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Abstract: In tropical regions, temperature is the fundamental environmental factor controlling the
reproduction-related physiological activities of fish. Tropical fish are particularly sensitive to climate
change since they develop in a relatively stable thermal environment. A review was done to assess
the potential effect of temperature rise on reproduction and population structure in the commercially
important hermaphrodite grouper and wrasse species, and in gonochoric snapper species in the
southern Gulf of Mexico. Temperature increase can disturb the aromatase synthesis and/or activity,
which can affect the reproductive cycle and sexual differentiation in all studied species and the sexual
inversion process in sequential hermaphrodites. Moreover, a mistiming or discontinuity in spawning
seasonality could occur, with an alteration in the sex ratio in favor of males and a consequent reduction
in populations’ fecundity. Furthermore, if the level of fishing exploitation enhances species’ sensitivity
to environmental changes, then the stock of red grouper Epinephelus morio would be more affected by
temperature increases than other species because it is the only fish population in the Campeche Bank
currently assessed as overexploited.

Keywords: fish reproduction; hermaphrodite; gonochoric; surface sea temperature

1. Introduction

Among many effects of climate change, the rise of atmospheric greenhouse gases
(particularly carbon dioxide) has led to an increase in average sea surface temperatures
(SST). Fish are ectotherms and therefore extremely sensitive to changes in environmental
temperature. Tropical marine fishes living in a relatively thermal stable environment and
close to upper thermal limits are especially vulnerable to increases in SST [1,2]. Rising
temperatures in the ocean can affect all the successive lifecycle phases of fish (embryo,
larva, juvenile, and adult), as well as impact all levels of their biological and ecological
organization (individual, population, community, and ecosystem) [3-5]. Fish biological
functions, such as reproduction and growth, generally respond positively to slight increases
in environmental temperature but can also degrade when temperatures exceed a species’
thermal optimum. The aerobic thermal windows at which animals can function best, wideness
during the individual life cycle, and body size. Nevertheless, adult spawners present a
narrower thermal window making them more sensitive to warming because a minimal
temperature rise can surpass the individuals’ upper critical temperature-limit necessary to
reproduce [2,6].

Phenological observations generate indicators considered fundamental in demonstrat-
ing changes in the lifecycles of living beings [7]. First coined and used by the Belgian
botanist Charles Morrel in a 1953 publication [7,8], the term phenology can be defined
as, the study of the timing of recurring biological events, the causes of their timing with regard to
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biotic and abiotic forces, and the interrelation among phases of the same or different species [8]. The
biological rhythms of living beings involve the synchronization of an organism’s numerous
physiological functions with periodic variations of the surrounding environment. For
example, reproduction in teleosts is mainly controlled by two environmental factors: the
photoperiod and temperature [9,10]. The influence of these factors on the reproductive
cycles of fish varies by species and geographical distribution areas [11]. In cold, temperate,
and subtropical regions, photoperiod apparently plays a greater role than in tropical regions
where temperature and a combination of other stimuli such as rainfall, tides, or lunar cycles
would be the dominant factors [11,12]. Nevertheless, sea temperature may not only affect
the different phases of reproductive activity in teleosts (i.e., gametogenesis, the timing of
spawning, gonad regression, and egg quality) but on gonad differentiation and sexual
inversion of sequentially hermaphroditic species [13-15].

The most accurate data available on the mechanisms involved in fish reproductive
process disturbances in response to temperature are generally for temperate regions species,
such as salmon, obtained through laboratory experiments in a controlled environment [15].
For tropical fish, the possible effects of climate change on different aspects of their biology
and at the population level have not been evaluated yet. Any impact climate change could
have on reproduction in commercially important species would be in addition to the effects
of commercial fishing pressure on their population dynamics. In conjunction, these two
impacts could provoke strong repercussions in the socioeconomics of human populations
that depend on these species [4,14].

In the southern Gulf of Mexico, the grouper (Epinephelidae) and snapper (Lutjanidae)
complex is a main component of the finfish fishery based in the state of Yucatan, Mexico.
In 2014, these species represented 56% of finfish live weight catch landed in the state
(15,555 metric tons): 39% (6092 metric tons) was grouper and 17% (2544 metric tons) was
snapper (22% of the latter was red snapper Lutjanus campechanus) [16]. The grouper-snapper
fishery on the Yucatan Peninsula continental shelf (i.e., Campeche Bank) is in decline [17],
and the red grouper Epinephelus morio stock is overexploited [18]. The 69% decline in
grouper catches since 1972 (19,886 metric tons) has driven an intensification of fishing efforts
towards other potentially profitable species such as hogfish Lachnolaimus maximus [16,17].
Moreover, there is evidence of how climate change environmental variables may affect
the productivity of various fishery stocks on the Campeche Bank, particularly on red
grouper’s stock abundance, in which an increase in SST might have an effect on the species’
reproductive process and recruitment success [19].

By reviewing the literature available on the effects of climate change on fish species
reproduction, the present study objective was to evaluate its possible consequences on
reproduction and population structure in a case study of ten commercially important
hermaphroditic and gonochoric tropical fishes. Therefore, we analyze the possible reper-
cussions of temperature rise on the reproductive cycle, sex determination, and sex change
of grouper, snapper, and hogfish species, which populations on the Campeche Bank face
heavy fishing pressure and potential climate change effects.

2. Regulation of Fish Reproduction

Seasonal changes in proximal environmental factors modulate the neuroendocrine and
endocrine activity of the hypothalamic-pituitary—gonadal axis (HPG), which regulates re-
productive function in fish [9,10]. The gonadotropin-releasing hormone (GnRH) produced
by the hypothalamus stimulates the secretion of follicle-stimulating hormone (FSH) and
luteinizing hormone (LH) in the pituitary, which in turn induce the production of steroid
sex hormones such as estradiol-178 (E;) and 17,203-dihydroxy-4-pregnen-3-one (17,203P)
in the ovaries, and testosterone (T) and 11-ketotestosterone (11KT) in the testicles. One
notable aspect of teleost reproduction is the fundamental role played in steroidogenesis by
certain enzyme complexes, such as aromatase (P450aro) in females and 113-hydroxylase
(118H) in males. In the ovaries, aromatase causes the transformation of T (produced as a
precursor) into E;, while in the testicles 118H mediates conversion of T to 11KT [9,10,20].
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The sexual hormones produced by the gonads stimulate gametogenesis in both sexes;
vitellogenesis and oocyte maturation in females and spermiation in males. These hormones
also control the development of secondary sexual characteristics and reproductive behav-
ior [9,10], as well as modulate the physiological processes of gonad differentiation and sex
change in sequential hermaphroditic species [21-23].

3. Influence of Temperature in Fish Reproduction

Very little is known of the physiological role of temperature on the modulation of
fish reproductive activity, especially in tropical fish. Fluctuations in temperature most
probably cause variations in the expression of genes controlling the synthesis of repro-
ductive hormones and their associated enzymes at the level of certain crucial links in
HPG axis functioning [12]. Temperature acts directly at the cellular level on metabolic
activities affecting the synthesis, structure, and activity of the neurohormones, hormones,
and enzymatic complexes involved in steroidogenesis since these are thermosensitive and
thermolabile molecules [9]. Temperatures above organisms’ thermal physiological tolerance
range can cause negative effects on their reproductive processes by (1) inhibiting the expres-
sion of the genes that control the synthesis of reproductive hormones and associated enzymes;
(2) altering the activity levels of hormones in the bloodstream and enzymes in the gonads; and
(3) modifying the specific affinity of reproductive hormone receptor cells [15,24]. Consequently,
a higher-than-optimal temperature can affect oocyte development and maturation; the timing
of ovulation and spawning; and egg quality and reproductive physiology in females [25].

4. Effects of Rising Temperature in Fish Reproduction
4.1. Effect on Reproductive Cycle

Even relatively slight increases in temperature can provoke endocrinal changes in the
HPG axis of fish, particularly in tropical fish [12]. In these species, temperatures above 30 °C
can begin to disturb the endocrine activities involved in reproduction [15,26]. An increased
temperature generally leads to mistiming in fish reproductive cycles. Experimental studies
on different species suggest that this effect is more notable in females than males [24].
This mistiming in a female’s reproductive cycle results from the decrease or inhibition
of aromatase and E; synthesis and activity when environmental temperature increases
above a species’ physiological thermal tolerance range. How off the timing will depend on
the season during which the temperature increase occurs in relation to the season during
that a species reproduces. Temperature effects will be strongly dependent not only on the
overall temperature but on the annual pattern of thermal change as well. Therefore, in
temperate regions, high temperatures can advance or truncate the reproduction season in
spring or summer spawning species and delay the season in fall spawning ones [15,24]. In
equatorial regions, fish species commonly reproduce during a large portion of the year and
even year-round. Temperature increases in these regions can advance the beginning of the
reproduction season in species, which start reproducing after crossing a thermal threshold.
The reproductive season can overextend as long as the upper limit of the reproduction-
compatible temperature range is not exceeded. If the maximum temperature exceeds a
tropical species’ physiological tolerance range during reproduction season, ovulation and
spawning can be eventually temporary interrupted [3,24]. Indeed, extreme temperatures
alter gonad development and block gamete emissions by inhibiting the genes that code
steroidogenic enzymes in gonads of both sexes [12,15,24]. In consequence, mistiming
in fish reproductive cycles can easily cause negative changes in gamete quality and on
larvae development due to a mismatch between the timing of hatching and favorable
environmental conditions for larval survival [5,15,24].

4.2. Effect on Sexual Determination

Sex determination in many gonochoristic fishes is controlled by genetic factors (geno-
typic sex determination-GSD) or environmental factors (environmental sex determination-
ESD). With GSD, sex is determined at conception by genes generally located in the sexual
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chromosomes. With ESD, sex is determined after fertilization by environmental factors,
primarily temperature during a critical period of cell sensitivity (embryonic or larval stage).
This is referred to as temperature sex determination (TSD) [27]. However, sex determi-
nation in some GSD species can be influenced during embryo and larva development
by environmental effects of exogenous factors (GSD + EE) and especially by temperature
effects (GSD + TE) [28,29]. Therefore, in species with GSD + TE, the temperature can
eventually orient final gonad differentiation (phenotypic sex) in the opposite direction to
that established genetically [9,10]. In some thermosensitive gonochoristic species (TSD
or GSD + TE), the proportion of males increases with higher temperatures, generating an
imbalance in the population’s sex ratio [28,30]. This higher proportion of males could be a
result of the inhibition of thermosensitive genes expression that code aromatase biosynthesis
(e.g., cypl9ala in gonads). A low aromatase activity prevents the conversion of T to E;, lead-
ing to an imbalance in sexual steroids in favor of the 11-oxygenated androgens (e.g., 11-KT)
and thus favoring the masculinization of undifferentiated individuals [23,30]. Aromatase
activity may therefore play a key unidirectional role in sex determination since E; acts as a
natural inductor of ovary differentiation [9]. Very little data is available to date on gonad
differentiation in hermaphroditic species and the effect of temperature on this differen-
tiation [13,30,31]. However, it is assumed that ovarian differentiation may be the primary
status in sequential hermaphroditic fishes, as it has been observed that all undifferentiated
gonads of some protogynous or protandrous species first differentiate into immature ovaries.
Subsequently, immature ovaries differentiate then into mature ovaries or testis [31,32].

4.3. Effect on Sex Change

The key factor in the physiological process of sex change in sequentially hermaphroditic
species is the expression level of the genes involved in aromatase biosynthesis [23,30]. In
these species, the functional female phase is characterized by high serum levels of E,, while
the functional male phase sees high serum levels of 11KT [32,33]. In protandrous species,
the activation of the aromatase genes induces an increase in E; levels that favors the sex
change from male to female. In contrast, in protogynous species, the deactivation of these
genes provokes a decrease in aromatase and E; levels and, by cascade effect, an increase in
11B8H and 11KT levels that favors the sex change from female to male [14,22,23]. Tempera-
ture rising may impede or induce a sex change in sequential hermaphroditic species, despite
the control exercised by social factors on the sexual inversion process [15,30]. Indeed, high
temperatures may inhibit the expression of the aromatase genes and consequently impede
sexual inversion from male to female in protandrous species. Contrarily, in protogynous
species, inhibition of the aromatase genes expression may enhance sexual inversion from
female to male and induce sex change at an earlier age and a smaller size [15].

5. Case Study
5.1. Studied Species

Analyses were done on 10 tropical demersal teleost species distributed in the west
central Atlantic Ocean (Table 1); all are probably rather sensitive to climate change. Indeed,
these species share similar complex lifecycles consisting of a succession of different stages
that develop in different habitats: embryonic and larval stages occur in a three-dimensional
pelagic habitat and the juvenile and adult stages in a two-dimensional demersal habi-
tat. Each developmental stage can be disturbed in different degrees by temperature in-
creases [4]. However, the consequences of climate change could vary according to the
characteristics of each species’ reproductive cycle and the prevalent sexuality pattern in
each family. The seven studied grouper and wrasse species exhibit monandric protogynous
hermaphroditism; that is, individuals change sex during their lifecycle, passing from a
functional female to a functional male phase and, therefore, males are termed secondary
males because all are produced by sexual inversion from previous functional females.
Conversely, the three analyzed snapper species are gonochoristic [34,35].
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Table 1. Tropical fish species from the Campeche Bank analyzed in the present study. #: MPH = monandric
protogynous hermaphroditism; *: G = gonochorism [34,35].

. Species Sexual Pattern
Family
Scientific Name Common Name

Epinephelus guttatus Red hind MPH 2

Epinephelus morio Red grouper MPH 2

Epinephelidae Mycteroperca bonaci Black grouper MPH #

(grouper) Mycteroperca microlepis Gag MPH ?

Mycteroperca tigris Tiger grouper MPH 2

Mycteroperca venenosa Yellowfin grouper MPH ?
Lutjanidae Lutjanus campechanus Red snapper Gb
(snapper) Lutjanus synagris Lane snapper GP
Labridae Ocyurus chrysurus Yellowtail snapper GP

(wrasse) Lachnolaimus maximus Hogfish MPH @

5.2. Potential Change in Female’s Reproductive Cycle

The reproductive biology of Campeche Bank’s populations were analyzed: between
1988 and 1993 for red grouper [36]; 1996 and 2001 for black grouper and gag [37,38]; 1999
and 2000 for red snapper [39]; 2008 and 2010 for red hind, tiger grouper and yellowfin
grouper [40,41], and yellowtail snapper and lane snapper [42,43], and between 2011 and 2015
for hogfish [44]. In the present study, species” spawning seasonality was assessed, consider-
ing only the reproductive cycle of females, because ovaries best reflect the duration of fish
spawning activity [45]. On the Campeche Bank, the grouper reproduction season is shorter
(4-7 months) [36,38,40] than that of the snapper and the hogfish (11-12 months) [39,42,44];
the one exception is female black grouper, which are sexually active all year-round [37]
(Figure 1). Some of the grouper begin maturing in autumn (red hind, red grouper, and
gag) and others in winter (tiger grouper and yellowfin grouper), but all (including black
grouper) exhibit spawning peaks in winter and/or early spring, when temperature and
photoperiod increases gradually (Figure 1). None of the species spawn in summer when
SST reaches maximum levels around July-September, nor in autumn (except for black
grouper) when temperature and photoperiod start to decrease. In contrast, the snapper
and hogfish can mature and spawn year-round, exhibiting spawning peaks in spring and
autumn, when temperature and photoperiod increase or decrease, respectively (Figure 1).

If the water temperature is the most influential environmental factor regulating repro-
duction in tropical fishes, any increase that exceeds the upper limit of their physiological
thermal tolerances could produce mistiming in their reproductive cycles. The upper-
temperature threshold from which reproduction of grouper, snapper, or wrasse species
is affected is unknown. Notwithstanding, in some tropical fishes, the thermal inhibition
of reproduction typically appears at 30 °C and above [15,26]. Since the species of this
study displayed a range of spawning temperatures, observed in the field or captivity, that
never exceeded 30 °C (Table 2), we assumed this temperature could be the current thermal
tolerance limit for their reproduction.

Sea surface temperature (SST) changes, predicted by the Intergovernmental Panel on
Climate change (IPCC) Sixth Assessment Report (AR6) for the Southern Central American
region [46,47], using general circulation models of the Coupled Model Intercomparison
Project Phase 6 (CMIP6) [48], were taken into consideration in the present study. Mean
monthly SSTs predicted for the Campeche Bank waters were used according to three
possible climate change scenarios (Shared Socioeconomic Pathways: SSP2-4.5, SSP3-7.0,
and SSP5-8.5) developed by the IPCC for selected 20-year time periods: 2040, 2060, 2080,
and 2100 (Table 3). Monthly mean SSTs predicted for the current period (2022) do not raise
the 30 °C (scenario CMIP6 SSP2-4.5). Thus, we assumed that the reproductive cycle of the
studied species is not yet affected by rising water temperature (Figure 1).
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CMIP6-55P2-4.5
SST(°C): 27.1 269 272 281 290 292 29.1 292 293 290 283 273

Red hind

Red grouper
Black grouper
Gag

Tiger grouper
Yellowfin grouper
Red snapper

Photoperiod (hours)

Lane snapper
Yellowtail snapper
Hogfish

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 1. Species’ natural female reproductive cycle of studied grouper (green bars) [36-38,40,41],
snapper (blue bars) [39,42,43], and wrasse (orange bar) [44] from the Campeche Bank. Colors
indicate monthly mean sea surface temperatures (SST) predicted by the Intergovernmental Panel
on Climate Change, for the more-plausible CMIP6 SSP2-4.5 scenario projected for 2022 [46—48]. For
each species, solid bars represent reproductive season reported as the months that include spawning-
capable females; solid circles represent spawning season reported as the months that include actively
spawning females, and white stars represent peak spawning reported as the months that include more
than 50% of females in actively spawning sub phase (for reproductive phase terminology see [49]).
Yellow curve indicates monthly photoperiod length (Time and Date AS 1995-2022. Available online:
http:/ /www.timeanddate.com/sun/mexico/merida, accessed on 1 March 2022).

Table 2. Spawning temperature ranges observed in captivity (') and in their natural habitat (%; bottom
temperature) for grouper, snapper, and wrasse species analyzed in the present study.

Species Spawning Temperature Range (°C) Reference
Grouper
96 1
Epinephelus guttatus ;2_;2 2 {2(1)%
73 1
Epinephelus morio %g_;i 2 {gg%
Mycteroperca bonaci 261 [50]
1
Moycteroperca microlepis %g 2 {gg}
752
Mycteroperca tigris 2135 42 {gi}
201
Mycteroperca venenosa f?_;g 2 EZ}
Snapper
23-26! [55]
25281 [56]
992
Lutjanus campechanus 2i23191 Eg
19-282 [52]

21-292 [59]
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Table 2. Cont.

Species Spawning Temperature Range (°C) Reference
Lutjanus synagris 22-287 [60]
janus synag 26272 [61]
24-30! [62]
Ocyurus chrysurus 22-271 [63]
24-261 [58]

Wrasse

Lachnolaimus maximus 24-262 [64]

Table 3. Mean monthly sea surface temperature (SST) predicted for the Campeche Bank waters for
selected 20-year time periods, according to three possible climate scenarios (SSPs, Shared Socioe-
conomic Pathways) developed by the Intergovernmental Panel on Climate Changes (IPCC) Sixth
Assessment Report (AR6) for the Southern Central American region [46,47], using general circulation
models of the Coupled Model Intercomparison Project Phase 6 (CMIP6) [48]. Gray areas indicate
months in which mean SST > 30 °C.

Mean Monthly Sea Surface Temperature (°C)
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Now. Dec.
Scenario CMIP6 SSP2-4.5

2040 27.3 27.2 27.5 28.4 29.3 29.5 29.5 29.7 29.7 29.5 28.8 28.1
2060 27.9 27.7 28.1 289 29.8 30.0 29.9 20.1 30.2 30.3 29.2 28.4
2080 28.2 28.0 28.3 29.1 29.1 30.2 30.2 30.4 30.5 30.3 29.6 28.7
2100 28.3 28.1 28.4 29.3 30.2 30.5 30.4 30.7 30.9 30.6 29.9 29.0

Scenario CMIP6 SSP3-7.0

2040 274 27.3 27.7 28.4 29.2 29.5 29.4 29.6 29.7 29.5 28.8 28.0
2060 28.1 279 28.2 29.0 29.9 30.2 30.1 30.4 30.6 30.3 29.6 28.8
2080 28.7 28.5 28.9 29.7 30.5 30.8 30.7 30.1 31.2 31.0 30.3 29.5
2100 29.5 29.3 29.7 30.5 31.3 31.7 31.7 32.0 32.2 32.0 31.3 30.4

Scenario CMIP6 SSP5-8.5
2040 274 27.3 27.7 28.6 29.4 29.7 29.7 299 30.0 29.7 29.1 28.2
2060 28.3 28.2 28.6 29.3 30.3 30.5 30.5 30.7 30.9 30.5 29.8 29.0
2080 29.2 29.1 29.3 30.1 31.0 31.3 31.3 31.6 31.7 31.4 30.7 29.8
2100 30.0 29.8 30.2 31.1 31.9 322 32.2 325 32.6 32.5 31.8 30.9

Year

In SPP2-4.5 and SSP3-7.0 scenarios, timing in reproduction of all species would not
be affected before 2060 (Figures 2 and 3); while in the SSP5-8.5 scenario, the year-round
reproductive cycle of black grouper and all snappers could be interrupted at the end of
summer as soon as 2040 (Figure 4). From 2060 to 2100 in SPP2-4.5 and SSP3-7.0 scenarios
and between 2060 and 2080 in the SSP5-8.5 scenario, a more severe mistiming in the
reproductive cycle could occur for all snapper and hogfish than for grouper (Figures 2-4).
For 2100 in the worst SSP5-8.5 scenario, the reproductive cycle of all species could be
dramatically affected (Figure 4).
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Figure 2. Hypothetical effect of climate change on reproductive cycle of studied grouper (green bars),

snapper (blue bars), and wrasse (orange bars) species from the Campeche Bank, in relation to 2040,
2060, 2080, and 2100 monthly changes in mean sea surface water temperature (SST) predicted by
the CMIP6 SSP2-4.5 scenario of the Intergovernmental Panel on Climate change [46-48]. For each
species, solid bars represent reproductive season reported as the months that include spawning
capable females; solid circles represent spawning season reported as the months that include actively

spawning females, and white stars represent peak spawning reported as the months that include more

than 50% of females in actively spawning sub phase (for reproductive phase terminology see [49]).
Yellow curve indicates monthly photoperiod length (Time and Date AS 1995-2022. Available online:
http:/ /www.timeanddate.com/sun/mexico/merida, accessed on 1 March 2022).
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Figure 3. Hypothetical effect of climate change on reproductive cycle of studied grouper (green bars),

snapper (blue bars), and wrasse (orange bars) species from the Campeche Bank, in relation to 2040,

2060, 2080, and 2100 monthly changes in mean sea surface water temperature (SST) predicted by
the CMIP6 SSP3-7.0 scenario of the Intergovernmental Panel on Climate change [46-48]. For each
species, solid bars represent reproductive season reported as the months that include spawning
capable females; solid circles represent spawning season reported as the months that include actively

spawning females, and white stars represent peak spawning reported as the months that include more

than 50% of females in actively spawning sub phase (for reproductive phase terminology see [49]).

Yellow curve indicates monthly photoperiod length (Time and Date AS 1995-2022. Available online:
http:/ /www.timeanddate.com/sun/mexico/merida, accessed on 1 March 2022).


http://www.timeanddate.com/sun/mexico/merida

Fishes 2022, 7, 156

10 of 16

Red hind

Red grouper
Black grouper
Gag

Tiger grouper
Yellowfin grouper
Red snapper

Lane snapper
Yellowtail snapper
Hogfish

Red hind

Red grouper

Black groupcr
Gag

Tiger grouper
Yellowfin grouper
Red snapper

Lane snapper
Yellowtail snapper
Hogfish

Red hind

Red grouper
Black grouper
Gag

Tiger grouper
Yellowfin grouper
Red snapper

Lane snapper
Yellowtail snapper
Hogfish

Red hind

Red grouper
Black grouper
Gag

Tiger grouper
Yellowfin grouper
Red snapper
Lane snapper
Yellowtail snapper
Hogfish

SSI{"C)
CMIP6-55P5-8.5

27 28 29 30 31 32 33

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Photoperiod (hours) Photoperiod (hours) Photoperiod (hours)

Photoperiod (hours)

2040

2060

2080

2100

Figure 4. Hypothetical effect of climate change on reproductive cycle of studied grouper (green bars),

snapper (blue bars), and wrasse (orange bars) species from the Campeche Bank, in relation to 2040,
2060, 2080, and 2100 monthly changes in mean sea surface water temperature (SST) predicted by
the CMIP6 SSP5-8.5 scenario of the Intergovernmental Panel on Climate change [46-48]. For each
species, solid bars represent reproductive season reported as the months that include spawning

capable females; solid circles represent spawning season reported as the months that include actively

spawning females, and white stars represent peak spawning reported as the months that include

more than 50% of females in actively spawning sub (for reproductive phase terminology see [49]).

Yellow curve indicates monthly photoperiod length (Time and Date AS 1995-2022. Available online:

http:/ /www.timeanddate.com/sun/mexico/merida, accessed on 1 March 2022).
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5.3. Potential Change in Population Structure
5.3.1. Effect on Sex Determination

Snapper populations generally exhibit characteristics of gonochoristic species such
as balanced sex ratios, with a similar average size and size range between sexes [65], such
as the one observed for red snapper from the Campeche Bank [39] (Figure 5A). On the
other hand, the monandric protogynous hermaphroditic sexuality of grouper and hogfish
display a biased sex ratio towards females and bimodal size—frequency distributions: minor
females’ average size than average males’ size (all secondary males); size-range of females
barely overlapping with that of males [66], such as the one observed for tiger grouper of
the Campeche Bank [41] (Figure 5B).

In snapper, the reduction of aromatase activity induced by ocean warming due to
climate change could lead to the masculinization of a larger proportion of undifferenti-
ated individuals, diminishing in consequence the proportion of females. The sex ratio
in these populations could then become imbalanced, in favor of males without a notable
modification in average size or individual size ranges for both sexes (Figure 5C).

If assumed that a rise in temperature produces the same physiological effect in steroido-
genesis as observed in gonochoristic snapper, previously explained, in monandric pro-
togynous hermaphroditic grouper and hogfish, the reduction or inhibition of aromatase
activity could also cause early masculinization of a fraction of undifferentiated individuals.
These would result in the appearance of small-sized males in the populations (i.e., primary
males) and consequently diminish the whole proportion of females. Under this scenario,
hermaphroditic species would exhibit a less biased sex ratio towards females, or perhaps a
balanced one, depending on the magnitude of the early masculinization process. Average
male size, including a mix of primary and secondary males, would decline and eventually
match that of females. The male size range would then widen and, in time, overlap that of
the females (Figure 5D). Therefore, ocean warming due to climate change could modify
the sexuality pattern of these protogynous hermaphroditic species from monandry (only
secondary males) to diandry (primary and secondary males).

5.3.2. Effect on Sex Change

For populations of monandric species such as grouper and hogfish, ocean warming
could inhibit aromatase biosynthesis or activity leading to a sex ratio change in favor of
males due to the premature transition of females to males. Therefore, the average size of
males and females would be reduced, the size range of males would expand, and as a
consequence, the female-size range would narrow (Figure 5E). Considering a hypothetical
early masculinization in a fraction of the undifferentiated individuals, the early sexual
inversion of females could skew the sex ratio further in favor of males, with smaller average
sizes and a wider size range for males, and even smaller average sizes and narrower size
range of females (Figure 5F).
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Figure 5. Hypothetical effect of climate change on population structure (size and sex-ratio) of
gonochoristic (snapper) and hermaphroditic (grouper and wrasse) species. (A) Size—frequency
distributions observed for female and male red snapper from the Campeche Bank [39], a repre-
sentative gonochoristic fish. (B) Size—frequency distributions observed for female and male tiger
grouper from the Campeche Bank [41], a representative monandric protogynous hermaphroditic fish.
(C) Expected change in red snapper sex—size—frequency distributions caused by the effect of increasing
water temperature on sex determination. (D) Expected change in tiger grouper sex—size—frequency
distributions caused by the effect of increasing water temperature on sex determination. (E) Expected
change in tiger grouper sex—size—frequency distributions caused by the effect of increasing water
temperature on sex change. (F) Expected change in tiger grouper sex—size—frequency distributions
caused by the effect of increasing water temperature on sex determination and sex change. Vertical
arrows indicate an increase (1) or a decrease (J.) in male or female proportion, respectively. Horizontal
arrows (<) indicate an increase or a decrease in male or female size range, respectively.

6. Conclusions

The physiological stress and phenological alterations caused by ocean warming due to
climate change in tropical fish species may have repercussions in recruitment mechanisms,
marine population abundance, and distribution [5]. At the organism level, it is probable
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that disturbances in the aromatase synthesis and/or activity involved in steroidogenesis
will always be the physiological key factor responsible for the changes that could occur
in the female reproductive cycle, in sex differentiation, and, in the case of sequential
hermaphroditic species, in the sexual inversion process.

These changes may affect the temporal dynamic of maturation and gamete release, as
well as causing significant modifications in a population’s sex ratio and the size structure of
males and females. Reductions in the proportion of females experienced by gonochoristic
and protogynous hermaphroditic fishes could diminish the population fecundity in all the
analyzed species. In addition, the predicted decreases in the proportion of larger-sized
females (the most prolific) in protogynous hermaphroditic species could contribute to
further lowering the population fecundity in grouper species and hogfish. However, the
magnitude of the potential effects of temperature changes on disturbances in aromatase
synthesis and/or activity can be extremely different between species, even those that belong
to the same genus or family and share the same ecosystem. It is important to consider that
the impact of higher temperatures depends on organisms’ thermal tolerance range, their
capacity to acclimate and adapt to environmental changes, and their habitat requirements,
which varies widely among species [2,4].

Climate change more-plausible trajectories should include scenarios such as SSP2-4.5
and SSP3-7.0 [67]. Whichever the scenario contemplated, seasonal spawning of hogfish,
all snapper, and most of the grouper of the Campeche Bank could be affected by 2060, if
30 °C is considered as the current thermal tolerance limit for their reproduction. All species
are of high commercial value and are intensively exploited throughout the Gulf of Mexico
and the tropical western Atlantic. Overfishing is the main threat for all these species. Red
grouper, gag, red snapper, and hogfish are currently listed as Vulnerable, whereas black
grouper, yellowfin grouper, and lane snapper are assessed as Near Threatened [68]. The
level of fishing exploitation could enhance species’ sensitivity to environmental changes.
Fish stocks subject to heavy exploitation would therefore be more vulnerable to the effects
of climate change than those that experience a low fishing pressure. An excessive fishing
pressure could modify the population age and size structure, and reduce their size and
genetic variability, thus limiting their evolutionary response to environmental changes
and their recovery capacity in case of collapse [4]. As a consequence, the overexploited
Campeche Bank red grouper stock could be more affected by temperature increments than
other species in the region. In contrast, the appearance of primary males by the early
masculinization of some undifferentiated individuals and the early sexual inversion of
females in the populations of hermaphroditic grouper and wrasse could enhance their
resilience towards the selective fishing of larger and older fish, which are commonly male.

Ocean warming due to climate change may affect fisheries by altering organism physi-
ology, but it may also modify other aspects such as species distribution and /or abundance
as individuals can migrate toward areas with more propitious conditions, consequently low-
ering the availability in zones where they were exploited traditionally [2,4]. In this case,
a predicted rise of 2 °C over pre-industrial temperatures could cause a drop of 30 to 70%
in the species richness of tropical fisheries, threatening food security in some countries. In
socioeconomic terms, developing countries in the tropics could be particularly vulnerable
to climate change; for example, an increasing scarcity of fishing resources would result in
reduced food security, lower financial income, and loss of jobs in the fishing industry [2].
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