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Abstract Bonefish (A/bula vulpes) support an econom-
ically important fishery, yet little is known regarding the
reproductive biology of this species. Blood and oocyte
samples were collected from wild female bonefish
(Albula vulpes) during (February and April, 2017) and
outside (September, 2017) the spawning season in
Grand Bahama Island, The Bahamas. Fish reproductive
state was evaluated using histological analysis of the
oocytes and determination of sex hormone levels of
173-estradiol and testosterone in the plasma. The pres-
ence of three different cohorts of oocytes in bonefish
females suggests group-synchronous ovarian develop-
ment. Levels of 173-estradiol were low in individuals
sampled outside of the spawning season relative to fish
sampled during spawning months. Testosterone levels
did not change as female bonefish entered the spawning
season. Within the spawning season, bonefish are com-
monly found along shallow water flats, or in pre-spawn
aggregations (PSA). The diameters of late vitellogenic
oocytes collected from PSA fish were significantly
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larger than those from the flats fish. Levels of 17f3-
estradiol did not differ between PSA and flats fish;
however, testosterone levels were significantly higher
in fish from the PSA. These results indicate that as
bonefish are transitioning to the PSA from flats habitats,
vitellogenesis is still occurring. However, when and
where final maturation commences in reproductively
active bonefish remains unclear.
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Introduction

Bonefishes (Albula spp.) occur in shallow waters
throughout the tropical regions of the world (Crabtree
et al. 1996; Johannes and Yeeting 2000; Murchie et al.
2010). Within the subtropical to tropical waters of the
northwest Atlantic, including the Florida Keys (Florida,
USA), Bahamas, and Caribbean Sea (Hildebrand 1963),
Albula vulpes is the most common species present and
supports an economically important recreational fishery
(Fedler 2010; Fedler 2013; Wallace and Tringali 2016).
Within these regions, A. vulpes (hereafter “bonefish”)
commonly inhabit interconnected, nearshore, shallow
(<2 m) tidal flats, which include mangrove forests,
seagrass and macroalgal beds, sand shoals, and occa-
sionally patch reefs (Murchie et al. 2013). The variabil-
ity in flats habitat provides bonefish diverse foraging
opportunities for prey items such as crabs, fishes, bi-
valves, polychaetes, and small crustaceans (Colton and
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Alevizon 1983; Crabtree et al. 1998; Layman and
Silliman 2002). From October to May, bonefish migrate
from flats to aggregation sites in many of these regions
(Danylchuk et al. 2011; Boucek et al. 2018; Adams et al.
2018). Based on the presence of developed gonads and
increases in lipid storage around the liver and gonads in
individuals at both flats and PSAs, this aggregating
behavior and habitat selection likely play a critical role
in the reproductive strategy of bonefish (Murchie et al.
2010; Danylchuk et al. 2011).

Although pre-spawn aggregation (PSA) sites are still
being identified for bonefish, they can generally be
characterized as deep (>4 m), protected nearshore ba-
sins, in close proximity to both flats habitat and the
continental shelf (Adams et al. 2018). Movement to
these sites occurs largely with lunar periodicity (full
and new moon) as schools of fish (~1000 or more
individuals) assemble at the PSA site, while non-
spawners remain on the flats (Danylchuk et al. 2011).
It is important to note that bonefish are not commonly
observed at PSA sites outside of the spawning season (J.
Lewis, pers. obs.).

Neither flats nor PSAs are thought to act as spawning
grounds for bonefish. This is based on the general
absence of fully mature and/or hydrated oocytes typi-
cally associated with imminent spawning at these sites
(Crabtree et al. 1997; Larkin 2011), and no observations
of gamete release in the PSAs (Danylchuk et al. 2011;
Danylchuk et al. 2018; Adams et al. 2018). Observa-
tional and acoustic tracking data also indicate fish mi-
grate offshore to spawn, possibly off the continental
shelf during the late-evening during the full moon of
the reproductive months (Crabtree et al. 1997;
Danylchuk et al. 2011). Therefore, the role that flats
and PSA habitats play in facilitating the reproductive
development of bonefish prior to spawning remains
unclear.

It is widely accepted that oocyte development in
vertebrates during spawning is heavily regulated by a
cascade of hormones along the hypothalamus-pituitary-
gonadal (HPG) axis (Sower et al. 2009). Along this axis,
gonadotropins released from the pituitary stimulate the
synthesis and secretion of critical reproductive hor-
mones by the gonads. Cyclical changes in the occur-
rence and concentrations of reproductive hormones are
widely known to occur in association with both repro-
ductive behavior and gonadal development. In females,
oocyte development (oogenesis) occurs as germ cells
develop into oogonia and are eventually released as ova
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during spawning (Lubzen et al. 2010). The reproductive
hormones primarily responsible for the growth of oo-
cytes during early and advanced oogenesis are 17f3-
estradiol and testosterone (Nagahama and Yamashita
2008).

During this time, vitellogenin synthesis is stimulated
in the liver, facilitating the uptake of yolk protein within
the oocyte and promoting substantial oocyte growth
prior to final maturation (Lubzen et al. 2010). However,
this process can vary greatly by fish species and depends
on reproductive strategy, synchrony of oocyte develop-
ment, and spawning frequency (Rocha and Rocha
2000).

To date, no studies have assessed bonefish reproduc-
tive sex hormone and gonadal development. Therefore,
the objectives of this study were to: (1) provide the first
reproductive profile in wild bonefish via simultaneous
analysis of ovary development and plasma sex hormone
levels (173-estradiol and testosterone), and (2) describe
differences in the reproductive status of fish at flats
versus PSA habitat during the spawning season. This
work was conducted in the relatively pristine central and
eastern end of Grand Bahama Island, The Bahamas,
where substantial flats habitat exists and a known PSA
has been identified. Based on our current understanding
of the spawning strategy of migratory fishes, elevated
levels of both testosterone and 17f3-estradiol were ex-
pected for sexually mature females sampled during the
spawning season (Ueda et al. 1984; Barannikova et al.
2004). Also, since PSAs are thought to act as staging
areas for spawning capable fish, more progressed oocyte
development were expected from these individuals rel-
ative to those collected from the flats. Through exami-
nation of hormone concentrations in concert with go-
nadal histology, high-resolution data regarding the re-
productive status were obtained.

Methods
Initial sample collection and preservation

Female bonefish were opportunistically sampled from
several locations along the southern shore of Grand
Bahama Island, The Bahamas (Fig. 1), during the day
(08:00 to 17:00) of the full moon for February, March,
April, and September 2017. Samples collected during
September 2017 were considered to be from non-
spawning fish (Danylchuk et al. 2011). Fish were
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collected from two general sites: 1) a pre-spawn aggre-
gation located in water greater than 4 m deep along the
southeast coast of the island (n = 1 site) and 2) shallow
tidal flats less than 1 m deep (n = 6 sites), which are
not used as a PSA site (Fig. 1). Fish in the PSA were
captured via hook and line using cut shrimp or white
jigs and 50 Ib. test line. Fish fight time did not exceed
2 min. Individuals on the tidal flats were captured
using a 50 x 1 m beach seine with a 2.5 cm mesh. All
individuals collected were kept for 3—5 min in plastic,
floating containers modified with holes to allow ade-
quate water exchange. During sampling, fish were
held inverted to induce a state of tonic immobility.
Bonefish are not sexually dimorphic so fish that did
not readily release gametes (spawning-ready males
frequently release sperm when abdominal pressure is
applied) were cannulated for oocytes using a soft-tube
catheter (Bard 100% latex-free infant feeding tube,
8Fr (2.27 mm diameter, 26 cm length) attached to a
3 ml syringe barrel. This method was adapted from

Rottmann et al. (1991). Captured females were first
measured for fork length (FL) and cannulated oocytes
(volume of 1-2 ml) were expelled into a 2.0 ml capped
vial filled with 1 ml of 10% neutral buffered formalin.
During the September sampling, only bonefish that
produced identifiable ovarian tissue during cannula-
tion were identified as females. Following oocyte
collection, blood was then drawn from the ventral side
of the fish’s caudal vein using a heparinized syringe
and deposited into a lithium heparin lined BD
vacutainer™. Blood samples were placed in a cooler
above wet ice for later processing. At the laboratory,
plasma was separated from blood by centrifugation
(2500 rpm for 20 min) and stored at —80 °C until
specific assays could be performed.

In total, blood samples were collected from 37 female
bonefish (456-649 mm FL) at the flats (n = 27) and PSA
(n=10) sites during the full moons of February 2017
(n=13) and April 2017 (n =22), as well as two samples
collected from a PSA during the full moon of
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Fig. 1 Map showing sampling locations for both flats and pre-
spawn aggregation (PSA) sites during spawning (February, March,
and April 2017) and non-spawning (September 2017) months of

bonefish (Albula vulpes) in Grand Bahama Island, Bahamas. Exact
PSA location has been generalized for conservation purposes
(Adams et al. 2018)
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March 2017. Blood samples were also collected from
female bonefish at several flats habitats in a non-
spawning month (September 2017, n=12). Oocytes
from 20 bonefish females were collected and histologi-
cally prepared from flats sites, and seven from the PSA
sites during the full-moon of April 2017. Bonefish from
the PSA was not sampled for either blood or eggs during
February due to logistical difficulties that limited our
ability to target the deeper water fish.

Histological preparation of oocytes

Oocytes stored in 10% neutral buffered formalin during
field collection were transferred to 70% ethanol prior to
preparation (Barber 1996; Wilson et al. 2005). Oocytes
were dehydrated through a series of ethanol solutions
(70—100%) for 60 min, clarified in toluene, and embed-
ded within paraffin wax. A microtome cut 8—10 pm
thick sections from the embedded samples, which were
stained with hematoxylin and eosin before being
mounted on pre-labeled glass slides for examination.
A subset of oocytes (n>60 oocytes) from each female
was photographed from each histology sample using an
OLYMPUS SZX7 stereozoom microscope at magnifi-
cations of 30-200x. For each subset, developmental
stages of observed oocytes were categorized as late
vitellogenic (LV), cortical alveolus (CA), and primary
growth (PG) based on the classification scheme devel-
oped by Crabtree et al. (1997) (Fig. 2). In general, PG
oocytes occur as the initial development phase and
develop into CA oocytes during early reproductive de-
velopment. The final stage of oocyte development prior
to final maturation is LV and exhibit both substantial
lipid accumulation and a relatively large size (Brown-
Peterson et al. 2011). If fully mature (hydrated) oocytes
were present, they were also categorized and enumerat-
ed. Oocytes in the LV stage were measured for diame-
ters (Lm) by bisecting the nucleus through the center of
the oocyte using a calibrated ruler tool within the image
processing software (West 1990). Only LV oocytes fully
enclosed within the frame were included. In total, 2228
oocytes were categorized, and 1775 LV oocytes were
measured.

Sex-hormone plasma level determination
173-estradiol and testosterone concentration levels were

quantified via enzyme-linked immunoassay (ELISA)
kits (Cayman Chemical Company, USA). For

@ Springer

extraction, a 100 pl plasma sample was diluted with
ELISA buffer based on the manufacturer specifications
(Cayman Chemical Company, USA). Hormones were
then extracted twice by vigorous vortex using dichloro-
methane for 173-estradiol and diethyl ether for testos-
terone. The supernatant organic phase was removed via
Pasteur pipette, evaporated under a gentle stream of
nitrogen at 30 °C, and reconstituted using ELISA buffer
prior to plating. This process was repeated according to
the protocol provided by Cayman Chemical Company,
USA. Samples were run at two dilutions to fulfill man-
ufacturer requirements and minimize interference within
wells. A control sample provided by the manufacturer
was serially diluted according to manufacturer specifi-
cations and run as a standard with each plate of samples.
Plates were analyzed via absorbance at a wavelength of
405 nm using a microplate reader (Biotek, Synergy H1,
USA). Absorbance values were converted to concentra-
tion values (pg.ml ') using software provided by Cay-
man Chemical Company, USA.

Statistical analysis

Reproductive development was compared between sites
(Flat vs. PSA) using mean oocyte diameter as a response
variable (West 1990). This analysis was conducted
using a non-parametric Kruskal Wallis test, since para-
metric assumptions of normality and homoscedasticity
could not be met. Analyses were performed in R (R
Core Team 2014).

Differences in the frequency of occurrence of devel-
opmental stages (PG, CA, and LV) at PSA and flats sites
were assessed using a permutational multivariate analy-
sis of variance (PERMANOVA with 999 permutations),
including a posteriori pair-wise comparisons with
PRIMER 7 (v. 7.1.12) and PERMANOVA+ (v.1.0.2).
Assumptions of homoscedasticity were verified with a
PERMDISP test, and data were transformed (log or
arcsine square root) when necessary.

Differences in sex hormone (17B-estradiol and tes-
tosterone) concentrations between sampling months
were analyzed using a one-way ANOVA for each hor-
mone. Tests were conducted following a square-root
transformation of data to meet parametric assumptions
of normality and homoscedasticity. Comparison by
month included only bonefish females sampled on the
flats in February, April, and September 2017. Differ-
ences in sex hormone concentrations during the
spawning season were analyzed across sites (Flat and
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collected from a wild female bonefish (Albula vulpes) on a shallow
water flat during full moon (April 2017). a three different devel-
opmental oocyte stages are present: b primary growth (PG), ¢

PSA) using a two-sample T-test and specifically used
samples collected during spawning months (February,
March, and April 2017).

Results
Histology

The diameter of late-vitellogenic oocytes sampled at the
PSA sites during April 2017 (591 + 134 pum) were sig-
nificantly larger than those from the flats during the
same period (556 + 129 um) (H=345.21, p<0.001).
The frequency of LV oocytes ranged from a mean of
63% (£15%) in fish taken on the flats to a mean of 78%
(£7%) in fish collected from the PSA. The overall
frequency distribution of oocyte stages was significantly
different between flats and PSA sites (Pseudo F (1, 24y =

4.97, p<0.05; Fig. 3). An average dissimilarity of
12.9% existed between samples collected from these
two sites and was driven by the relative percentages of
oocytes at LV and PG stages. The occurrence of LV
stages were higher in bonefish from PSA than the flats

cortical alveolar (CA), and d late vitellogenic (LV). Oocyte sam-
ples collected at the pre-spawn aggregation (PSA) were visually
similar to flats samples

and contributed up to 41.5% of the dissimilarity. The
occurrence of oocytes at PG stages was lower in bone-
fish from the PSA than the flats and contributed up to
36.4% of the dissimilarity. No hydrated oocytes were
observed in any fish sampled regardless of capture site.

Sex hormone concentration
Seasonal differences

Mean 178-estradiol levels of 3000-4000 pgrml ' were
detected during the spawning months of February and
April combined, dropping to <1000 pg'ml " in the non-
spawning month of September (Fig. 4). These levels
were significantly different among seasons (F (5, 35)=
12.920, p=<0.001). A post-hoc pairwise comparison
(Tukey) indicated that this difference was driven by
significantly higher levels of 178-estradiol during the
reproductive season (February: g= 5.668, df=1, p=
<0.05; April: g = 6.721, df=1, p = <0.05) compared to
the non-reproductive season (September). 173-estradiol
levels did not significantly differ between February and
April sampled bonefish (¢ = 4.247, df=1, p= 0.825).
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Fig.3 Proportional occurrence for each of the three oocyte stages:
late vitellogenic (LV), cortical alveolar (CA), primary growth (PG)
at the two sites (flats and pre-spawn aggregation [PSA]) sampled
during the spawning month of April 2017. Oocytes were collected

Mean testosterone levels of 2000-3000 pg.ml ' were
not significantly different between females sampled
during February, April, and September (F 2, 32)=

1.947, p=0.160) (Fig. 4).

Fig. 4 Monthly plasma
concentrations of 17f3—estradiol
and Testosterone (mean = SEM)
from bonefish (Albula vulpes)
females sampled in the flats
during spawning (February and
April 2017) and non-spawning
(September 2017) months (mean
+ SEM). Letters indicate
significant differences in levels of
17 —estradiol between seasons
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sampled on the flats (#=—1.632, df=34, p=0.112;
Fig. 5). Testosterone levels were significantly higher in
bonefish from PSA when compared to the fish sampled
from flats (= —5.021, df=32, p=<0.001; Fig. 5).

Discussion

This study revealed spatial variation in levels of testos-
terone in female bonefish from flats and pre-spawn
aggregation locations. Furthermore, differences in 17B-
estradiol and testosterone levels between in-season and
out-of-season bonefish females provide information re-
garding the spawning preparation of bonefish as they
enter the reproductive season. The physiological signif-
icance of these results is examined below.

Seasonal differences

The increased levels of 17B-estradiol in bonefish fe-
males sampled along the flats during the spawning
season compared to the non-spawning season follow a
trend seen in other marine teleosts as fish begin the
process of vitellogenesis (Scott et al. 1983b;
Taghizadeh et al. 2013; Zupa et al. 2017). Increased

Fig. 5 Plasma concentrations of
17 —estradiol and testosterone
(mean = SEM) at flats and pre-
spawn aggregation (PSA) sites in
female bonefish (Albula vulpes)
sampled during three spawning
months (February, March, and
April 2017). Letters indicate
significant differences in
Testosterone levels between sites

6000 -
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Mean Concentration (pg.ml ')

2000 A

plasma concentrations of 17B-estradiol facilitate rapid
oocyte growth through vitellogenesis as vitellogenin, a
hepatically derived plasma precursor, is sequestered as
yolk protein within the developing oocyte (Lubzen et al.
2010). In doing so, oocytes increase in size and nutritive
quality, eventually reaching a developmental state when
final enlargement and maturation through hydration oc-
cur (Wallace and Selman 1981). The significantly ele-
vated levels of 176-estradiol found in sampled bonefish
during February and April corresponds with previous
findings of spawning behavior occurring in female
bonefish around the full moons from October to May
(Danylchuk et al. 2011).

Bonefish sampled both prior to, and during the
spawning season showed high levels in testosterone. In
many spawning teleost fishes, testosterone is secreted
around the same time as 17B-estradiol (Scott et al.
1983a; Mandich et al. 2004; Zupa et al. 2017) and is
thought to fulfill two major roles: the regulation of
gonadotropin secretion by the pituitary (Scott et al.
1980; Bommelaer et al. 1981) and/or serve as the an-
drogenic precursor in the formation of estrogens via an
aromatase enzyme (Lambert et al. 1971; Scott et al.
1980; Kagawa 2013). Our results indicate that gonadal
production of testosterone occurs prior to 17B-estradiol.

Sex Hormone
[l 178-Estradiol
Testosterone

Flat PSA
Site
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The sampling month (September) for the non-spawning
season occurred roughly 1 month before the winter
spawning season historically begins (October)
(Danylchuk et al. 2011) and may indicate that, just prior
to vitellogenesis, bonefish increase testosterone produc-
tion in preparation for synthesis of 178-estradiol. Future
sampling should take place at the end of the spawning
season to assess testosterone concentrations as bonefish
proceed into non-spawning season.

Flats vs. pre-spawn aggregation

The high mean level of 17B-estradiol found in bonefish
females sampled on the flats during the spawning season
relative to fish sampled in September (outside of the
spawning season) indicates that vitellogenesis begins at
these habitats before bonefish start their migration to the
PSA sites. We expected to see slightly lower levels of
17B-estradiol in fish sampled on flats, based on the high
proportional occurrence of early development stage oo-
cytes (PG and CA) in flats sampled fish compared to
those at the PSA. Visibly, mean concentration values of
178-estradiol seem lower in flats sampled fish compared
to PSA fish and correlates well with the smaller diame-
ters of late vitellogenic oocytes found in flats fish.
However, statistically the differences in 178-estradiol
between these two sites was insignificant, indicating that
while levels may subtly differ by site, vitellogenic de-
velopment is continuing while fish migrate too and
aggregate at PSAs. In a study conducted on chum salm-
on (Oncorhynchus keta), levels of 17B-estradiol found
in females offshore (~15 ng/ml) were statistically similar
to those at the pre-spawn staging sites in river mouths
(~14 ng/ml) (Ueda et al. 1984), indicating that vitello-
genesis had also not yet ceased. Similarly, our findings
suggest that vitellogenesis continues to take place at the
PSA, likely up until the moment bonefish move offshore
to spawn. Generally, 17B-estradiol values at the individ-
ual level are expected to remain elevated, falling once
fish have completed vitellogenesis (Stuart-Kregor et al.
1981; Barannikova et al. 2004). However, in this study
we did not sample any fish with hormone levels indi-
cating they had reached the end of vitellogenesis or
recently spawned. Therefore, it was not possible to
determine whether 178-estradiol typically dissipates fol-
lowing spawning or remains elevated in preparation for
the next spawning event. Future analyses that incorpo-
rate post spawning fish hormone levels would be
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beneficial to our understanding of 178-estradiol dynam-
ics in spawning female bonefish.

Comparisons of bonefish oocyte development be-
tween sites further supports the hypothesis that
vitellogenic development is still occurring at the PSA.
Bonefish sampled on the flats exhibited varied compo-
sitions of oocytes, likely a result of capturing both fish
moving towards the PSA and those still preparing the
next clutch. The measured increase in the occurrence of
late vitellogenic oocytes, and conversely decreased oc-
currence of PG oocytes at the PSA compared to flats,
suggests ovaries are more developed at the PSA. Late
vitellogenic oocytes at the PSA were also larger than
those from flats fish, which is an indication of further
advanced development (West 1990). The slightly ele-
vated mean levels of 17B-estradiol levels found in PSA
fish compared to those from flats could explain this
difference.

The absence of fully mature oocytes from bonefish
collected in any of the sampling events raises the ques-
tion of temporal proximity of bonefish females to the
completion of vitellogenesis (i.e., final maturation and
hydration). In many studies, the completion of vitello-
genesis is marked by a sharp decline in 17B-estradiol
levels and typically occurs with the onset of full oocyte
maturation (Whitehead et al. 1978; Idler et al. 1981;
Zupaetal. 2017). In this study, 178-estradiol levels were
sustained in sampled female bonefish at the PSA, indi-
cating vitellogenesis was still occurring. However, sev-
eral studies have documented maximum levels of tes-
tosterone occurring at the end of vitellogenesis in female
fish (Campbell et al. 1976; Ueda et al. 1984, Ijiri et al.
1995). These findings were explained by the occurrence
of a holding phase, where testosterone continues to be
released by the follicle after the aromatase enzyme is
turned off (Kime 1998). Indeed, we have observed that
while 178B-estradiol levels seem to remain stable be-
tween the flats and PSA habitats, it is likely that vitello-
genesis concludes at the PSA site based on the signifi-
cant increase in testosterone levels observed in bonefish
females at these sites. The continued production of
testosterone might also suggest that this androgen could
play a role in stimulating the synthesis of a maturation
inducing hormone to cue hydration (Crim et al. 1981).
For instance, increases in plasma gonadotropins that cue
final oocyte development occurred in both female rain-
bow trout (Salmo gairdneri) and white suckers
(Catostomus commersoni) after peaks in testosterone
occurred (Scott et al. 1983a; Scott et al. 1983b).
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Therefore, the increase in testosterone found at the PSA
sites likely indicates that female bonefish are indeed
close to initiating final maturation. Field observations
from Danylchuk et al. (2011) suggest that this spawning
migration takes place at night. Since sampling efforts
had ceased at this point due to the inability to maintain
visual contact with the aggregation, it is possible that
full maturation may be occurring in the late evening at
the PSA, during their journey offshore, or at the location
where spawning occurs.

The hormonal levels of 17B-estradiol and testoster-
one collected in this study provide baseline data regard-
ing bonefish development useful for identifying the
occurrence of reproductive dysfunction that may be
occurring in highly impacted areas. For example, the
bonefish population in the Florida Keys has declined in
the last 20 years despite being a predominantly catch-
and-release fishery (Larkin 2011; Santos et al. 2017;
Rehage et al. 2018). The causes of this decline are likely
complex given the series of anthropogenic disturbances
within Florida Bay (USA) and the Florida Keys
(Fourqurean and Robblee 1999; Larkin 2011; Santos
et al. 2017). Pre-spawn aggregations have also not yet
been documented in Florida, an interesting fact consid-
ering recently compiled traditional ecological knowl-
edge indicates this spawning behavior is common glob-
ally where most A/bula spp. exist (Johannes and Yeeting
2000; Adams et al. 2018). In regions where anthropo-
genic impact is still relatively low (i.e., outer Bahamian
islands), habitat, diet, and movement characteristics of
bonefish are very similar to what is found in South
Florida (Larkin 2011). By sampling in these more re-
mote areas, we have been able to provide baseline
information regarding bonefish life history, particularly
reproductive physiology, to aid our ability to identify
and address factors influencing the survival of bonefish
in impacted areas such as Florida.

Conclusion

Our findings highlight that vitellogenesis occurs at both
sites, beginning at the flats and likely concludes at the
PSA. The elevated testosterone levels prior to the
spawning season are perhaps preparatory reserves for
aromatase but may facilitate some other process not yet
understood. During the spawning season, the absence of
fully mature and hydrated oocytes at any sampling event
indicates that final maturation is likely occurring at some

point offshore at night, where spawning is presumed to
take place. It is also possible that oocyte maturation
occurs at night in the PSA when sampling was not
taking place. However, given the fact that no sampled
fish showed evidence of hydrated eggs, final maturation
at the earliest occurs just prior to offshore migration.
Regardless, given the short period of time schools spend
offshore based on acoustic tracking (~8 h), maturation is
occurring very quickly. Further research regarding this
period of development is critical to our understanding of
bonefish reproductive physiology.

Our understanding of bonefish reproductive devel-
opment would benefit from a continued sampling ap-
proach to explore these metrics at an annual scale, which
would include the fall and summer non-spawning
months. Furthermore, because other PSAs continue to
be identified throughout much of the geographic distri-
bution of this genus, assessing the potential variability in
reproductive importance of sites across different islands
would also aid in our understanding of bonefish
spawning biology. In general, much is still unknown
regarding bonefish reproduction, including spawning
locations and habitat characteristics, temporal and spa-
tial spawning cues, and the frequencies with which
individuals spawn. These data gaps must be addressed
to sustain declining populations of this economically
important species.

Acknowledgements This study was financially supported by
Bonefish & Tarpon Trust (BTT) and National Fish and Wildlife
Foundation (NFWF). We are grateful for the lodging and water
access provided by East End Lodge. The experimental protocol for
this study received approval from Florida Atlantic University’s
Institutional Animal Care and Use Committee (Animal Use Pro-
tocol #A16-34).

References

Adams A, Shenker JM, Jud ZR, Lewis JP, Carey E, Danylchuk AJ
(2018) Identifying pre-spawning aggregation sites for bone-
fish (Albula vulpes) in The Bahamas to inform habitat pro-
tection and species conservation. Environ Biol Fish (this
issue)

Barannikova IA, Bayunova LV, Semenkova TB (2004) Serum
levels of testosterone, 11-ketotestosterone and oestradiol-
178 in three species of sturgeon during gonadal development
and final maturation induced by hormonal treatment. J Fish
Biol 64:1330-1338

Barber BJ (1996) Gametogenesis of eastern oysters, Crassostrea
virginica (Gmelin 1791) and Pacific oysters, Crassostrea

@ Springer



218

Environ Biol Fish (2019) 102:209-219

gigas (Thunberg 1793) in disease-endemic lower
Chesapeake Bay. J Shellfish Res 15:285-290

Bommelaer MC, Billard R, Breton B (1981) Changes in plasma
gonadotropin after ovariectomy and estradiol supplementa-
tion at different stages at the end of the reproductive cycle in
the rainbow trout (Salmo gairdneri R.). Reprod Nutr Dev
21(6A):989-997

Boucek RE, Lewis JP, Stewart BD, Jud ZR, Carey E, Adams AJ
(2018) Measuring site fidelity and homesite-to-pre-spawning
site connectivity of Bonefish (Albula vulpes): using mark-
recapture to inform habitat conservation. Environ Biol Fish
(this issue)

Brown-Peterson NJ, Wyanski DM, Saborido-Rey F, Macewicz
BJ, Lowerre-Barbieri SK (2011) A standardized terminology
for describing reproductive development in fishes. Mar Coast
Fish 3(1):52-70

Campbell CM, Walsh JM, Idler DR (1976) Steroid in the plasma
of the winter flounder (Pseudopleuronectes americanus). A
seasonal study and investigation of steroid involvement in
oocyte maturation. Gen Comp Endocrinol 29:14-20

Colton DE, Alevizon WS (1983) Movement patterns of bonefish,
Albula vulpes, in Bahamian waters. Fish Bull 81(1):148-154

Crabtree RE, Harnden CW, Snodgrass D, Stevens C (1996) Age,
growth, and mortality of bonefish, Albula vulpes, from the
waters of the Florida Keys. Fish. Bull. 94:442-451

Crabtree R, Snodgrass D, Harnden C (1997) Maturation and
reproductive seasonality in bonefish, Albula vulpes, from
the waters of the Florida keys. Fish Bull 95:456-465

Crabtree RE, Stevens C, Snodgrass D, Stengard FJ (1998) Feeding
habits of bonefish, Albula vulpes, from the waters of the
Florida keys. Fish Bull 96:754-766

Crim LW, Peter RE, Billard R (1981) Onset of gonadotropic
hormone accumulation in the immature trout pituitary gland
in response to estrogen or aromatizable androgen steroid
hormones. Gen Comp Endocrinol 44:374-381

Danylchuk AJ, Cooke SJ, Goldberg TL, Suski CD, Murchie KJ,
Danylchuk SE, Philipp DP (2011) Aggregations and offshore
movements as indicators of spawning activity of bonefish
(Albula vulpes) in the Bahamas. Mar Biol 158(9):1981-1999

Danylchuk AJ, Lewis JP, Jud ZR, Shenker J, Adams AJ (2018)
Behavioral observations of bonefish during prespawning ag-
gregations in The Bahamas: clues to drive broader conserva-
tion efforts. Environ Biol Fish (this issue)

Fedler T (2010) The economic impact of flats fishing in The
Bahamas, Report prepared for the Bahamian flats fishing
alliance pp 20

Fedler A (2013) Economic impacts of the Florida Keys flats
fishery. Report to Bonefish & Tarpon Trust, Key Largo
Florida. http://blog.bonefishtarpontrust.org/?p=1378.
Accessed 25 Jan 2017

Fourqurean J, Robblee M (1999) Florida bay: a history of recent
ecological changes. Estuaries 22:345-357

Hildebrand SF (1963) Family Albulidae. In: Bigelow HB,
Bradbury MG, Dymond JR, Greeley JR, Hildebrand SF,
Mead GW, Miller RR, Rivas LR, Schroeder WC, Suttkus
RD, Vladykov VD (eds) Fishes of the western North
Atlantic. Sears Foundation for Marine Research, Yale
University, New Haven, pp 132-147

Idler DR, Hwang SJ, Crim LW, Reddin D (1981) Determination of
sexual maturation stages of Altantic salmon (Salmo salar)
captured at sea. Can J Fish Aquat Sci 38(4):405-413

@ Springer

Ijiri S, Kazeto Y, Takeda N, Chiba H, Adachi S, Yamauchi K
(1995) Changes in serum steroid hormones and steroidogenic
availability of ovarian follicles during artificial maturation of
cultivated Japanese eel, Anguilla japonica. Aquaculture 135:
3-16

Johannes RE, Yeeting B (2000) I-Kiribati knowledge and manage-
ment of Tarawa’s lagoon resources. Atoll Res Bull 489:1-24

Kagawa H (2013) Oogenesis in Teleost Fish. Aqua-BioSci
Monogr 6(4):99-127

Kime D (1998) Introduction to fish reproduction. In: Endocrine
disruption in fish. Boston, MA, pp 81-107

Lambert JGD, Thisjssen JH, Eylath V (1971) Conversion of 3H-
androsteredione and *H-T to *H-oestradiol-17f in vitro by
the ovary of the guppy, Poecilia reticulate. Proc K Ned Akad
Wet 74:52-59

Larkin MF (2011) Assessment of South Florida’s bonefish stock.
Open Access Dissertations. 632. http://scholarlyrepository.
miami.edu/oa_dissertations. Accessed 25 Jan 2017

Layman CA, Silliman BR (2002) Preliminary survey and diet
analysis of juvenile fishes of an estuarine creeck on Andros
Island, Bahamas. Bull Mar Sci 70:199-210

Lubzen E, Young G, Bobe J, Cerda J (2010) Oogenesis in tele-
osts: how fish eggs are formed. Gen Comp Endocrinol 165:
367-389

Mandich A, Massari A, Bottero S, Pizzicori P, Goos H, Marino G
(2004) Plasma sex steroid and vitellogenin profiles during
gonad development in wild Mediterranean amberjack
(Seriola dumerilii). Mar Biol 144:127-138

Murchie KJ, Cooke SJ, Danylchuk AJ (2010) Seasonal energetics
and condition of bonefish from different subtropical tidal
creeks in Eleuthera, the Bahamas. Mar Coast Fish 2:249-262

Murchie KJ, Cooke SJ, Danylchuk AJ, Danylchuk SE, Goldberg
TL, Suski CD, Philipp DP (2013) Movement patterns of
bonefish (Albula vulpes) in tidal creeks and coastal waters
of Eleuthera, the Bahamas. Fish Res 147:404-412

Nagahama Y, Yamashita M (2008) Regulation of oocyte matura-
tion in fish. Develop Growth Differ 50:195-219

R Core Team (2014) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria. http://www.R-project.org/. Accessed 10 Feb 2017

Rehage JS, Santos RO, Kroloff EKN, Heinen JE, Lai Q, Black B,
Boucek RE, Adams AJ (2018) How has the quality of bone-
fishing changed? Quantitative temporal patterns in the South
Florida Flats Fishery using local ecological knowledge.
Environ Biol Fish (this issue)

Rocha M, Rocha E (2006) Morphofunctional aspects of reproduc-
tion from synchronous to asynchronous fishes-an overview.
In: Reinecke M, Zaccone G, Kappor B (eds) Fish endocri-
nology. Science Publishers, New Hampshire, pp 571-624

Rottmann RW, Shireman JV, Chapman FA (1991) Determining
sexual maturity of brood stock for induced spawning of fish.
SRAC Publ 423:1-4

Santos RO, Rehage JS, Adams AJ, Black BD, Osborme J, Kroloff
EKN (2017) Quantitative assessment of a data-limited recre-
ational bonefish fishery using a time-series of fishing guides
reports. PLoS One 12(9):1-19

Scott AP, Bye VJ, Baynes SM (1980) Seasonal variations in sex
steroids of female rainbow trout (Salmo gairdneri). J Fish
Biol 17:587-592


http://blog.bonefishtarpontrust.org/?p=1378
http://scholarlyrepository.miami.edu/oa_dissertations
http://scholarlyrepository.miami.edu/oa_dissertations
http://scholarlyrepository.miami.edu/oa_dissertations

Environ Biol Fish (2019) 102:209-219

219

Scott AP, MacKenzie DS, Stacey NE (1983a) Endocrine changes
during natural spawning in the white sucker, Catostomus
commersoni. Gen Comp Endocrinol 56:349-359

Scott AP, Sumpter JP, Hardiman PA (1983b) Hormone changes
during ovulation in the rainbow trout (Salmo gairdneri). Gen
Comp Endocrinol 49:128-134

Sower SA, Freamat M, Kavanaugh SI (2009) The origins of the
vertebrate hypothalamic—pituitary—gonadal (HPG) and hypo-
thalamic—pituitary—thyroid (HPT) endocrine systems: new
insights from lampreys. Gen Comp Endocrinol 161:20-29

Stuart-Kregor PAC, Sumpter JP, Dodd JM (1981) The involve-
ment of gonadotrophin and sex steroids in the control of
reproduction in the parr and adults of Atlantic salmon,
Salmo salar L. J Fish Biol 18(1):59-72

Taghizadeh V, Imanpoor MR, Mehdinejad N (2013) Study the
seasonal steroid hormones of common carp in Caspian Sea,
Iran. Springerplus 2(1):193

Ueda H, Hiroi O, Hara A, Yamauchi K, Nahahama Y (1984)
Changes in serum concentrations of steroid hormones, thy-
roxine, and vitellogenin during spawning migration of the
chum salmon, Oncorhynchus keta. Gen Comp Endocrinol
53:203-211

Wallace R, Selman K (1981) Cellular and dynamic aspects of
oocyte growth in teleosts. Am Zool 21:325-343

Wallace EM, Tringali MD (2016) Fishery composition and evi-
dence of population structure and hybridization in the
Atlantic bonefish species complex (Albula vulpes). Mar
Biol 163:142

West G (1990) Methods of assessing ovarian development in
fishes: a review. Aust J] Mar Freshwat Res 41:199-222

Whitehead C, Bromage NR, Forster JRM, Matty AJ (1978) The
effects of alterations in photoperiod on ovarian development
and spawning time in the rainbow trout (Salmo gairdneri).
Ann Biol Anim Biochim Biophys 18(4):1035-1043

Wilson C, Scotto L, Scarpa J, Volety A, Laramore S, Haunert D
(2005) Survey of water quality, oyster reproduction an oyster
health status in the St. Lucie estuary. J Shellfish Res 24(1):
157-165

Zupa R, Rodrdaguez C, Mylonas CC, Rosenfeld H, Fakriadis I,
Papadaki M, Pérez J, Pousis C, Basilone G, Corriero A
(2017) Comparative study of reproductive development in
wild and captive-reared greater amberjack seriola dumerili
(Risso, 1810). PLoS One 12(1):1-28

@ Springer



	Seasonal and spatial changes in sex hormone levels and oocyte development of bonefish (Albula vulpes)
	Abstract
	Introduction
	Methods
	Initial sample collection and preservation
	Histological preparation of oocytes
	Sex-hormone plasma level determination
	Statistical analysis

	Results
	Histology
	Sex hormone concentration
	Seasonal differences
	Flats vs. PSA


	Discussion
	Seasonal differences
	Flats vs. pre-spawn aggregation

	Conclusion
	References


