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Abstract—The results of this study
provide additional evidence of ovar-
ian masculinization in the Atlantic
croaker (Micropogonias undulatus) in
and around the hypoxic zone in the
Gulf of Mexico and the first evidence
of ovarian masculinization in the spot
(Leiostomus xanthurus) and bigeye
searobin (Prionotus longispinosus). In
some specimens of Atlantic croaker and
spot, we observed this phenomenon to
a degree that has not been reported in
either species. We also found evidence
of smaller gonads in spot from hypoxic
sites compared with the gonads in spot
from sites with normal oxygen concen-
trations. These findings indicate that
ovarian masculinization and repro-
ductive impairment associated with
hypoxia exposure affect a wider range
of species than was previously known,
and they highlight the importance of
continued research on this topic.
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In the last century, hypoxia has emerged
as a significant threat to coastal eco-
systems. Hypoxia, or hypoxic condi-
tions, refers to low levels of dissolved
oxygen in bodies of water. Coastal
hypoxia, which was first observed in the
1930s (Diaz and Rosenberg, 2008), has
increased 3-fold during the last 30 years
(Diaz and Rosenberg, 2008; Vaquer-
Sunyer and Duarte, 2008). The range of
dissolved oxygen values used to define
an area as hypoxic is variable, and the
term hypoxia conventionally indicates
dissolved oxygen values below 2.0 mg/L
(Rabalais et al., 2002; Vaquer-Sunyer
and Duarte, 2008). Although hypoxic
events are known to occur naturally
throughout the world (Helly and Levin,
2004), the global increase in coastal
hypoxia can mostly be attributed to the
increased use of synthetic nitrogen fer-
tilizers since their creation in the 1940s
(Diaz and Rosenberg, 2008; Galloway
et al., 2008). Increased nitrogen runoff
from fertilizers can result in large algal
blooms in coastal waters. When algal
cells die, their decomposition consumes
dissolved oxygen in the water column.

This process can result in hypoxia if the
water column is stratified, given that
subsurface waters are unable to mix
with oxygen-rich surface waters because
of differences in water density.

Hypoxia has wide-ranging ecological
and physiological effects on marine life.
Exposure to hypoxic conditions alters
the behavior (Eriksson and Baden,
1997) and interspecific interactions of
marine organisms (Sandberg, 1997).
Hypoxic conditions have also been asso-
ciated with changes in community com-
position (Dauer, 1993; Pihl, 1994) and
biomass (Rosenberg and Loo, 1988).
Community recovery following epi-
sodes of hypoxia is highly variable and
dependent upon a variety of environ-
mental and biotic factors (Wu, 2002),
including community complexity and
the severity and duration of hypoxic
conditions (Boesch and Rosenberg,
1981). At the organismal level, endo-
crine disruption (Wu et al., 2003) and
reproductive impairment (Zhou, 2001)
are 2 of the most well-documented
physiological effects of hypoxia expo-
sure in fish.


mailto:michael.cyrana@jhuapl.edu
https://doi.org/10.7755/FB.121.1-2.4

Cyrana et al.: Ovarian masculinization and reproductive impairment in 3 species of groundfish 37

Fish exposed to hypoxic conditions tend to have lower
values for the gonadosomatic index (GSI), an indicator of
reproductive condition, than fish exposed to normal oxy-
gen concentrations, as has been observed in the Gulf killi-
fish (Fundulus grandis) (Cheek et al., 2009), common carp
(Cyprinus carpio) (Zhou, 2001), and Atlantic croaker (Micro-
pogonias undulatus) (Wu et al., 2003; Thomas et al., 2007;
Thomas and Rahman, 2012). Both episodic (diel) and chronic
hypoxia have been shown to reduce the reproductive capac-
ity of estuarine fish species (Landry et al., 2007; Cheek et al.,
2009). Chronic exposure to hypoxic conditions has been fur-
ther linked to masculinization in female fish (Landry et al.,
2007; Cheek et al., 2009; Thomas and Rahman, 2012) and
to reduced sperm production and viability in male Atlantic
croaker (Thomas et al., 2015). Masculinization of female
Atlantic croaker resulting from chronic exposure to hypoxia
has been documented in both field and laboratory studies
(Thomas et al., 2007; Thomas and Rahman, 2012).

In this study, we assessed whether the well-established
reproductive effects of seasonal hypoxia on Atlantic croaker
in the Gulf of Mexico (GOM) (Thomas and Rahman, 2012)
extend to other cohabiting species of fish, specifically the
spot (Leiostomus xanthurus) and bigeye searobin (Prion-
otus longispinosus). Both the Atlantic croaker and spot
are members of the family Sciaenidae (order Perciformes).
The bigeye searobin belongs to the family Triglidae (order
Scorpaeniformes). Finding evidence of reproductive abnor-
malities at the family and order levels would demonstrate
that the effects of seasonal hypoxia in the GOM are more
widespread taxonomically, with broader implications for
fisheries management, than previously thought.

Materials and methods
Sample collection and study area

Fish were collected aboard the NOAA Ship Oregon II during
legs I and II (June—August) of the Southeast Area Monitor-
ing and Assessment Program (SEAMAP) summer ground-
fish surveys in 2016, 2017, and 2019 (Fig. 1). Sampling sites
were scattered throughout the area in which hypoxia season-
ally develops in the GOM, ranging from the coast of Texas
to waters off Louisiana. Samples were collected as described
in the SEAMAP sampling protocol (GSMFC!) at survey sites
with depths <30 m because hypoxia in the GOM occurs less
frequently at depths below 30 m. Whole specimens caught
during trawl surveys were fixed in a 10% formalin solution
and transferred to ethanol for storage. Dissolved oxygen val-
ues were recorded immediately prior to trawling, according
to SEAMAP protocol for collecting data on water conditions,
by using a shipboard array equipped with dissolved oxygen,
conductivity, temperature, and depth sensors and water bot-
tles for measuring other water properties (Table 1). A site was

L GSMFC (Gulf States Marine Fisheries Commission). 2019.
SEAMAP operations manual for trawl and plankton surveys,
63 p. Gulf States Mar. Fish. Comm., Ocean Springs, MS. [Avail-
able from website.]

defined as hypoxic if dissolved oxygen was 2.0 mg/L or lower,
alevel that is consistent with the recent literature on hypoxia
(Vaquer-Sunyer and Duarte, 2008).

Female specimens of Atlantic croaker, spot, and bigeye
searobin were reproductively immature at the time of sam-
pling, as they did not contain any oocytes past the previ-
tellogenic stage (Anderson et al., 2018). Male specimens of
Atlantic croaker and spot were also reproductively imma-
ture, as no spermatids or spermatozoa were present. Some
male bigeye searobin were reproductively mature. The nat-
ural history of Atlantic croaker and spot and histological
examination of gonads of bigeye searobin strongly indicate
that specimens would have reproductively matured within
the year, making any evidence of reproductive abnormal-
ities indicative of reproductive impairment. It is import-
ant to note that, although the majority of specimens were
reproductively immature, the sampled fish were not juve-
niles and the term immature is meant to describe the state
of the gametes within the gonads.

We obtained reference samples of Atlantic croaker and
spot from the Royal D. Suttkus Fish Collection at the Tulane
University Biodiversity Research Institute (TUBRI). Refer-
ence samples consisted of whole, formalin-fixed specimens
from which gonads were dissected. We selected reference
samples collected during the summer (June—September) at
either the Chandeleur Islands or the Rigolets, both located
in Louisiana. We selected samples collected between 1955
and 1969 because we wanted specimens from a time before
the 1980s, when eutrophication dramatically increased in
the western GOM, as evidenced by increased carbon depo-
sition (Rabalais et al., 2007). The Chandeleur Islands and
the Rigolets are not known to be hypoxic during the sum-
mer; therefore, both the location and time of the collection
of our references samples makes it unlikely that reference
fish were exposed to hypoxic conditions prior to sampling.

Sample processing

Subsamples were selected from male and female Atlan-
tic croaker, spot, and bigeye searobin collected from both
hypoxic sites and sites with normal oxygen levels. These
selected specimens were wet weighed (to the nearest
0.001 g) and measured for total length (to the nearest
millimeter), and then they had their gonads removed and
wet weighed. The gonads were mounted, sectioned, and
stained with hematoxylin and eosin. Only a subsample of
these gonads were histologically processed and examined.

Gonadosomatic index

The GSI was calculated by using this formula:

Weight
elg gonads XlOO,
(Weighty,, — Weight

gonads )

where Weight .4 = the wet weight of both gonads post
fixation; and
Weightsg, = the wet weight of the whole fish post
fixation.


https://seamap.gsmfc.org/
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Figure 1

A map of the sites in the northern Gulf of Mexico where Atlantic croaker (Micropogonias undulatus), spot
(Leiostomus xanthurus), and bigeye searobin (Prionotus longispinosus) were sampled in 2016, 2017, and
2019. All sampling for this study was conducted during Southeast Area Monitoring and Assessment Program
(SEAMAP) summer groundfish surveys aboard the NOAA Ship Oregon II at sites with depths <30 m scattered
throughout the hypoxic zone that develops seasonally in the Gulf of Mexico. Reference samples, collected
during summer between 1955 and 1969 at sites known not to have hypoxic conditions, were obtained from the
Royal D. Suttkus Fish Collection of the Tulane University Biodiversity Research Institute. Numerals next to
the symbols for sites indicate the station numbers assigned by SEAMAP. Note that the shoreward boundaries
of the polygons for hypoxic areas reflect the boundaries of the hydrographic survey used to generate the poly-
gons and do not necessarily represent the extent of the hypoxic zone in a given year.

In order to compare the GSI of fish of varying sizes, a
residual index of the GSI values was computed. The resid-
ual index has been shown to be an effective way to reduce
the influence of body size in analyses of organismal condi-
tion (Jakob et al., 1996) and has been proven to be effective
in the analysis of fish morphometric data (Reist, 1985;
Jakob et al., 1996). The residual index is the difference
between the observed GSI value and the predicted GSI
value, which is determined by using a linear trendline gen-
erated with pooled data (for specimens from both hypoxic
and normal oxygen concentrations). Positive values for the
residual index indicate that the observed GSI is greater
than the predicted GSI, whereas negative values indicate
that the observed GSI is less than the predicted GSI.

Overall body condition

Overall body condition was calculated as wet weight
divided by total length. These condition index values for

specimens were compared between hypoxic and normal
sites by using the residual index (polynomial trendline)
of the length—weight relationship based on data pooled for
males and females, under the assumption that there is no
sexual dimorphism in any of the species included in this
study. In order to compare both sexes simultaneously, the
weight used for the overall condition analysis was the wet
weight of each fish minus the weight of its gonads.

Statistical treatment

Mean residual GSI and condition index values were com-
pared between fish from hypoxic sites and those from
sites with normal oxygen levels by using sites as repli-
cates. The residual indices of both overall body condition
and GSI for both male (hypoxic: n=31; normal: n=28) and
female (hypoxic: n=36; normal: n=31) spot and female
Atlantic croaker (hypoxic: n=37; normal: n=44) were nor-
mally distributed (Shapiro-Wilk test: P>0.05) (Shapiro
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Table 1
Recorded dissolved oxygen (DO) values and depths at the
sites sampled for this study in the northern Gulf of Mexico
during 2016, 2017, and 2019. The site numbers correspond
to the numbers assigned to “Pascagoula” stations by the
Southeast Area Monitoring and Assessment Program.
DO Depth
Site no. Year (mg/L) (m)
15 2016 5.7 22.4
32 2016 1.1 154
98 2016 1.4 19.6
99 2016 1.1 18.7
108 2016 2.3 22.8
111 2016 0.0 15.0
118 2016 0.9 14.4
119 2016 1.0 15.8
120 2016 5.1 13.9
177 2016 4.1 26.4
179 2016 2.2 23.8
198 2016 2.0 18.1
199 2016 1.8 18.8
28 2017 5.8 23.6
29 2017 6.3 194
36 2017 5.4 18.0
37 2017 2.5 21.6
44 2017 14 20.1
45 2017 3.4 18.8
47 2017 3.2 19.3
48 2017 5.9 15.6
71 2017 1.4 17.8
46 2019 3.0 33.0
63 2019 0.5 14.0
64 2019 0.5 13.0
72 2019 1.5 10.0
98 2019 1.5 26.0

and Wilk, 1965) and had statistically indistinguishable
variances (Bartlett’s test: P>0.05) (Bartlett, 1937). There-
fore, we used a 2-way analysis of variance (ANOVA), and
a significance level (a) of 0.05, to compare the residual
indices of these samples. The residual GSI for male
Atlantic croaker was not normally distributed (Shapiro—
Wilk test: P<0.05); therefore, we used a Kruskal-Wallis
test, with a o of 0.05, for these data (hypoxic: n=48; nor-
mal: n=26) (Kruskal and Wallis, 1952).

Results
Ovarian masculinization

Evidence of masculinization was found in 6 of the 17 ova-
ries from Atlantic croaker that were examined in this
study, with masculinized ovaries observed only for speci-
mens collected at hypoxic sites. In the masculinized ova-
ries from Atlantic croaker, testicular tissue was found
primarily in connective tissue along the ovary periph-
ery (Fig. 2). The testicular tissue consisted of clusters

of spermatids within connective tissue, similar to the
tissue conditions used in determinations of masculin-
ization made in previous studies (Thomas and Rahman,
2012) (Fig. 2). The spermatogenic tissue observed within
ovarian tissue resembled spermatogenic cysts of lobular
type testes. One specimen, the gonads of which exter-
nally resembled testes, had gonadal tissue that is best
described as transitional (i.e., an ovary that was transi-
tioning to a testis). The gonads of this specimen organiza-
tionally resembled testes; however, degenerated oocytes
were present and surrounded duct-like structures. Sper-
matogenic tissue was not present. The ovaries of refer-
ence specimens contained no evidence of spermatogenic
tissue or ovarian anomalies.

The masculinized ovaries from spot (Fig. 3) had a mas-
culinization profile similar to that of the masculinized ova-
ries from Atlantic croaker. Masculinization in peripheral
connective tissue was found in 3 of the 7 ovaries from spot
that were examined in this study, with one of the ovaries
coming from a specimen collected at a site with normal
oxygen concentrations.

Two of the spot we examined contained ovaries that
are best described as in a transition from female to male
tissue (Fig. 3). These transitional gonads had structures
more like a typical testis, with ducts surrounded by con-
nective tissue that was interspersed with spermatogenic
tissue. One of these transitional gonads contained numer-
ous atretic follicles and a large lumen filled with what
looked like ovum remnants and large melano-macrophage
centers (Agius and Roberts, 2003). The other transitional
gonad contained atretic follicles and a testicular-like struc-
ture but lacked ovum remnants and melano-macrophage
centers. The ovaries of the reference specimens used in
this study appeared more organized compared with the
gonads of specimens collected in 2016, and no evidence of
spermatogenic tissue was found within them.

Masculinization in bigeye searobin manifested as sper-
matogenic cells in various stages of development inter-
spersed among oocytes and peripheral tissue (Fig. 4).
Evidence of this phenomenon was found in 1 of the 7 ova-
ries from bigeye searobin that were examined in this study.

Gonadosomatic index and body condition

The mean residual index of overall body condition based
on pooled data for female and male Atlantic croaker
was significantly higher for fish from hypoxic sites than
for fish from sites with normal oxygen concentrations
(Kruskal-Wallis test: P<0.05) (Figs. 5 and 6.). The resid-
ual GSI of both male and female Atlantic croaker from
hypoxic sites did not significantly differ from that of
males and females from sites with normal levels of oxy-
gen (males: P=0.65, df=7, /=0.21; females: P=0.77, df=11,
/=0.08) (Figs. 5 and 6).

The mean residual index of overall body condition for
female and male spot combined did not significantly dif-
fer between specimens from hypoxic sites and specimens
from normal sites (P=0.12, df=14, /=0.60) (Figs. 7 and 8).
The mean residual GSI of female spot from hypoxic sites
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Figure 2

Microphotographs of the gonads of Atlantic croaker (Micropogonias undulatus) collected from the
northern Gulf of Mexico, showing the effects of hypoxia on gonadal development. (A) This ovary
of a reference specimen, acquired from the Tulane University Biodiversity Research Institute and
sampled between 1955 and 1959, has previtellogenic oocytes (Oo) and no signs of spermatogenic
tissue or oocyte degradation. (B) In this mature testis of a male, from a control treatment of a
laboratory study conducted in 2020 (senior author, in prep.), spermatocytes (Sc) in various stages
of development are visible, as are fully developed spermatids (S). No cells in this mature testis
resemble oocytes. (C) In this section of an ovary, from a specimen collected in 2016 at a site in a
hypoxic area (site 99, which had a dissolved oxygen [DO] level of 1.1 mg/L), both spermatocytes are
in various stages of development. (D) This transitional gonad, from a specimen externally classi-
fied as male and sampled in a hypoxic zone (in an area with a DO level of 1.4 mg/L) in 2016, has
clear ducts (D) surrounded by degrading or degenerating oocytes. The structure resembles a testis,
with reproductive cells surrounding duct-like structures. Degenerating oocytes in this gonad are
larger than and visually distinct from spermatocytes in the mature testes shown in panel C.

was significantly lower (ANOVA: P<0.05) than that of 2 additional GOM species, the spot and bigeye searobin,

females from sites with normal oxygen concentrations with 2 of 7 subsampled ovaries from spot (Fig. 3) and 1 of
(Figs. 7 and 8), and male spot from hypoxic sites also had 7 subsampled ovaries from bigeye searobin (Fig. 4) con-
significantly lower GSI values than males from normal taining male reproductive cells. Additionally, such evi-
sites (ANOVA: P<0.05). dence was found in 6 of 17 ovaries of Atlantic croaker

examined in this study (Fig. 2).
The cause of the ovarian masculinization found in this

Discussion study cannot be determined. However, hypoxia is a likely
possibility. It is well known that estrogen, the synthesis of
Scope and possible causes of ovarian masculinization which is regulated by the enzyme aromatase, is a primary

factor in the sex determination of fish. Guiguen et al.
Prior to this study, the only species from the GOM for (2010) discussed results of a number of experiments that
which evidence of ovarian masculinization had been indicate that suppression of estrogen synthesis (aromatase
reported was the Atlantic croaker (Thomas and Rahman, inhibition) in fish can result in the formation of testicular
2012). This study is the first to report this phenomenon in tissue. Aromatase inhibitors have been shown to induce
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Figure 3

Microphotographs of the gonads of spot (Leiostomus xanthurus) collected from the northern Gulf
of Mexico, showing the effects of hypoxia on gonadal development. (A) This ovary of a reference
specimen, acquired from the Tulane University Biodiversity Research Institute and sampled in
1969, has previtellogenic oocytes (Oo) and no evidence of spermatogenic tissue or oocyte degra-
dation. (B) In this ovary of a specimen collected in 2016, at a site adjacent to an area of hypoxia
(site 177, which had a level of dissolved oxygen [DO] of 4.1 mg/L), oocytes are visible, as are clus-
tered spermatozoa (Sz). (C) This transitional gonad, from a specimen sampled in 2016 at a site
in a hypoxic zone (site 198, which had a DO level of 2.0 mg/L), has testicular features, like ducts
(D) and a preponderance of connective tissue, and evidence of previous oocyte degradation, such
as degraded oocyte material (DOM) and melano-macrophage aggregations (Mm). (D) In the same
specimen featured in panel C, shown here at a higher magnification, degraded or degenerating

oocytes are embedded in the connective tissue. Testicular-like ducts are also visible.

masculinization in several species of fish, including the
naturally hermaphroditic honeycomb grouper (Epi-
nephelus merra) (Bhandari et al.,, 2004), red grouper
(E. morio) (Guiguen et al., 2010), and European seabass
(Dicentrarchus labrax) (Navarro-Martin et al., 2009) and
in the naturally gonochoristic common carp (Ogawa et al.,
2008). Long-term aromatase suppression has even been
reported to convert functional ovaries into functional tes-
tes in tilapia (Sun et al., 2014). Hypoxic conditions have
been shown to function as an aromatase inhibitor in
Atlantic croaker, decreasing mRNA expression and aro-
matase activity in fish exposed to hypoxia both in the wild
and in the lab (Thomas and Rahman, 2012).

It is likely that the ovarian masculinization observed
in fish from hypoxic sites in our study could be a conse-
quence of hypoxia-induced inhibition of aromatase and the

concomitant suppression of estrogen synthesis. The well-
documented connection between aromatase suppression
and the development of intersex gonads in fish, coupled
with the broad geographic extent of hypoxia encountered
during the sampling for this study, strongly indicates that
the ovarian masculinization observed in this study was
hypoxia related.

The presence of intersex specimens from sites with nor-
mal oxygen levels is a novel discovery; however, the rela-
tively low sample size prevents us from offering a definitive
interpretation. Specifically, the normal sites that yielded
intersex specimens were immediately adjacent to areas of
hypoxia (Fig. 1) and differed by only 0.2 mg/L in the level
of dissolved oxygen, with the concentration at these nor-
mal sites falling right on the line between our definition of
hypoxic and normal conditions. Although this closeness in
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Figure 4

Microphotographs of ovaries of bigeye searobin (Prionotus
longispinosus) collected in the northern Gulf of Mexico in
2016. (A) This ovary has no signs of masculinization or
oocyte degradation: previtellogenic oocytes (Oo) are visible
throughout the ovary. (B) In this ovary, there is evidence of
masculinization: both oocytes and spermatocytes (Sc) are
in various stages of development, and spermatozoa (Sz)
are present.

location and dissolved oxygen could indicate either that
the intersex specimens had passed through the hypoxic
area and were subsequently masculinized or that the dis-
solved oxygen concentration at the normal site was low
enough to induce the development of intersex gonads,
there are not enough data to identify a causal relation-
ship. Sampling numbers were not sufficient to explain
the source of ovarian masculinization in fish from normal
sites; therefore, further sampling efforts and laboratory
exposure experiments are needed to fully explain this phe-
nomenon. Similarly, it is unclear what effect the masculin-
ization observed in this study would have had on fish if
they had reached reproductive maturity. Although the
molecular pathway involved in ovarian masculinization in
fish is well understood, the parameters that trigger this

pathway and how they affect fish at different stages of
reproductive development is not well understood and
should be further studied.

Our findings highlight the importance of continued
work in this area, particularly in the development of inter-
sex gonads in additional fish species and the exposure
parameters (e.g., duration of exposure, dissolved oxygen
level, and reproductive stage at time of exposure). A bet-
ter understanding of the exposure parameters that trigger
the development of intersexuality in fish would help not
only elucidate the findings of this study but also better
inform management decisions regarding resources in the
GOM and in other areas affected by hypoxia.

Our observation of ovarian masculinization in Atlantic
croaker and 2 other groundfish species in the GOM
extends the taxonomic breadth of this phenomenon, which
was first reported by Thomas and Rahman (Thomas
et al., 2007). If our finding of testicular tissue in the ova-
ries of wild-caught specimens is not related to hypoxia,
the phenomenon either is due to some other environ-
mental factor or it represents naturally occurring back-
ground intersexuality. Bahamonde et al. (2013) reviewed
this phenomenon in great detail, with his work includ-
ing studies of gonochoristic species in which intersex
individuals were found to occur naturally (Bahamonde
et al., 2013). In one such study involving the freshwa-
ter species smallmouth bass (Micropterus dolomieu),
significantly more occurrences of intersex fish during
the prespawning period were observed than during the
reproductive period (Blazer et al., 2007). The spawning
period of Atlantic croaker in the GOM begins as early as
October and ends as late as June (Parker, 1971), a pro-
tracted spawning period. Results from research on bigeye
searobin in the GOM indicate that this species also has a
protracted spawning period, from January through June
(Hoff, 1992). The spot has been reported to be a winter
spawner in the GOM, with the exact timing of spawning
contingent on longitude (Parker, 1971). Even though our
ovarian samples were taken from fish collected primarily
in the prespawning period for their species, it is unlikely
that the evidence of masculinization we observed was the
result of the inherent intersex characteristics described
by Bahamonde et al. (2013).

The vast majority of examples of naturally occurring
intersex individuals in gonochoristic fishes outlined by
Bahamonde et al. (2013) are male fish with testicular tis-
sue that contained oocytes, given that the study was
focused primarily on the process of male feminization.
The feminization of testicular tissue indicates aromati-
zation of androgens into estrogens—the opposite hor-
monal mechanism from that presumed to occur in ovarian
masculinization, making it incompatible with our inter-
pretation. Additionally, our observation of heavily mascu-
linized specimens, including a specimen of spot best
characterized as in the process of undergoing a sex
change, with degenerating oocytes, indicates that speci-
mens were transitioning from female to male, similar to
the transition of ovaries to functional testes in tilapia as
a result of aromatase suppression (Sun et al., 2014).
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Figure 5

(A) Weight-length relationship for Atlantic croaker (Micropogonias undulatus), males and females combined, and the
relationship between length and the gonadosomatic index for (B) female and (C) male Atlantic croaker collected in the
northern Gulf of Mexico during 2016, 2017, and 2019. All specimens were caught off the coasts of Texas and Louisiana
at sites in hypoxic areas and sites with normal levels of oxygen. The solid trend lines were calculated by using data
pooled for fish from both hypoxic and normal sites, and the dashed and dotted trend lines represent data only for fish
from hypoxic sites or only for fish from normal sites, respectively. Also provided are the coefficient of determination

(%) in each graph and the equation for the solid trend line in each of the bottom graphs.

Therefore, although the occurrence of naturally intersex
individuals in otherwise gonochoristic fishes should be
seriously considered, the low number of examples of nat-
urally masculinized individuals in the literature, com-
pared to the high degree of masculinization in some of
our specimens, as well as the lack of any observable
intersexuality in our reference samples indicate that nat-
urally occurring intersexuality is not a likely explanation
for our observations.

Manifestation of masculinization

In previous reports of masculinization in Atlantic croaker,
the process is described as “spermatogenic cyst-like struc-
tures” (Thomas and Rahman, 2012). This description fits
the majority of masculinized ovaries from Atlantic croaker
and the masculinized specimens of spot from a site in this
study that had normal oxygen concentrations but was
adjacent to the area with hypoxic conditions. In addition to
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Figure 6

Mean residual gonadosomatic index (GSI), mean residual overall body condition index, and box plots of GSI values
for Atlantic croaker (Micropogonias undulatus) caught at hypoxic sites and sites with normal oxygen concentrations
in the northern Gulf of Mexico in 2016, 2017, and 2019. (A) Mean residual GSI and mean residual index of overall
body condition, calculated as wet weight divided by total length, for females and males (analysis of variance: P<0.05;
hypoxic sites: n=9; normal sites: n=11) are provided. Sampling sites served as replicates for all analyses. Error bars
indicate standard errors of the means. For (B) female and (C) male Atlantic croaker, box plots present residual GSI
values by site and site type. Numerals along the x-axis indicate the numbers assigned to sampling sites by the South-
east Area Monitoring and Assessment Program and the year during which specimens were collected. The upper and
lower parts of each box represent the first and third quartiles (the 25th and 75th percentiles), and the horizontal line
is the median. The whiskers extend above and below the box no more than 1.5 times the interquartile range. Data

points inside and outside the boxes represent residual GSI values for individual fish.

observing this more typical manifestation of masculiniza-
tion in sampled fish, we also examined 3 specimens that
were undergoing this phenomenon to a degree that has yet
to be described in wild specimens from the GOM.

In 2 specimens of spot and 1 specimen of Atlantic
croaker, we observed masculinization to the extent that
their gonads were in transition from female to male tissue,
as these specimens had degenerating or regressing female
reproductive cells and a testes-like overall structure.
The gonads of these specimens contained well-defined
ducts that were surrounded by highly degraded oocytes.

The gonad of one of the spot specimens also contained
a large duct or lumen space filled with material consis-
tent with follicular atresia and melano-macrophages. The
other specimen of spot had similarly degraded oocytes
and well-defined male tissue; however, the gonad of this
individual lacked a large lumen and melano-macrophage
aggregations.

The evidence of oocyte degradation combined with the
well-defined testicular structure and spermatogenic tis-
sue in these specimens indicate masculinization beyond
what has been observed previously in fish from the GOM.
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Figure 7
(A) Weight—length relationship for spot (Leiostomus xanthurus), males and females combined, and the relationship
between length and the gonadosomatic index for (B) female and (C) male spot collected in the northern Gulf of Mexico
during 2016, 2017, and 2019. All specimens were caught off the coasts of Texas and Louisiana at sites in hypoxic areas
and sites with normal levels of oxygen. The solid trend lines were calculated by using data pooled for fish from both
hypoxic and normal sites, and the dashed and dotted trend lines represent data only for fish from hypoxic sites or only
for fish from normal sites, respectively. Also provided are the coefficient of determination (%) in each graph and the
equation for the solid trend line in each of the bottom graphs.

The characterization of these individuals as females
undergoing masculinization, as opposed to males undergo-
ing feminization, is supported by work on tilapia by Sun
et al. (2014) in which aromatase suppression led to a com-
plete sex change in females, a change characterized by a
degradation of oocytes and replacement of the oocytes by
spermatogenic cells (Sun et al., 2014). Histological obser-
vations in naturally hermaphroditic fish transitioning
from female to male provide similar evidence of oocyte

breakdown prior to the transition from female to male
(Wang et al., 2017; Maxfield and Cole, 2019). Centers of
melano-macrophages have been considered pathological
signs of environmental degradation and hypoxia in fish
(Agius and Roberts, 2003), including individuals of species
such as the Atlantic croaker in the GOM (Fournie et al.,
2001), albeit the aggregations were found in the spleen.
The more structurally complex nature of the examples of
masculinization we observed in this study, coupled with
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of the means. For (B) female and (C) male spot, box plots present residual GSI values by site and site type. Numerals
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the discovery of transitional individuals, highlights the
need for further research into this phenomenon. Fish spec-
imens examined in previous work were sampled later in
the season and were more reproductively developed than
the fish examined in this study (Thomas and Rahman,
2012), indicating that hypoxia-induced reproductive
impairment in fish in the GOM is more widespread and
develops earlier than previously known. It is important to
note that, although the results of this study indicate that
ovarian masculinization in fish can occur earlier in gonadal
development than previously thought, more research is

needed to understand how this early impairment trans-
lates to reproductive success later in the season.

Ovarian masculinization and reproductive impairment

For both female and male Atlantic croaker, no statisti-
cally significant differences were found in the residual
GSI between hypoxic sites and sites with normal oxy-
gen concentrations, although a trend of increased GSI
in specimens from normal sites was observed. This
finding contradicts those of previous studies in which
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statistically significant decreases in GSI values were
found for Atlantic croaker from hypoxic sites (Thomas
and Rahman, 2012). Although unexpected, the results
of our study could be explained by the difference in the
severities of hypoxic conditions between the investiga-
tions, given that hypoxia in 2016 was less patchy and
more widespread compared to that in 2007 (the year of
Thomas and Rahman’s field collections), or by differences
in the sexual maturity of sampled specimens due to dif-
ferences in how far into the seasons fish were sampled.
These discrepancies highlight the importance of contin-
ued research into hypoxia and its effects, especially those
on fish at different levels of reproductive maturity.

Both female and male spot from hypoxic sites had sig-
nificantly lower (P<0.05) residual GSI values than those
for females and males from sites with normal oxygen lev-
els. This finding supports observations from previous stud-
ies of Atlantic croaker and further highlights the potential
effects of an environmental stressor, such as hypoxia, on
fish reproduction at population and ecosystem levels.

Female and male Atlantic croaker and female spot sam-
pled from hypoxic sites in 2017 had some of the highest
GSI values observed for both species and both sexes (Figs. 6
and 8). The patchy areas of hypoxia from which these spec-
imens were sampled in 2017 were a fraction of the size of
the large, more continuous hypoxic zones sampled in 2016
and 2019 (the hypoxic zone was patchier in 2019 than in
2016, but the patches of hypoxia were much larger in 2019
than in 2017) (Fig. 1). The patchiness of hypoxia in 2017
could have led to hypoxia exposure that was less severe
than that to which fish were exposed in 2016 and 2019.
Although we have no diet data to support this interpre-
tation, it is possible that the smaller areas of hypoxia in
2017 could have allowed benthic fish to feed on hypoxia-
stressed infaunal invertebrates, similar to what has been
observed in the more episodic zones of hypoxia that develop
in Chesapeake Bay (Pihl et al., 1992). This interpretation
could also explain why fish from hypoxic sites in 2017 had
such high GSI values. Balancing the potential for increased
foraging opportunities associated with hypoxic conditions
with the physiological costs associated with hypoxia expo-
sure is one explanation for the context-dependent nature of
thresholds for hypoxia avoidance in groundfish in the GOM
(Craig, 2012), highlighting the need for more research to
place the reproductive costs of hypoxia in the broader eco-
logical context of the GOM.

Conclusions

The results of our study indicate that reproductive impair-
ment, specifically the presence of intersex individuals
associated with hypoxic conditions, affects more species
of fish than previously documented. We also found evi-
dence of reproductive anomalies, such as the presence of
ovum remnants in early stages of ovarian development, in
fish in and around the hypoxic zone in the GOM in 2016.
These findings, along with the lack of ovarian masculin-
ization and reproductive anomalies in reference fish and

the significantly lower GSI values for spot from hypoxic
sites than from sites with normal oxygen concentrations,
strongly support the idea that hypoxic conditions can alter
the reproductive health of fish.

The findings of this study expand upon previous reports
of ovarian masculinization and reproductive impairment
in fish in the GOM. They increase the number of species
affected and provide novel examples and pathologies of
this phenomenon. This study also resulted in evidence of
ovarian masculinization occurring in fish sampled at sites
bordering hypoxic areas and in fish at earlier developmen-
tal stages than have been reported previously. However,
these findings need to be further explored to fully under-
stand how they fit within the broader context of hypoxia-
induced ovarian masculinization in fish in the GOM.

Resumen

Los resultados de este estudio aportan evidencia adicional
de masculinizacién ovarica en la corvina (Micropogonias
undulatus) dentro de la zona hipdéxica del Golfo de México
y sus alrededores, asi como las primeras pruebas de mas-
culinizacion ovarica en la croca (Leiostomus xanthurus) y
el rubio ojon (Prionotus longispinosus). En algunos ejem-
plares de corvina y croca observamos este fenémeno en un
grado que no se habia reportado antes en ninguna de las
dos especies. También, encontramos evidencia de génadas
mas pequenias en crocas de sitios hipéxicos en comparacion
con las génadas crocas de sitios con concentraciones nor-
males de oxigeno. Estos hallazgos indican que la masculin-
izacién ovarica y la deficiencia reproductiva asociados con
la exposicién a la hipoxia, afectan a una gama de especies
mas amplia de lo que se conocia hasta ahora y destacan la
importancia de seguir investigando sobre este tema.
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