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Abstract: Alterations in fish developmental trajectories occur in response to genetic and environ-
mental changes, especially during sensitive periods of development (critical windows). Embryos
and larvae of Atractosteus tropicus were used as a model to study fish survival, growth, and devel-
opment as a function of temperature (28 °C control, 33 °C, and 36 °C), salinity (0.0 ppt control,
4.0 ppt, and 6.0 ppt), and air saturation (control ~95% air saturation, hypoxia ~30% air saturation,
and hyperoxia ~117% air saturation) during three developmental periods: (1) fertilization to hatch,
(2) day 1 to day 6 post hatch (dph), and (3) 7 to 12 dph. Elevated temperature, hypoxia, and hy-
peroxia decreased survival during incubation, and salinity at 2 and 3 dph. Growth increased in
embryos incubated at elevated temperature, at higher salinity, and in hyperoxia but decreased in
hypoxia. Changes in development occurred as alterations in the timing of hatching, yolk depletion,
acceptance of exogenous feeding, free swimming, and snout shape change, especially at high tem-
perature and hypoxia. Our results suggest identifiable critical windows of development in the early
ontogeny of A. tropicus and contribute to the knowledge of fish larval ecology and the interactions of
individuals x stressors x time of exposure.

Keywords: ancestral fish; developmental phenotypic plasticity; heterokairy; sensitive periods;
critical windows

1. Introduction

Developmental phenotypic plasticity is the ability of an organism in its early stages to
modify its phenotype as a function of intrinsic (genetic) or extrinsic (environmental) fac-
tors [1-3]. Modifications in the developmental trajectory as a result of phenotypic plasticity
have the capacity to alter traits in adulthood, being either adaptative or detrimental [4-6].
Alterations in certain characteristics of developing organisms occur during specific periods
of time known as critical windows, which are sensitive periods during development when
phenotype is responsive to intrinsic or extrinsic factors [1,7-9].

Most studies analyzing critical windows have focused on the effect of one factor
(stressor) at different times in development [10-13]. However, an experimental design
for critical windows that is multifactorial (e.g., multiple factors varying simultaneously)
offers a more realistic set of circumstances that affords the opportunity to understand and
visualize the interaction of development, stressor dose, and the response on phenotypic
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characteristics of interest [9,14]. Most studies investigating critical windows have targeted
morphological and physiological characteristics, maturation, metabolism, etc. across the
different animal taxa [12,13,15-17].

In fishes, specifically, relatively little is known about survival and growth during
critical windows, even though fish species have long been used as animal models. Some
examples of studies analyzing critical windows, survival, and growth described how
survival and some growth parameters are affected by shifting incubation temperature in the
lake whitefish Coregonus clupeaformis [16] or decreased survival and hatch in the Japanese
medaka (Ozyrias latipes) exposed to selenomethionine and hypersaline environments. These
experiments identified the early neurulation as the most susceptible stage for lethality and
morphological alterations [18].

In addition to determining the effect of stressors on the critical windows of a given
trait, it is important to analyze how these factors can alter the developmental trajectories
of organisms, especially regarding the onset and timing of developmental events. Mod-
ifications in the onset and timing of the different physiological processes of individuals
have been defined as “heterokairy”, “ ... the plasticity in the timing of the onset of de-
velopmental events at the level of an individual during its development” [19]. However,
heterokairy can also be evident in changes occurring between populations of a given
species. Our understanding of heterokairy as variation at the individual or populational
level and not between species remains meager [19-22]. Information on heterokairy and
critical windows in air-breathing fishes—either Holosteans or Teleosteans—is especially
incomplete. Most studies of these groups have focused on the morphology and physiology
of the adult forms of the species [23-28]. Some studies have focused on embryonic and
larval air-breathing fishes, which are the most vulnerable and where selective pressures
act heavily [29]. Those studies have focused on larval and embryonic morphology and
physiology of Teleosteans [30-35] and some Holosteans as Lepisosteids [36—42].

Lepisosteid larvae exhibit rapid embryonic and larval development, making them
tractable models for studying early stages of fishes [37]. The tropical gar Atractosteus tropicus
Gill 1863 is one of the seven extant Lepidosteid species and is distributed from Southern
Mexico to Central America [43-45]. This species occurs in slow moving waters such as
rivers, lakes, lagoons, and backwaters. The tropical gar can survive to low oxygen levels
and moderately high temperatures [46]. In addition to the ecological role of the species
in its habitat, A. tropicus represents socioeconomic and cultural significance in Tabasco
(Southern Mexico) and surrounding areas with Olmec and Mayan cultures. For example,
A. tropicus is a popular food item, especially because of its high nutritional quality at a
low price. This species is also sold as pets, jewelry is made with their skin and scales, and
whole fish are preserved as souvenirs. Moreover, A. tropicus is one of the five main fishery
resources and cultured species in Mexico and it is an important species in the recreational
fishing industry [43-45].

Our study has focused on the effect of gradients of temperature, air saturation, and
salinity on survival, growth, and timing to key developmental events in embryos and
larvae of the tropical gar. We employed a critical windows design comprising three early
developmental periods, which we hypothesize could be developmental phases when char-
acteristics of embryos and larvae change as a function of the dose of the stressor and the
time of exposure. Furthermore, we also hypothesize that the stressors will have their great-
est effects during egg incubation, which can lead to long-term affectations in the fish since
embryos and early larvae are the most vulnerable stages in fish development [16,47,48]. We
identified the major critical windows for survival and growth as a function of temperature,
oxygen saturation, and salinity. We additionally assessed how the onset of hatching, yolk
depletion, acceptance of exogenous feeding, free swimming, and snout shape change
is altered by the different stressors applied during different developmental periods and
treatments. The data generated by the current research contribute to the knowledge and
understanding of the ecology and physiology of larval fishes and the interaction between
stressors, time of exposure, and individual response.
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2. Results
2.1. Survival as a Function of Stressor
2.1.1. Temperature

The highest survival rates at the end of the experimental period occurred in the control
group (84%), followed by larvae from experimental groups P2-33 °C, P3-33 °C, P2-36 °C,
and P3-36 °C (76-81%; p < 0.001). In contrast, fish from experimental groups P1-33 °C and
P1-36 °C showed lower survival (59% and 52% of survival, respectively) and CE-36 °C the
lowest (46%; p < 0.001; Figure 1a).
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Figure 1. Survival of embryos and larvae of Atractosteus tropicus during each experimental condition.
(a) Temperature, (b) air saturation, (c) salinity. Differences in survival between groups for each
experiment are represented by lowercase letters (p < 0.001). Black arrows indicate the corresponding
survival percentages for each group. Dashed arrows in (c), indicate groups where all larvae died.
n = 1350 fertilized eggs (150 per treatment) at the beginning of each experiment.
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2.1.2. Air Saturation Level

Survival at the end of the hypoxia experiment ranged from 79% to 83% in the fish
from the control and experimental groups P2-hypoxia, P3-hypoxia, P2-hyperoxia, and
P3-hyperoxia. These values were significantly higher (p < 0.001) compared to larvae from
experimental groups P1-hypoxia, P1-hyperoxia, CE-hypoxia, and CE-hyperoxia (55% to
59%; Figure 1b).

2.1.3. Salinity

Major differences in survival occurred (p < 0.001) due to the high mortality in exper-
imental groups P2-4.0, P2-6.0, CE-4.0, and CE-6.0. At the end of the experiment, larvae
from experimental group P1-6.0 exhibited the lowest survival (52%) and the rest of the
experimental groups showed no significant differences (p > 0.05), with percentages between
68% and 74% (Figure 1c).

2.2. Survival as a Function of Development Stage
2.2.1. Period 1 (P1)—Fertilization to Hatch

o  Temperature. Control larvae exhibited the highest survival (95%; p < 0.001) followed
by larvae from experimental groups P2-33 °C, P3-33 °C, P2-36 °C, and P3-36 °C (74%
to 89%). Lower survival (p < 0.001) was registered for fish from experimental groups
P1-33 °C and P1-36 °C at 68% and 63%, respectively. The lowest survival (p < 0.001)
occurred in larvae from experimental group CE-36 °C (49%; Figure 1a).

e  Air saturation. Control larvae and those from experimental groups P2-hypoxia, P3-
hypoxia, P2-hypeoxia, and P3-hyperoxia exhibited survival of 85-88%, which sig-
nificantly differed (p < 0.001) from experimental groups P1-hypoxia, P1-hyperoxia,
CE-hypoxia, and CE-hyperoxia (61-64%; Figure 1b).

e  Salinity. No significant differences occurred in survival (p > 0.05), which ranged from
75% to 85% in the different groups (Figure 1c).

2.2.2. Period 2 (P2)—From 1 to 6 dph

e  Temperature and air saturation. No significant differences were found (p > 0.05).
Survival was >90% in both experiments (Figure 1a,b).

e  Salinity. The highest salinity-induced mortality events occurred in this intermediate
period (p < 0.001). By 2 days post hatch (dph), all larvae from experimental groups
CE-4.0 and CE-6.0 had died. By 3 dph, the fish from experimental groups P2-4.0
and P2-6.0 had also died. The rest of the experimental groups showed no significant
differences (p > 0.05; survival 90% to 97%; Figure 1c).

2.2.3. Period 3 (P3)—From 7 to 12 dph

e  Developmental period 3 was the most resilient to stressors. No significant differences
were found between experimental groups in any experiment (p > 0.05): temperature
91-98% survival, hypoxia-hyperoxia 92-98%, and salinity 93-97% (Figure la—).

2.3. Body Morphology and Growth as a Function of Stressors and Stage of Exposure
2.3.1. Body Mass (BM)

e Temperature. At the end of developmental period 1, the control larvae displayed
the lowest body mass (16.1 + 0.6 mg), while larvae hatched in 33 °C and 36 °C
exhibited the highest (BM ~19-23 mg; p < 0.001; Figure 2a). For developmental
period 2, the highest BM was registered for larvae from experimental groups P1-
33 °C (34.9 £ 3.9 mg) and CE-36 °C (39.2 & 3,7 mg; p < 0.001; Figure 2a). By the
end of developmental period 3, larvae from experimental groups P1-33 °C, P1-36 °C,
CE-33 °C, and CE-33° showed higher BM (~38-43 mg) compared to the rest of the
experimental groups (BM ~30 mg; p < 0.001; Figure 2a). Figure 2d illustrates how
BM increased immediately after hatching in all the experimental groups, especially in
CE-33 °C and CE-36 °C. At the beginning of developmental period 3, a slight increase
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in BM occurred in larvae from experimental groups P3-33 °C and P3-36 °C. However,
after 2-3 days BM decreased to control values. The groups that exhibited the highest
BM at the end of the experiment started increasing BM at ~9 dph.

Air saturation. Larvae from experimental groups P1-hypoxia and CE-hypoxia dis-
played the lowest BM (~12 mg) at hatching (p < 0.001; Figure 2b). By developmental
period 2, larvae from experimental groups Pl-hyperoxia, P2-hyperoxia, and CE-
hyperoxia exhibited the highest BM (~42 mg; p < 0.001; Figure 2b). By developmental
period 3, fish from the control and P3-hyperoxia exhibited the lowest BM (~45 mg);
conversely, individuals from experimental groups P1-hyperoxia and P2-hyperoxia
showed the highest (BM ~64-73 mg; p < 0.001; Figure 2b). Figure 2e shows high
variation in BM for all groups since the beginning of developmental period 2. Fish
from experimental groups with the highest BM at the end of the experiment started
showing differences at ~9 dph (p < 0.001). Body mass of larvae from experimental
group P3-hyperoxia showed little variation through developmental period 3.
Salinity. In developmental period 1, fish from experimental groups P1-6.0 and CE-6.0
showed the highest BM (18.12 £ 1.3 mg and 19.4 £ 1.6 mg respectively; p < 0.001;
Figure 2c). At the end of developmental period 2, no significant differences in BM
occurred between any of the five surviving groups (BM ~32-37 mg; p > 0.05). By
developmental period 3, larvae from experimental groups P1-4.0 and P1-6.0 exhibited
higher BM (48.2 &+ 4.1 mg and 56.3 £ 6.1 mg, respectively) than the control and the
rest of the groups (~37—40 mg; p < 0.001; Figure 2c). Figure 2f shows the BM to increase
in P1-4.0 and P1-6.0 at ~7 dph and continued by the end of the experiment, while fish
from the control and experimental groups P3-4.0 and P3-6.0 remained constant.

In summary, body mass was significantly increased by higher temperature during the

three developmental periods, decreased in hypoxic groups during incubation and increased
in hyperoxic experimental groups exposed during developmental periods 1 and 2, and
increased at the end of the salinity experiment in fishes incubated at either 4.0 ppt and 6.0
ppt of salinity.

2.3.2. Total Length (L)

Temperature. Larvae exposed to either 33 °C or 36 °C during incubation exhib-
ited higher total length (L1) (~10-12 mm) compared to the controls (9.1 £ 0.36 mm;
p <0.001; Figure 3a). For developmental period 2, the highest Lt was observed in
larvae from experimental groups CE-36 °C (22.9 & 1.3 mm; p < 0.001; Figure 3a). By de-
velopmental period 3, larvae from experimental groups P1-33 °C, P1-36 °C, CE-33 °C,
and CE-36 °C showed higher Lt (~20-22 mm) than the control larvae (19.1 £ 0.7 mm;
p < 0.001; Figure 3a). The interaction of all variables during the complete experiment
is presented in Figure 3d. Total length from fish from experimental groups P1-33 °C
and CE-36 °C significantly increased from incubation through 12 dph, compared to
the rest of the groups (p < 0.001). However, larvae from experimental group P1-36 °C
showed increased Lt by hatching, but during developmental period 2, the values
were closer to the control larvae (~19 mm).

Air saturation. No significant differences were observed in fish Lt by develop-
mental period 1 (Lt ~9 mm; p > 0.05; Figure 3b). In developmental period 2, lar-
vae from experimental groups P1-hyperoxia and P2-hyperoxia showed higher Lt
(19.6 £ 0.9 mm; 19.7 £ 1.2 mm, respectively) compared to the rest (Lt ~18.5 mm;
p < 0.001; Figure 3b). For developmental period 3, Lt was higher in larvae from ex-
perimental groups P1-hyperoxia (24.8 £ 1.6 mm), P2-hyperoxia (23.6 £ 2.3 mm),
CE-hyperoxia (23.8 £ 2.2 mm), and CE-hypoxia (23.3 & 1.3 mm; p < 0.001) compared
to the control (20 = 1.8 mm; Figure 3b). Figure 3e shows the interaction of develop-
ment, L1, and time of exposure to hypoxia and hyperoxia throughout the experiment.
All treatments showed a similar tendency in the Lt increase from incubation to
~9 dph. However, at this point, Lt of fishes from experimental group P1-hyperoxia,
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P2-hyperoxia, CE-hyperoxia, and CE-hypoxia showed major increase in Lt than the
fish in the rest of the groups.

e  Salinity. By the end of developmental period 1, larvae from experimental groups P1-
4.0, CE-4.0, P1-6.0, and CE-6.0 showed higher Lt (~9.6-10 mm) compared to fish from
the control and experimental groups P2-4.0, P3-4.0, P2-6.0, and P3-6.0 (LT ~9.2 mm;
p < 0.001; Figure 3c). No significant differences in LT were observed at developmental
period 2 between experimental groups (Lt ~19.2 mm; p > 0.05; Figure 3c). At the end
of the experiment, only larvae from experimental groups P1-4.0 and P1-6.0 showed
significantly higher Lt values (~20.3-21-8 mm) compared to the control and larvae
from experimental groups P3-4.0 and P3-6.0 (~19.7 mm; p < 0.001; Figure 3c). The
interaction of Ly, development, and the groups during the whole experiment is
presented in Figure 3f. From incubation to ~9 dph, all groups showed similar patterns
of increase Lt. Right after this point, fish from experimental groups P1-4.0 and P1-6.0
showed higher values of Lt (~21 mm) than the control (19.2 + 1.1 mm; p < 0.001),
which continued through the experiment.
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Figure 2. Body mass (BM) of Atractosteus tropicus at the end of each developmental period for (a) temperature, (b) air
saturation, and (c) salinity experiments. Means + SEM are presented. Lowercase letters represent differences between
experimental groups from each developmental period (p < 0.001). Capital letters indicate differences within developmental
time for each experimental group (p < 0.001). Panels (d—f) show the relation between development, treatments, and effect
on the body mass of the fish in the whole experiments for temperature, air saturation, and salinity, respectively. Control
conditions: 28 °C, 0.0 ppt of salinity, normoxia (95% air saturation); treatments 1: 33 °C, hypoxia (~30% air saturation), or
4.0 ppt of salinity respectively to each experiment; treatments 2 (independently for each experiment): 36 °C, hyperoxia

(117% air saturation), or 6.0 ppt of salinity respectively to each experiment. Black crosses (X) in the salinity experiment
represent groups where all fish died. n = 20 for each treatment.
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Figure 3. Total length (Lt) of Atractosteus tropicus at the end of each developmental period for the experiments with (a)
temperature, (b) air saturation, and (c) salinity. Means = SEM are presented. Lowercase letters represent differences between
experimental groups from each developmental period (p < 0.001). Capital letters indicate differences within developmental
time for each experimental group (p < 0.001). Panels (d-f) show the relation between development, treatments, and effect
on the total length of the fish in the whole experiments for temperature, air saturation, and salinity, respectively. Control
conditions: 28 °C, 0.0 ppt of salinity, normoxia (95% air saturation); treatments 1: 33 °C, hypoxia (~30% air saturation), or
4.0 ppt of salinity respectively to each experiment; treatments 2 (independently for each experiment): 36 °C, hyperoxia

(117% air saturation), or 6.0 ppt of salinity respectively to each experiment. Black crosses (X) in the salinity experiment
represent groups where all fish died. n = 20 for each treatment.

In summary, total length was increased by higher temperature, especially during
continuous exposure. Hyperoxia during developmental periods 1 and 2, and continuous
hypoxia and hyperoxia increased Lt increased Lt at the end of the experiment. Salinities
of 4.0 ppt and 6.0 ppt during incubation increased Lt at the end of the experiment.

2.3.3. Specific Growth Rate (SGR)

e  Temperature. During developmental period 1, fish from the control and experimental

group P2-33 °C showed the lowest specific growth rate (SGR) (~0.7% d—1), while the

highest SGR was observed in larvae from experimental group CE-36 °C (1.3 &+ 0.2%
d~1; p < 0.001; Figure 4a).
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Figure 4. Specific growth rate (SGR) of Atractosteus tropicus. (a) Temperature, (b) air saturation, and (c) salinity experiments
at the end of each developmental period. Means + SEM are presented. Lowercase letters represent differences between
experimental groups from each developmental period (p < 0.001). Capital letters indicate differences within developmental
time for each experimental group (p < 0.001). Panels (d-f) show the relation between development, treatments, and effect on
the specific growth rate of the fish in the whole experiments for temperature, air saturation, and salinity, respectively. Control
conditions: 28 °C, 0.0 ppt of salinity, normoxia (95% air saturation); treatments 1: 33 °C, hypoxia (~30% air saturation), or
4.0 ppt of salinity respectively to each experiment; treatments 2 (independently for each experiment): 36 °C, hyperoxia

(117% air saturation), or 6.0 ppt of salinity respectively to each experiment. Black crosses (X) in the salinity experiment
represent groups where all fish died. n = 20 for each treatment.

In developmental period 2, the highest SGR was observed in the control (3.15 & 0.1% d ')
and experimental group CE-36 °C (3.17 & 0.3% d '), and the lowest by experimental groups
P1-36 °C, P2-36 °C, and CE-33 °C (~2.1-2.3% d~1; p < 0.001; Figure 4a). At the end of
developmental period 3, the highest SGR was registered in larvae from experimental
groups P1-33 °C (3.7 + 0.3% d ') and the lowest in larvae from experimental group P2-
36 °C (SGR = 2.2 4 0.2% d~!; p < 0.001; Figure 4a). Figure 4d shows the interaction of
temperature, time of exposure, and SGR. High variation can be observed in most groups
compared to the control. Larvae from P2-36 °C (lowest SGR) showed low increases in SGR
since the beginning of developmental period 2 (p < 0.001). Larvae from the group with
highest SGR (P1-33 °C) at the end of the experiment started increasing its values at ~10 dph.

e Airsaturation. At the end of developmental period 1, fish from experimental groups

P1-hyperoxia and CE-hyperoxia showed the highest SGR (0.74-0.86% d~!; p < 0.001;
Figure 4b). By developmental period 2, fish from experimental groups P1-hyperoxia,
P2-hyperoxia, and CE-hyperoxia exhibited the highest SGR (~4.5% d ~!) and the lowest
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was registered in larvae from P3-hyperoxia (3.5 + 0.4% d '), which did not present
significant differences compared to the control (3.9 + 0.2% d~!; p > 0.05; Figure 4b).
At the end of the experiment, fishes from experimental groups P1-hyperoxia and
P2-hyperoxia showed the highest SGR values (6.1 & 0.4% d~! and 5.4 + 0.8% d !
respectively; Figure 4b). Figure 4e shows the overall interactions in this experiment.
From ~6 dph, larvae from experimental group P3-hyperoxia showed no increase in
SGR throughout 12 dph. Fish from groups with the highest SGR (P1-hyperoxia and
P2-hyperoxia) increased their SGR at ~9 dph. For the rest of the groups, a continuous
but lower increase than P1-hyperoxia and P2-hyperoxia occurred (p < 0.001).

Salinity. By developmental period 1, SGR in experimental groups P1-6.0 (1.28 4- 0.1% d 1)
and CE-6.0 (1.53 + 0.2% d~!) was significantly higher than larvae from the control
(0.73 + 0.1% d-1 p < 0.001; Figure 4c). During developmental period 2, no significant
differences (p > 0.05) were observed (SGR ~3.4-3.9% d~!; Figure 4c). By developmen-
tal period 3, higher SGR was observed in experimental groups P1-4.0 (4.8 + 0.6% d 1)
and P1-6.0 (5.3 4+ 0.8% d 1) compared to the rest of the fish (SGR ~3.9—4.2% d-1;
p < 0.001; Figure 4c). Figure 4f shows similar values of SGR in all the groups by
hatching and 1 dph for the seven surviving populations. The control group and the
four surviving groups show a similar pattern in SGR along the experiment. However,
by 8 dph, fish from P1-4.0 and P1-6.0 started to show higher SGR values (p < 0.001).

In summary, specific growth rate was increased by higher temperature during devel-

opmental periods 1 and 2 and slightly increased by the end of the experiment in continuous
exposure groups and fish incubated at 33 °C. Hypoxia during developmental periods 1
and 3 slightly increased SGR at the end of the experiment, while hyperoxia increased SGR
during developmental periods 1 and 2, which was constant at the end of the experiment.
Salinities of 4.0 ppt and 6.0 ppt increased SGR at the end of the experiment in fish incubated
under these conditions.

2.3.4. Fulton’s Condition Factor (K)

Temperature. In developmental period 1, larvae from the control group and experi-
mental groups P2-33 °C and P3-33 °C showed the highest Fulton’s condition factor (K)
values (2.13 % 0.3) and the larvae from experimental group CE-33 °C presented the
lowest (1.32 & 0.2; p < 0.001; Figure 5a). No significant differences were exhibited by
developmental periods 2 and 3 (p > 0.05; Figure 5a). Figure 5d shows the interaction
of K values, temperature, and time of exposure. Condition factor decreases in all the
groups as development progresses. Peaks in experimental groups P3-33 °C, P3-36 °C,
and CE-33 °C occurred at different times of development (7 dph, 9 dph, and 4 dph
respectively). However, by the end of developmental periods 2 and 3, no difference
was observed (p > 0.05).

Air saturation. In developmental period 1, larvae from the control and experimental
groups P2-hypoxia, P3-hypoxia, P2-hyperoxia, and P3-hyperoxia showed higher K
values (K~2.1) than the larvae incubated in hypoxia and hyperoxia (K~1.8; p < 0.001;
Figure 5b). No significant differences in K occurred in developmental periods 2 and 3
and K values occurred as ~0.57 (p > 0.05; Figure 5b). Figure 5e shows how K values
decreased in most of the groups from hatch to 5 dph. Two peaks were registered at
2 dph and 3 dph for experimental groups P1-hypoxia and P2-hypoxia, respectively.
However, one day later K decreased to values close to the control group (K = 1.2 4+ 0.1).
Salinity. At the end of developmental period 1, the control and larvae from experi-
mental groups P2-4.0, P3-4.0, P2-6.0, and P3-6.0 showed higher K values (~2.1) than
larvae incubated in higher salinity (K ~1.7-1.9; p < 0.001; Figure 5c). No differences in
K occurred by developmental periods 2 and 3 (K ~0.5; p > 0.05; Figure 5c). Figure 5f
shows how K values decreased from hatching to 5 dph and remained constant for the
rest of the experiment in the five surviving groups.
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Figure 5. Fulton’s condition factor (K) of Atractosteus tropicus at the end of each developmental period. (a) Temperature, (b)
air saturation, and (c) salinity experiments. Means + SEM are presented. Lowercase letters represent differences between
experimental groups from each developmental period (p < 0.001). Capital letters indicate differences within developmental
time for each experimental group (p < 0.001). Panels (d-f) show the relation between development, treatments, and effect
on condition factor of the fish in the whole experiments for temperature, air saturation, and salinity, respectively. Control
conditions: 28 °C, 0.0 ppt of salinity, normoxia (95% air saturation); treatments 1: 33 °C, hypoxia (~30% air saturation), or
4.0 ppt of salinity respectively to each experiment; treatments 2 (independently for each experiment): 36 °C, hyperoxia

(117% air saturation), or 6.0 ppt of salinity respectively to each experiment. Black crosses (X) in the salinity experiment
represent groups where all fish died. # = 20 for each treatment.

In summary, Fulton’s condition factor was decreased by the three stressors during
incubation. However, no differences occurred in developmental periods 2 and 3 for any

experiment.
2.4. Timing of Developmental Events as a Function of Stressors and Exposure Stage

The experimental treatments resulted in significant changes in the timing of develop-
mental events (Table 1).
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Table 1. Time of occurrence (hours post fertilization) of key developmental events in Atractosteus tropicus. Significant differences between groups from every experiment for time to
hatching, exogenous feeding, yolk depletion, free swimming, and mouth opening are denoted by lowercase letters. Mean + SD are presented. n = 30 fish per experiment.

Treatment 1 (33 °C, Hypoxia, or Salinity = 4 ppt) Treatment 2 (36 °C, Hyperoxia, or Salinity = 6 ppt)
Event Experiment Control P1- P2- P3- CE- P1- P2- P3- CE-
Treatment 1 Treatment 1 Treatmemt 1 Treatment 1 Treatment 2 Treatment 2 Treatment 2 Treatment 2
Temperature 63442 48 + 2P 63432 62432 48+1° 364+1° 62422 61422 364+1°
Hatching Oxygen 60+12 504+ 1P 614+12 61412 49 +1b 67 +2° 60412 61412 67 +2°¢
Salinity 64+12 72 43P 634+12 62+12 724+ 3P 78 + 3P 64412 634+12 78 +3P
Pxosenots Temperature 116 + 52 98 43P 111462 109 4+ 52 884+ 2P 9242P 94 44b 112452 8241¢
Fegdin Oxygen 122 +32 122 +32 121 +£32 121 +32 123 +22 123 +22 121 +32 122 +£32 123 +32
J Salinity 122 +32 122412 - 1214+12 - 122422 - 123+12 -
Temperature 124+12 118 +1P 120 + 2P 125422 96 +1°¢ 96 +1°¢ 115+ 2P 124 +£32 88+ 14
Yolk Depletion Oxygen 126 +22 132 4+2P 126 + 32 126 + 32 125422 125+ 22 125+ 32 127 +12 127 412
Salinity 125 +22 126 +32 - 127 + 22 - 127 +32 - 126 +£32 -
Free Temperature 140 + 22 1254+ 2P 1254+1b 138 + 22 1054+ 1°¢ 102+1° 126+ 1P 140 +£22 96+ 14
Swimming Oxygen 130 4+ 32 136 +32 132422 132422 130 +32 136 + 2P 131 +32 132442 131422
Salinity 142 432 152+ 32 - 143 +22 - 154 4+ 3P - 145+ 32 -
Snout Shape  Temperature 168 £33 156 + 2P 140 £2°¢ 168 £23 126 + 14 1554 4P 152 +2P 168 £42 118+ 14
Changep Oxygen 172 £33 183+ 1P 172432 171412 173 +32 171 £ 32 172 + 22 171 £ 22 172 + 32

Salinity 174 + 472 174 £ 34 - 174 £ 472 - 174 £ 472 - 173+ 42 -
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2.4.1. Time to Hatching

Time to hatching was significantly decreased by increasing temperature (p < 0.001).
Embryos incubated at 28 °C hatched at ~63 h post fertilization (hpf), while embryos
incubated in 33 °C and 36 °C hatched at ~48 hpf and ~36 hpf, respectively (Table 1).
Temperature sensitivity for hatching showed higher Q¢ values between 33 °C and 36 °C
(Q10 = 2.5) while lower values were exhibited by intervals 28-33 °C (Qjp = 1.5 £ 0.24) and
28-36 °C (Q19 = 0.89 & 0.09; p < 0.001; Table 2).

Table 2. Temperature sensitivity in key developmental events in the tropical gar in the tempera-
ture experiment. Mean £ SD are presented. Differences between temperature intervals for each
developmental event are indicated with different lowercase letters. n = 30 fish per group.

Temperature Intervals

Event
Q19 (28-33°0) Q10 (33-36 °C) Q1o (28-36 °C)
Hatching 1.5+022 314+03P 0.9+£01°¢
Exogenous Feeding 154+032 314+04b 09+01°¢
Yolk Depletion 1.6 £022 31+03P 09+01°¢
Free Swimming 1.5+042 314+06P 09+01°¢
Snout Shape Change 154032 31+06P 09+0.1°¢

Hypoxia decreased the time to hatch compared to the control (50 hpf and 60 hpf
respectively), while hyperoxia delayed it (~67 hpf; p < 0.001; Table 1). Salinities of 4.0 ppt
and 6.0 ppt delayed the timing of hatching (p < 0.001) approximately 8-14 h compared to
the control (~64 hpf; Table 1).

2.4.2. Time to Exogenous Feeding

In the temperature experiment, larvae from the control and experimental groups
P2-33 °C, P3-33 °C, P2-36 °C, and P-36 °C began exogenous feeding at ~109-116 hpf. The
larvae from experimental groups P1-33 °C, CE-33 °C, P1-36 °C, and CE-36 °C started
feeding significantly earlier (~ 82-98 hpf; p < 0.001; Table 1). The largest temperature
sensitivity occurred between 33 °C and 36 °C (Qqg = 3.1; p < 0.001; Table 2), with primarily
temperature insensitivity at the highest temperature range. All larvae in the air saturation
experiment showed no differences in the onset of exogenous feeding (~122 hpf; p > 0.05;
Table 1). Fish from the control and the surviving larvae in the salinity experiment did not
exhibit significant differences in the onset of feeding (~122 hpf; p > 0.05).

2.4.3. Time to Yolk Depletion

Larvae that hatched in 33 °C and 36 °C depleted the yolk sac in ~118 hpf and ~96
hpf, respectively, which was significantly sooner than the control (~ 124 hpf; p < 0.001;
Table 1). Individuals from experimental groups P2-33 °C, P3-33 °C, P2-36 °C, and CE-36 °C
depleted the yolk at ~122 hpf (Table 1). Temperature sensitivity was observed only between
33 °C and 36 °C (Qqp = 3.05; p < 0.001; Table 2). In the air saturation experiment, yolk sac
depletion was significantly delayed in larva from experimental groups P1-hypoxia and
CE-hypoxia (~132 hpf; p < 0.001; Table 1). However, fish from experimental group P2-
hyperoxia exhibited the shortest depletion time (125 % 2.5 hpf). No significant differences
were observed in the salinity experiment (p > 0.05), with a time to yolk depletion of
~126 hpf (Table 1).

2.4.4. Time to Free Swimming

In the temperature experiment, time to free swimming in the control was ~140 hpf
and differed from fish from experimental group CE-6.0 (~96 hpf; p < 0.001). Individuals
from experimental groups P1-33 °C, P2-33 °C, P2-36 °C, and P3-36 °C started swimming
significantly earlier than the control (~102 hpf to ~96 hpf; p < 0.001; Table 1). Large
temperature sensitivity only occurred between 33 °C and 36 °C (Qq = 3.05; p > 0.001;
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Table 2). In the air saturation experiment, larvae from the control started swimming at
~130 hpf and individuals from experimental groups P1-hypoxia and P1-hyperoxia started
swimming ~6 h later (p < 0.001; Table 1). In the salinity experiment, larvae from the control
and experimental groups P3-4.0 and P3-6.0 started swimming at ~144 hpf, while P1-4.0
and P1-6.0 started later at ~152 hpf and ~154 hpf, respectively (p < 0.001; Table 1).

2.4.5. Time to Snout Shape Change

Change in the shape of the snout in larvae from the control occurred at ~168 hpf
in the temperature experiment, at ~152 hpf in those from experimental groups P2-33 °C
and P2-36 °C, and at ~120 hpf for the larvae in continuous exposure to 33 °C and 36 °C
(p < 0.001; Table 1). Temperature sensitivity was exhibited primarily between 33 °C and
36 °C (Q19 = 3.12; p < 0.001; Table 2). In the air saturation experiment, snout shape change
occurred at ~172 hpf in the control group and almost all the experimental groups (183 £ 1.3
in larvae from P1-hypoxia; p < 0.001; Table 1). No differences were observed for time to
snout shape change in the salinity experiment (~174 hpf; p > 0.05; Table 1)

3. Discussion
3.1. Critical Windows for Survival

Organismal survival is affected by numerous factors and their combined effects. For
example, changes in salinity and dissolved oxygen come together with water warming
because of climate change and anthropogenic activities [49,50]. In the present study on
Atractosteus tropicus, there were highly differential effects of environmental stressors. High
temperature, hypoxia, and hyperoxia decreased survival during incubation; salinities
of 4.0 ppt and 6.0 ppt after hatching killed all larvae (during developmental period 2).
These data suggest that critical windows for survival vary with stressor type, as well
as stressor dose. Moreover, the incubation period in early development of A. tropicus
represents a critical window for temperature, hypoxia, and hyperoxia in contrast to a critical
window of the first two days post hatch for salinity. Several studies have demonstrated
how temperature and dissolved oxygen affect survival (especially during incubation) in
Teleosteans and Holosteans [34,51-55]. When fish are incubated in high temperatures,
survival can be affected because the yolk conversion efficiency can be reduced, and the cost
of development increases with increasing temperature. Moreover, surviving individuals
may show long-term alterations [16]. Furthermore, temperature acts as a lethal factor when
the tolerance of individuals is exceeded [56]. Temperatures used in the current research
did not reach the maximum temperature of 38 °C tolerated by A. tropicus [37]. However,
a temperature of 36 °C may be lethal for embryos of the tropical gar in the current study
since 50% of the individuals died before hatching, suggesting that 36 °C can represent
the incipient lethal level for embryos of this species. Moreover, air saturation may act
as a limiting factor, and can become lethal if severe enough [56]. Decreased survival in
hypoxic treatments of the current study could have occurred since embryos’ oxygen supply
depends on oxygen diffusion pressure, and the rate of flow [56]. Moreover, decreased
survival in hyperoxic treatments could be related to oxidant-related damage and/or minor
gas bubble trauma [57,58].

Numerous primitive fishes can tolerate environmental salinities higher or lower than
their plasma osmolality. However, there is little information regarding salinity and their
early life stages and available information exists only for juveniles and adults [59-64]. Lack
of maturity of their ionoregulatory and osmoregulatory organs likely explains why newly
hatched larvae in the present study could not cope with environmental salinities that could
be easily tolerated by adults, since gills are the principal organ for iono/osmoregulation
in larval fishes [65-68]. Atractosteus tropicus has visible gills at hatch, but regular gill
ventilation did not start until ~5 dph [37]. Gill maturation was likely not complete at 5 dph,
leading to the high mortality in the hatchlings.
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3.2. Growth

Growth in the developing tropical gar was shaped by all three experimental stressors,
but the growth responses differed with stressor dose and time of exposure. Generally, a
major increase in BM, TL, and SGR tended to occur from fertilization to 6 dph. However,
slow growth was observed during 7-12 dph, which corresponds to the period of the
complete transition to exogenous feeding [51]. A similar growth pattern to A. tropicus
occurred in A. tristoechus [51], A. spatula [42], Lepisosteus osseus [69], and L. oculatus [70],
suggesting that this pattern is conserved among Lepisosteid species. These findings suggest
that the period of transition from lecithotrophy to exotrophy could represent a critical
window not just for growth but also for survival, especially when the young larvae must
cope with the changing environment and the development of feeding strategies [71].

Temperatures close to the upper thermal limit (38 °C) [37] of A. tropicus during 1-6 dph
drastically reduced SGR (Figure 4a), which suggests that this period may represent a critical
window for growth at high temperatures. Despite the differences in BM, L1, and SGR,
Fulton’s condition factor was constant from 1-12 dph for A. tropicus in the current study.
Similar results were reported for A. tristoechus [51]. In contrast with our results, some
Teleosteans show no significant relationship between incubation temperature and mass
and length at hatch [72-75].

Growth rate of freshwater fishes can increase in tolerable salinities due to reduced
osmoregulatory costs [76]. However, when exposed to higher concentrations, osmoregula-
tory costs can interfere with growth rate. This conjecture is consistent with the findings
of the current study, where larvae incubated in low salinity showed higher SGR (~5 dph).
There is a relationship between growth, air breathing, and salinity in juveniles of spotted
gar and alligator gar [64,77], but no data are available for embryonic or larval gars. In
the present study, BM, Lt, and SGR were larger in larvae incubated at salinity of 6.0. A
similar result was observed in larvae of the common carp (Cyprinus carpio), where higher
salinities (5.0 to 20.0) increased BM but not body length [78]. In contrast, some studies
showed that larval fishes incubated and raised in higher salinity decreased body length,
e.g., Gymnocephalus cernuus [79] and two endemic Mexican silversides, Chirostorma humbold-
tianum and C. riojai [80]. These findings of either increased or decreased mass or length
have been attributed to differences in water content of the species [81], which depends on
the permeability of gills and body surface to water and salts in the environment [82].

In the current study, several differences in growth rate occurred depending on the
oxygen levels in the water and time of exposure. The incubation period in A. tropicus can
represent a critical window for growth in fishes exposed to either hypoxia or hyperoxia.
Our results suggest that (1) low oxygen during incubation causes a reduction in size of
post hatched larvae, as described in other studies [83,84]; and (2) high oxygen during
incubation and in pre-metamorphic larvae of the tropical gar favors growth. However,
after metamorphosis high oxygen levels actually decreased growth. In the first case, a
reduction in growth can occur due to a compensatory response of the embryos to prioritize
other organismal activities as a function of oxygen availability [85]. Moreover, fishes with
decreased growth have lower chances of survival, especially because of slower swimming,
lower competitivity, the presence of deformities, and a major risk of predation [52,53,86,87].

3.3. Developmental Events

In the current study, differences in timing of occurrence of five developmental events
occurred as a function of temperature, salinity, and air saturation level. However, no
alterations of the sequence of these developmental events were observed, as described for
mollusks [88].

3.3.1. Time to Hatching

We report that environmental factors altered time to hatch, either enhancing or de-
laying the event. This variation in time to hatch demonstrates that heterokairy is also
dependent on stressor dose and type of stressor [9,14]. In our study, time to hatch was mod-
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ified by higher temperature and is consistent with previous studies where individuals hatch
between 36-72 hpf when incubated between 25 °C and 35 °C [89,90]. In other Lepisosteid
species, variations in time to hatch occur in similar patterns to A. tropicus, suggesting that
these responses to changes in temperature, air saturation and salinity are similar within
Lepisosteids [38,41,42,51,91,92]. Moderate salinity promotes longer periods of incubation
and can also promote a reduction in the developmental rate by redirecting the available
energy to osmoregulation and/or as a response to the ionic/osmotic stress [93]. As in the
current study, Gymnocephalus cernua show an increased incubation time and promoted
morphological alterations, especially in body length [79]. In addition, some fish species
incubated in different air saturations may hatch prematurely whereas hatching may be
delayed in others [53]. Premature hatching in hypoxic conditions occurred in A. tropicus,
as described in other fish species and in amphibians [34,53,94-96]. Moreover, decreased
air saturation also produces a delay in developmental rate, resulting in larvae hatching at
earlier stages of development with diminished body mass [34]. These data are consistent
with the findings in the current study since larvae incubated as embryos in hypoxia showed
decreased BM, which can be correlated with earlier hatching. Furthermore, these alterations
are related to a respiratory response for coping with environmental hypoxia [34]. This is
also relevant to the assumption that the oxygen levels shape the onset and maturation of
gill ventilation and air-breathing in A. tropicus.

3.3.2. Time to Exogenous Feeding

The onset of exogenous feeding represents a crucial time point in the development of
the fishes and is related to increased mortality [97]. As larvae develop, the energy budget
provided by the yolk decreases, metabolism increases, and the developing larvae must
look for prey to cope with the body’s energy demands [98]. Exogenous feeding in A.
tropicus occurs around 5 dph [36], which is when the control groups in the current study
started consuming prey. However, higher temperature modified the onset of predation but,
surprisingly, salinity and air saturation had no effect. Incubation period could represent a
critical window for the onset of feeding at higher temperatures, since treatments P1-33 °C
and P1-36 °C showed decreased time to predation compared to the control group and
without considering the continuous exposure treatments (Table 1). Temperature accelerates
fish development, which increases the energy demand of the organism for survival, growth,
and maturation. Moreover, prey capture and consumption in the current study occurred
when yolk sac was not completely absorbed, which prepares the larvae for the exotropic life
and assists digestive tract maturation [99,100]. Lecitoexotrophy has also been described for
A. tristoechus [101]. These yolk reserves provide the necessary energy of the young fishes
for foraging [102,103] and competition for resources [104,105]. In natural populations of A.
tropicus, an earlier onset of exogenous feeding promotes cannibalism and this characteristic
is the main reason for the high variation in mass-size relationship as reported in other
studies [36,37,89].

3.3.3. Time to Yolk Depletion

In the present study, variations in the timing to this key developmental landmark
occurred as a function of temperature and air saturation. Hypoxia and higher temperature
during incubation, and higher temperature during the first days after hatching, could
represent critical windows for yolk depletion, but further research is needed. Temperature
is an environmental factor that promotes faster yolk absorption. However, there is a trade-
off between rapid development and the efficient utilization of the energy provided by the
yolk sac. Most of the species reared at higher temperature than their optimal face this
issue. Even when temperature is combined with salinity, the effects on yolk absorption and
utilization by temperature are much greater than those caused by salinity [106-108]. In
terms of energy utilization and yolk depletion, indirect observation on the larvae incubated
at 33 °C showed an increase in BM, Lt, and SGR, suggesting that energy was efficiently
allocated in these larvae. However, weight and /or volume of the yolk sac was not measured
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and this increase in BM could be related to an advanced developmental stage rather than
the control group.

Studies on salinity concentrations in freshwater fishes and yolk absorption are scarce.
However, some freshwater fishes (e.g., Salvelinus fontinalis) are reared in low salinity
where freshwater is not readily available, increasing yolk absorption efficiency and growth
consequently, but significantly decreasing survival [109].

Hypoxia promotes a delayed development that can be observed through the delayed
yolk absorption in several fish species [52,110-112]. In the present study, this association
was partially true because larvae incubated under hypoxia and transferred to normoxia
showed delayed yolk absorption. However, larvae continuously exposed to hypoxia
showed values similar to the controls. These results suggest that it is a greater challenge for
the larvae to cope with the increasing air saturation when incubated in hypoxia than when
acclimating to longer hypoxic events as older individuals. This assertion is based on the
ability of continuously exposed individuals to maintain similar timing for yolk depletion
and growth parameters to the control group.

3.3.4. Time to Free Swimming

A crucial developmental event in fish is the onset of swimming [113]. Free swimming
occurs at 5-6 dph in A. tropicus [36] and in a period of 4-10 days for A. tristoechus [101].
Lepisosteids and other species with indirect development must go through an eleuteroem-
bryo stage and spend time attached to the substrate for the maturation of swimming
structures [114]. Nonetheless, the onset of free swimming can be affected by several factors.
In the present study, the first and second developmental periods could represent a critical
window for the onset of swimming in the current study when embryos and larvae are
exposed to high temperature, salinity, hypoxia, and hyperoxia. Acceleration in the onset of
free swimming occurred due to increased temperature during incubation and the second
period of exposure (Table 1). This is explained by the effect of increased temperature
on muscle development, fin differentiation, and the maturation of other structures that
facilitates fish kinematics for swimming [114,115].

Salinities of 4.0 ppt and 6.0 ppt delayed the timing of free swimming in larvae in-
cubated under these conditions and then transferred to fresh water. Salinity reduces the
activity of larval fish in response to ionic and osmotic disruption [81]. In A. tropicus, even
though activity was not quantified, larvae that died in the second period appeared to show
less activity than the rest of the treatments, as well as characteristics such as bradycardia
and ischemic stress.

Hypoxia diminishes activity in larvae and delays the onset of swimming, while hyper-
oxia presents little to no effect on swimming onset [116,117]. In the current experiments
in A. tropicus, (1) larvae exposed to hypoxia during the second period did not show dif-
ferences in timing to free swimming in comparison to the control group or the hyperoxic
treatments; and (2) larvae that were incubated in hypoxia exhibited a delay in the onset of
free swimming. The first case can be related to the onset of air-breathing (which occurred
earlier than the control group) that helped the larvae to offset the aquatic hypoxia demands,
which can occur as early as 2.5 dph [37]. In the second case, future studies are needed to
assess the possible critical windows during incubation that promote these affectations in
the organisms after hatching.

3.3.5. Time to Snout Shape Change

The timing in development of the pronounced snout of A. tropicus in this study
corresponded to the previous reports of this event at around 7 dph [36,118]. Exposure
to higher temperature during incubation and from 1-6 dph, as well as hypoxia during
incubation, could represent critical windows for the onset of the change in the snout
of A. tropicus.

Larvae exposed to higher temperature during 1-6 dph displayed the most rapid snout
change. In contrast, larvae incubated in hypoxia and transferred to normoxia experienced
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a delay in this characteristic. This finding supports the need to study more specialized
critical windows during incubation in A. tropicus to understand alterations induced by
environment. Moreover, there is scant information on this topic, especially for Lepisosteids.
Differences can occur in the timing of some characteristics, for example, the timing on
mouth opening between species of gars [36]. The alligator gar (A. spatula) exhibited the
allometric growth of the snout towards the proportion of the size of the adults earlier in
size and age than A. tropicus. This characteristic was related to the faster metamorphosis of
A. spatula that enhances the opportunity to hunt and catch prey and the earlier appearance
of cannibalism [36,119-121]. However, A. tropicus shows high rates of cannibalism [37,89]
but larvae in the current study did not show this behavior due to the feeding protocol,
which can also favor the larviculture of this species.

4. Materials and Methods
4.1. Ethical Statement

Animals were handled in compliance with the Norma Oficial Mexicana NOM-062-
Z0O0-1999 from Secretaria de Agricultura, Ganaderia, Desarrollo Rural, Pesca y Ali-
mentacion, the Mexican standards for good welfare practices of laboratory animals.

4.2. Fish Acquisition and Maintenance

Eggs and larvae of the tropical gar were obtained from three artificially induced spawn-
ings of broodstock in May 2017, May 2018, and May 2019 carried out in the Laboratorio de
Acuicultura Tropical of the Universidad Juarez Autéonoma de Tabasco, Mexico. Each female
was anesthetized with 200 mg L1 of tricaine methanesulfonate, MS-222® (Agent Chemical
Laboratories) and then injected with 35 ug kg~! of luteinizing hormone-releasing analog
(LNRHa) to induce egg laying. Each female and five males were placed for spawning into
2000 L tanks with artificial substrate for egg adhesion.

Three major experiments—one with each spawning and employing different exper-
imental conditions (described below)—were performed to determine critical windows
for survival, growth, and development. Sex cannot be determined in the embryos or
larvae of A. tropicus, so data are reported assuming random mixing of sexes. Immediately
after fertilization, fertilized eggs (3.08 &= 1.2 mm each) were transferred to 27 white 80 L
holding tanks for incubation and development. For each experiment, one control and eight
experimental groups were created (described in the next section). Each experiment was
performed in triplicate (50 larvae per triplicate, 150 per group) with a total of 1350 fertilized
eggs at the beginning of each experiment.

All tanks housing larvae contained non-chlorinated normoxic water (~95% air satu-
ration; except in one experiment as described below), pH of 8.0, at ambient temperature
(2728 °C; except when indicated in one experiment). Photoperiod was 12 h light-12 h
darkness and salinity of 0.0 ppt (with the exception of one experiment). After yolk absorp-
tion, larvae were fed ad libitum with nauplii of Artemia sp. every four hours from 8:00 a.m.
to 8:00 p.m. Fifty percent of the water in the tanks was replaced every two days and feces
and dead artemia were cleaned by siphoning one hour after every meal.

4.3. Developmental Stages and Experimental Design

Three developmental periods of the tropical gar were examined, based on a previously
described scheme [36]: (1) the time from fertilization to hatching (60-72 h from fertilization);
(2) yolk depletion stage (~from 1 day post hatch (dph) to ~6 days post hatch); and (3) pre-
juvenile stage (~7-12 days post hatch). These three periods correspond to incubation,
metamorphosis of the eleuteroembryo, and pre-juvenile stage, respectively. These stages
are important to investigate the effect of environmental factors on the biology of developing
fishes because these early stages in fishes are often the most vulnerable [47,48]. Embryos
and larvae were exposed to control conditions (28 °C, normoxia, and salinity of 0.0 ppt
for the three controls), to two treatments of a given stressor described below during each
developmental period (six in total and returned to control conditions after exposure), and
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a group continuously exposed to each treatment (two per experiment). This yielded a total

of nine groups for each experiment. Details of the protocol are shown in Figure 6.

GROUPS PER EXPERIMENT

Control

P1-"Treatment 1"

P2-"Treatment 1"

P3-"Treatment 1"

P1-"Treatment 2"

P2-"Treatment 2"

P3-"Treatment 2"

CE-"Treatment 1"
(Continuous exposure)

DEVELOPMENTAL TIME
|

[ I

I |
Fertilization Hatch 6 dph 12 dph

[Treatment1 | | |
Fertilization Hatch 6 dph 12 dph

[ | Treatment 1 ]

Fertilization Hatch 6 dph 12 dph

[ | Treatment 1 ]
Fertilization Hatch 6 dph 12 dph

Treatment 2

Fertilization Hatch 6 dph 12 dph

[ Treatment 2 |
Fertilization Hatch 6 dph 12 dph

l |
Fertilization Hatch 6 dph 12 dph

| Continuous Treatment 1 ]

CE-"Treatment 2"
(Continuous exposure)

Fertilization Hatch 6 dph 12 dph

Continuous Treatment 2

Fertilization Hatch 6 dph 12 dph

P1= Period 1 (from fertilization to hatch), P2= Period 2 (from day 1 post-hatch to 6 dph), P3= Period 3 (from 7-12 dph) and

CE= Continuous exposure

Temperature = 28 °C; Salinity = 0.0 ppt, Air saturation = normoxia (~95% air saturation)
Treatment 1_| Temperature = 33 °C, Salinity = 4.0 ppt, or Air saturation = hypoxia (~30% air saturation)

Temperature = 36 °C, Salinity = 6.0 ppt, or Air saturation = hyperoxia (~117% air saturation)

Figure 6. Experimental design for determining specific environmental effects on critical windows for development in the

early ontogeny of Atractosteus tropicus. The first developmental period is from fertilization to hatching (~72 h), the second
from 1 day post hatch (dph) to 6 dph, and the third from 7 to 12 dph. White boxes indicate control conditions during the
experiments; light gray boxes represent exposure to treatments 1 (33 °C, hypoxia (~30% air saturation) or salinity of 4.0 ppt);
darker boxes show exposure to treatments 2 (36 °C, hyperoxia (117% air saturation) or salinity of 6.0 ppt). Boxes at the
bottom explain the conditions for control populations and treatments 1/treatments 2 during each independent experiment.

See text for details.

The first experiment consisted of a temperature challenge to the embryos and larvae

with temperatures of 33 °C and 36 °C. These temperatures are near the upper thermal limits
for larvae of this species [37] and above its optimal incubation temperature (28-30 °C) [86].
In the second experiment, fish were exposed to hypoxia (~30% air saturation) and hyperoxia
(117% air saturation; Figure 6), since Lepisosteids can tolerate environments with variable
dissolved oxygen levels [77,122,123]. The third experiment consisted of exposure to salini-
ties of 4.0 ppt and 6.0 ppt, because Lepisosteids can tolerate euryhaline environments and
little information is available on early life stages under these conditions, especially regard-
ing developmental critical windows. Temperature, air saturation, and salinity switches
between developmental periods (as required for each experiment) occurred gradually
within a three-hour period (e.g., from 28 °C to 33 °C).
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4.4. Treatment Protocols
4.4.1. Temperature

Water temperature was regulated by a 12 Johnson Controls Thermostat attached to
12 immersion heaters (Volteck 46307 CAGU-5). Temperature in the experimental tanks was
maintained at a constant temperature of either 33 £ 0.5 °C or 36 & 0.5 °C. To enhance heat
dispersal, the immersion heaters were placed immediately above the aeration stones.

Embryos and larvae were exposed to control conditions (control group), to two
temperature treatments (33 °C and 36 °C) during developmental period 1 (experimental
groups P1-33 °C and P1-36 °C), developmental period 2 (experimental groups P2-33 °C
and P2-36 °C), developmental period 3 (experimental groups P3-33 °C and P3-36 °C), and
to continuous exposure to both treatments (experimental groups CE-33 °C and CE-36 °C)
as shown in Figure 6.

4.4.2. Air Saturation

Two treatments with different water air saturations were employed for this experiment,
hypoxia (~30.2% air saturation) and hyperoxia (~117% air saturation). Hypoxia was
generated by bubbling nitrogen gas directly into each tank until air saturation decreased to
30.2% of full air saturation and remained constant for each exposure. Hyperoxia was set at
117% of full air saturation and was created using a counter current water tower with an
aeration stone for O, gas introduced to at the bottom of the tower. Water was sent from the
tower to the tanks through a water pump and returned to the tower with a vent tube in the
center of the tanks which was high enough to maintain a constant water level at the same
air saturation. The tower promoted a high concentration of oxygen in the water simulating
the function of a U-tube aeration system without the off-gas recycling mechanism [124].

Both hypoxia and hyperoxia were constantly measured with two oxygen meters YSI
Pro2030. A 50% water change was performed every two days, adding water that was
pre-equilibrated to the required oxygen levels.

Embryos and larvae were exposed to control conditions (control group), to two air
saturation treatments (hypoxia and hyperoxia) during developmental period 1 (experimen-
tal groups P1-hypoxia and P1-hyperoxia), developmental period 2 (experimental groups
P2-hypoxia and P2-hyperoxia), developmental period 3 (experimental groups P3-hypoxia
and P3-hyperoxia), and to continuous exposure to both treatments (experimental groups
CE-hypoxia and CE-hyperoxia) as shown in Figure 6.

4.4.3. Salinity

Water for the control population has a salinity of 0.0 ppt. Experimental salinity levels
were set at 4.0 ppt for treatment 1 and 6.0 ppt for treatment 2, using industrial sea salt
crystals (Grupo Industrial Roche) that were mechanically dissolved in the water of the
tanks. Salinity was validated with a YSI Pro2030 multiparametric instrument. Water
changes were made every 48 h at the proper validated salinity.

Embryos and larvae were exposed to control conditions (control group), to two
salinity treatments (4.0 ppt and 6.0 ppt) during developmental period 1 (experimental
groups P1-4.0 and P1-6.0), developmental period 2 (experimental groups P2-4.0 and P2-
6.0), developmental period 3 (experimental groups P3-4.0 and P3-6.0), and to continuous
exposure to both treatments (experimental groups CE-4.0 and CE-6.0) as shown in Figure 6.

4.5. Survival

Each experiment was carried out with 1350 fertilized eggs (150 fish per group, 50 fish
per replicate). The unhatched embryos were counted and the number of dead larvae was
recorded daily to calculate survival data. Sampled embryos for at 1 dph (described below)
were not considered in this analysis.
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4.6. Morphological Variables

Data from morphological variables (described below) were measured daily. However,
data for treatments comparison (bars plots) are presented from measurements at the end of
each developmental period (hatch, 6 dph, and 12 dph) using 20 individuals per treatment.

Body mass (BM) of the fish (1 = 20 from each group) at the end of each developmental
period was determined to the closest milligram with an analytical balance (Denver Instru-
ments). All individuals were taken from the tanks using an aquarium net and carefully
deposited in plastic chambers (5 cm in diameter, 2 cm depth) before weighing. Then,
fish were carefully taken from the chamber with a tip-truncated plastic bulb pipette and
deposited on a tared plastic mesh to allow excess water drainage before weighing. Larvae
were carefully deposited into a different chamber for taking high resolution photographs
(14 megapixels, camera Sony Alpha 350) to measure total fish length (Lt) using Image J
Software version 1.50 (NIH, Bethesda, Maryland). Millimeter graph paper underlying the
larva was used to generate a scale on each image. Immediately after being photographed,
individuals were carefully returned to holding tanks.

The specific growth rate (SGR) of the fish of each treatment was calculated as
SGR = ((Ln my — Ln m;) X t=1)) x 100 [125]; where m; represents body mass at the end
of each critical window, m; the body mass of the embryos (removed from the chorion)
24 h after fertilization, t the duration of each experiment, and 100 a constant to obtain
a percentage of growth. Fulton’s condition factor was calculated for each organism as
K =100 x (mass/length?) [126].

4.7. Developmental Events

The time of occurrence of five developmental events in the development of the tropical
gar was recorded from the three experiments, for each control and each of the respective
groups. The developmental events were hatching, exogenous feeding, yolk depletion,
free swimming, and snout shape change. To measure the timing and onset of the five
developmental events, 30 embryos per experiment were identified and separated from the
rest using a plastic mesh. Data were collected when 100% of the fish had hatched, had
accepted exogenous food, had completely absorbed the yolk sac, had started swimming,
and when the shape of the snout rapidly changed from a typical larval piscine snout to
that characteristic of gars. These events were previously described [36] and are important
for understanding the effect of extrinsic factors in the development of A. tropicus.

Temperature sensitivity coefficient (Q19) in the temperature experiment was calculated
for all the developmental events with the data from the control group and the continuous
exposure treatments as Qo = (Ry/R; )10/(T2 = T1))  where Q1o is the factor by which the
time to a given developmental event increases with a rise in temperature; R; is the time
to a given developmental event at temperature 1 (when T < T5); R; is the time to a given
developmental event at temperature 2 (where Ty > T7); T in the temperature at which R;
is measured; and T is the temperature at which R, was measured.

4.8. Statistical Analyses

Survival data were analyzed with the log-rank Kaplan—-Meier method [127] for the
overall experiments (individually) and within each developmental period per experiment.
A Holm-Sidak multiple comparison test was used to assess differences between groups.

The effect of temperature, salinity, and oxygen availability on body mass, total length,
SGR, and Fulton’s condition factor was analyzed with a two-way ANOVA, followed by
a Holm-Sidak multiple comparison test to assess differences between fish groups at the
end of each developmental period and across development (n = 20 from every group,
180 fish in total for each experiment). Data on the timing of developmental events and
Q10 were analyzed with a one-way ANOVA for each event between groups from a given
experiment (10 fish per replicate, 30 fish from each group, per experiment). To determine
differences between groups at a given experiment, a multiple comparison Holm-Sidak test
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was carried out. All the analyses were made with the software SigmaPlot Version 11.0 with
a significance level of 0.05.

5. Conclusions

Our results supported the hypothesis that environmental stressors early in ontogeny
would affect key developmental processes. Developmental periods comprising from
fertilization to hatch and 1 to 6 dph were identified as sensitive in the early ontogeny of A.
tropicus. The greatest effects of high temperature, hypoxia, and hyperoxia occurred from
fertilization to hatch, while for salinity occurred from 1 to 6 dph. In conclusion, developing
fishes may exhibit different degrees of functional responses to stressor type, stressor dose,
and time of stressor exposure. Moreover, the assumption is that if temperature increases
in natural fish populations (either global warming or anthropogenic causes), then their
susceptible stages of ontogeny can be affected. This increase in temperature can come
with a decrease in the dissolved oxygen and a slight increase in the salinity of some
brackish water environments that can drastically affect fishes, especially during their
narrow critical windows for survival, development, and growth. In this regard, this study
gives the first information integrating a 3D critical windows design, heterokairy, and
functional developing fish responses to environmental factors. In addition, A. tropicus
offers strong potential as biological model for studying fish early ontogeny. Nonetheless,
identification during narrower developmental critical windows in fish early stages and
the effect of intrinsic or extrinsic factors need further investigation to identify the possible
morphological, physiological, and molecular responses of the fish.
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