004).

Currently there are no catch size limits for any finish
species in the Galapagos Islands, including bacalao. In the
Galapagos National Park jurisdiction, fisheries management
strategies include a zonation scheme (e.g., no-take zones), gear
restrictions, and a licensing system (Castrejn et al., 2014).
Research has suggested the potential benefits of marine reserves
for protogynous species populations (e.g, Alonzo and Mangel,
2004; Heppell et al., 2006; Molloy et al., 2008; Easter et al., 2020)
if they successfully protect enough of the male population to
maintain healthy sex ratios (Allsop and West, 2004). However,
the time it takes to observe population recovery will depend
on the demography of the fished population and whether the
population is demographically closed or open [i.e., the larval pool

comes from inside or outside the protected area (Easter et al.,
2020)].

4.4. Fisheries Management of Protogynous
Species and Knowledge Gaps
Evidence has shown that protogynous hermaphrodite fish species
are more susceptible to overfishing than gonochoristic species
(Provost and Jensen, 2015; Kindsvater et al., 2017). In a sex-
changing population, fishing mortality can disproportionately
affect one sex, whereas in a gonochoristic population it is
expected that fishing will impact both sexes equally (Provost and
Jensen, 2015). When fishing mortality affects one sex more than
the other, it can induce instability in the sex ratio, growth, and
fertilization success of the targeted population (Alonzo et al.,
2008). Therefore, sustaining exploited protogynous populations
requires specific fisheries management strategies that address the
details of sex-changing behaviors (Alonzo et al., 2008; Provost
and Jensen, 2015).

We presented evidence suggesting that fisheries management
targeting small (plate-sized) fish would be more sustainable
for PGG and bacalao than current fishing practices. However,
it is essential to understand the exact sex-changing rules
governing these species to inform species-specific management
strategies. In particular, further investigations on the size or
age at which sex change in the population occurs, natural
mortality, and recruitment dynamics are needed to improve
model accuracy. Our population model was sensitive to our
assumptions regarding natural mortality and the likelihood of
transition (size at which females change sex to males). We
assumed a constant natural mortality across all ages for each
species, as is common in fisheries population models, but it is
likely that natural mortality varies across different age groups and
between sexes. Moreover, maturation and transition probabilities
are size-specific and may vary among populations and locations
(Alonzo and Mangel, 2004).

Finally, complex social structures of hermaphroditic fish can
affect a species’ susceptibility to fishing in ways that we could
not address in our model (Alonzo and Mangel, 2004; Provost
and Jensen, 2015). For example, during spawning aggregation
events, a single large dominant male can fertilize the eggs of
multiple females. Therefore, the removal of large males during
a spawning period can disrupt complex social structures, causing
fertilization failure (Alonzo andMangel, 2004). However, there is
no information about the mating behaviors of PGG and bacalao,
and whether their reproductive patterns would differ from other
protogynous grouper species (e.g., Red Hind; Sadovy et al.,
1994). We recommend further investigation into the complex
social structures, mating behaviors, and age-specific changes in
survival and fecundity for bacalao and PGG to provide particular
fisheries management strategies that would allow the recovery of
the populations.

4.5. Modeling Approach for Data-Poor
Fisheries
While PGG and bacalao represent commercially and culturally
valuable fish species in Pacific Colombia and the Galapagos
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islands, there is little empirical information on the sex-changing
rules governing these populations. Our modeling framework
provided theoretical insights into the relative vulnerability to
overfishing of these two data-poor fisheries, using life history
characteristics gathered from the literature. This modeling
framework has the flexibility to be applied to other fish
species (i.e., protogynous and gonochoristic fish) of the Tropical
Eastern Pacific, and to a variety of fishing scenarios. This
approach presents an opportunity to prioritize species and
fisheries for which sustainable management could be improved
in developing, data-limited fisheries. For the fisheries considered
here, addressing knowledge gaps with further investigation
into the sex-changing rules of these species will improve our
understanding of the potential consequences of fishing on
population dynamics, and inform the best management strategies
for the sustainability of these valuable fisheries.
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