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Abstract 
 

Title:   Spatial variability in the reproductive hormones and oocyte  maturation of 
Bonefish (Albula vulpes) in the Bahamas 
 
Author:   Ashley Yarbrough 
 
Advisor:   Jonathan Shenker, Ph.D. 

 
Bonefish (Albula vulpes) are an extremely popular sport fish that are a vital component of 
the multimillion-dollar recreational flats fishery. Despite its economic importance for 
many countries, there is little information available about many aspects of their 
reproductive biology. Significant gaps include analysis of the hormones that influence 
oocyte development and the nutrient levels in oocytes that drive embryonic and early 
larval development and how these parameters vary among habitats. The goals of this 
study were to characterize and quantify the reproductive hormones, oocyte 
developmental stages, and nutrient composition of oocytes from fish at or near spawning 
sites across multiple Bahamian Islands including Abacos, Chub Cay, Bimini, and 
Acklins. Egg samples were collected via cannulation from female fish (n=52) captured 
from flats habitats located near well-known pre-spawning aggregation sites during the 
2018-2019 and 2019-2020 spawning seasons. Blood samples (n=46) were taken for 
analysis of testosterone and 17β-estradiol levels. Oocyte histology and biochemical 
analyses were conducted to assess the development of oocytes and their overall nutrient 
content, with a focus on fatty acids and amino acids. Hormone and oocytes stage results 
were similar between all sample islands, characterized by consistently high levels of 
testosterone with increasing levels of 17β-estradiol as oocytes approached final 
maturation as well as a high proportion of Vtg. 3 oocytes. Many significant differences 
were identified between the levels of fatty acids detected in oocytes from each island. 
However, SFAs consistently made up the largest portion, mainly due to palmitic acid 
(16:0) and steric acid (18:0). Essential fatty acids DHA, ARA, and EPA, were 
consistently detected at the highest quantities within polyunsaturated fatty acids at all 
islands, however, ARA was the only one found to be significant. Combined with the 
knowledge that the nutrients available for oocyte development and larval growth are 
directly linked to maternal diet, the differences identified between sample islands in this 
study are likely due to variation in prey availability. Thesis findings could indicate a 
variation in egg quality and survival within the Bahamian Archipelago.  
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Chapter 1: Introduction 
 

Fish reproduction and early larval development involves complex coordination of 

environmental and hormonal controls that drive gametogenesis and spawning. For many species, 

individual and population-level behavioral responses and migrations further enable synchronous 

maturation and spawning at sites far removed from their normal home ranges.  Analysis of 

reproductive hormones and oocyte composition within wild populations can help determine 

seasonal and spatial patterns in reproductive behavior as well as nutritionally-influenced 

variations in larval production and survivorship.    

Bonefish, Albula vulpes, provide a model for examination of reproductive physiology and 

behavior.  Normally restricted to small home ranges in shallow habitats in southern Florida, the 

Bahamas, Caribbean Islands, and the Central American coastline, subpopulations can undergo 

long migrations to form discrete spawning groups, called pre-spawning aggregations (PSAs) 

(Adams et al. 2019). These groups have the potential to produce eggs and larvae of variable 

nutritional quality that affects subsequent survival.  Prior to becoming reproductively mature and 

traveling to join a PSA, bonefish live in shallow (1-2 m deep) coastal habitats that can include 

mangroves, sand and mud bottom, seagrass, and hard substrate (Murchie 2013; Adams et al. 

2019). Here they feed on demersal invertebrates such as shrimp and crabs, as well as benthic 

infauna (Crabtree et al. 1998). They tend to have a very small home range (<1 km), moving onto 

shallow flats to feed during high tide, then returning to deeper channels during low tide (Murchie 

2013). Bonefish typically become reproductively mature between three and four years of age 

(Adams and Cooke 2015), although Santos et al. (2019) found fish in Cuba capable of spawning 

within their first two years.  

In preparation for spawning, fish may migrate distances from a few km up to 100 km 

(Danylchuk et al. 2011) along shallow coastlines to reach sites where the reef edge and a drop-off 

into deep water occurs within a few kilometers of shore. Large PSAs of 1,000 – 10,000 fish 

develop in shallow waters at the end of the migratory pathways for 1-2 weeks around the full 

moon phases from November through April or May in the Bahamas (Adams et al. 2014; Adams 

and Cooke 2015; Adams et al. 2019). PSAs then move offshore after dusk to deeper waters, 

usually greater than 1,000 meters, where they descend and spawn at depths of 30-150 m 

(Danylchuk et al. 2011; Adams et al. 2019; Lombardo et al. 2020).  After spawning, bonefish 

return to their tidal creek and flats habitats.  Hatching of the pelagic eggs occurs 23 to 24 hours 

after fertilization, producing larvae that utilize their endogenous yolk reserves to develop 
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functional jaws, digestive and sensory systems over a 7-day period (Halstead et al. 2020).  

Bonefish are characterized by a distinctive leptocephalus larval stage that lasts for an average of 

55 days before settling (Mojica et al. 1996; Friedlander 2007).  

The completion of gamete maturation in adult bonefish prior to or during the migration to 

PSA sites requires mass synchronization within a population. Prior to spawning, reproductive 

development and oocyte maturation are controlled by a cascade of hormones driven by the 

hypothalamus-pituitary-gonad (HPG) axis (Liu and Lin 2017). In response to environmental 

triggers, such as seasonal cycles in temperature and photoperiod, and monthly lunar cycles, 

gonadotropin-releasing hormone (GnRH) is secreted from the hypothalamus within the brain of 

female fish. This signals the pituitary gland to release two gonadotropin hormones, luteinizing 

hormone (LH) and follicle-stimulating hormone (FSH). These, in turn, signal the gonads to 

produce β17-estradiol (E2) and testosterone (T) (Arcand‐Hoy and Benson 1998; Luck et al. 

2018). In females, the secretion of E2 stimulates release of the vitellogenin from the liver, and is 

transported through follicle cells into the oocyte as yolk protein (Wallace 1985; Luck et al. 2018). 

Testosterone is used as a precursor to E2 and can be found in particularly high levels in ovulated 

females due to the decrease in aromatase activity. (Jerez et al. 2006; Kagawa 2013). While the 

involvement of these two hormones in reproductive development is well established, their 

concentration from population to population due to possible variation in reproductive needs is 

unknown. 

E2 and T drive oocyte development through five main stages: immature, developing, 

spawning capable, regressing, and regenerating (Brown-Peterson et al. 2011; Luck et al. 2018). 

Vitellogenesis is a primary characteristic of the developing stage, where nutrients for embryonic 

and early larval development are incorporated into the oocytes. This yolk consists mainly of 

proteins (amino acids) and lipids (fatty acids) (Lubzens et al. 2010). Three essential fatty acids 

(FA), arachidonic acid (ARA; 20: 4w-6), eicosapentaenoic acid (EPA; 20:5w-3), and 

docosahexaenoic acid (DHA; 22:6w-3) are primary components for biosynthesis and metabolic 

energy in marine fish embryos and larvae (Fuiman and Faulk 2013; Sargent et al. 1999). Essential 

fatty acids (EFA) are acquired from the maternal diet (Fuiman and Faulk 2013) and insufficient 

levels of these can lead to deficiencies in fecundity, fertilization rate, embryonic development, 

and hatch success (Rainuzzo 1993; Harel et al. 1994). Lipids, more so than proteins and 

carbohydrates, continue to be a source of energy at the embryonic and larval stage until first 

feeding (Rainuzzo et al. 1997). Total amino acid (AA) content of a marine fish egg, which 

includes free amino acids and proteins, can range between 40 – 60% of its dry weight (Rønnestad 

et al. 1999). Proteins are critical for growth and biosynthesis in all marine fish. While FAs are the 
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main source of energy during reproductive and oocyte development, AAs play a lead role in 

larval growth after the onset of exogenous feeding (Cowey 1994; Rønnestad et al. 1999, 2003).  

Bonefish continue to feed throughout their spawning season (Adams et al. 2019), 

implying that the deposition of essential nutrients into the yolk is highly influenced by the recent 

diet of the mother, and they can be classified as income breeders (Hou et al. 2020). For 

populations that spawn in different locations, this could indicate a variation in overall 

reproductive viability based on the nutrients that are readily available.    

 
Project Objectives and Hypotheses 
 

Recent studies on the reproductive biology of bonefish in the Bahamas have concluded 

that there is variation in the concentration of sex hormones (E2 and T) and frequency of oocyte 

stages seen in PSA fish near several Bahamian islands (Luck et al. 2018; Mejri et al. 2020). This 

study seeks to expand the spatial coverage of analysis of sex hormones and oocyte stage 

distributions of fish taken near PSAs in the Bahamas.  In addition, the nutrient composition of 

oocytes is analyzed to determine the spatial variation in lipid and protein reserves that fuel 

embryonic and early larval development.  Potential spatial differences in these metrics could 

result in significant differences in the reproductive viability of various bonefish populations and 

their resulting contribution to the regional bonefish stock.   

 

(𝐻 ) there will be no significant difference in the relative frequency of oocyte stages from 

fish collected at or near Pre-spawning aggregation sites between sampled Bahamian islands. 

(𝐻 ) there will be a significant difference in the relative frequency of oocyte stage seen 

in the samples collected at or near Pre-spawning aggregation sites between sampled Bahamian 

islands. 

(𝐻 ) There will be no significant difference in the sex hormone β17-estradiol (E2) and 

testosterone (T) levels measured in fish collected at or near Pre-spawning aggregation sites 

between sampled Bahamian islands 

(𝐻 )  There will be significant differences in β17-estradiol (E2) and testosterone (T) 

from fish collected at or near Pre-spawning aggregation sites between sampled Bahamian islands.   

(𝐻 ) there will be no significant differences in the amino acid profiles and fatty acid 

content in oocytes from fish collected at or near Pre-spawning aggregation sites between sampled 

Bahamian islands. 
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(𝐻 ) there will be significant differences in the amino acid profiles and fatty acid 

content from fish collected at or near Pre-spawning aggregation sites between sampled Bahamian 

islands.  
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Chapter 2: Methods 

 
Sample Collection 
 

A series of research cruises on the M/ Y Albula investigated a diverse array of topics 

about the reproductive biology of bonefish in the Bahamas.  A 7 to 10-day cruise was made to 

one of 4 islands (the Abacos, Chub Cay, Bimini and Acklins Island; Figure 1) during the half to 

full moon period on most months from November through April 2018-2019, and again during 

November 2019. These cruises provided the opportunity to collect oocyte and blood samples 

from female bonefish collected from two habitats: shallow waters of 0.5 m or less within 1-2 km 

of the PSA locations and within the PSA itself at depths of 1 m or deeper.  A 50m x 1m x 2.5cm 

mesh beach seine was used to collect fish from the shallow habitat, and fish in the PSA were 

collected with hook and line.  

Captured fish were first measured for total length, then gentle abdominal pressure was 

used to detect males by the presence of milt. For fish that did not release milt, a soft-tube catheter 

(Bard 100% latex-free infant feeding tube, 2.27 mm diameter, 26 cm length, attached to a 3 ml 

syringe barrel) was inserted through the gonopore into the ovary, and approximately 1-2ml of 

oocytes (an approximate weight of 0.5-2.0 g) were removed. Samples were split into two 2ml 

vials, one for nutrient analysis and another for histological analysis (preserved in 10% NB 

formalin). Blood samples were acquired by inserting a heparinized syringe through the ventral 

surface into the fish’s caudal vein, and drawn into a lithium heparin lined BD vacutainer™. Once 

back on board the vessel, blood samples were centrifuged at 2500 rpm for 20 minutes to separate 

the plasma from the rest of the blood. Oocyte samples for nutrient analysis and all blood samples 

were kept in a freezer (-20°C) until the end of the cruise, and subsequently kept in a freezer at -

80°C prior to further analysis.  Oocyte samples for histological analysis were preserved in 10% 

non-buffered formalin at room temperature.   
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Figure 1. GIS Map showing where sampling took place within the Bahamas. Numbers indicate 
specific islands: (1) Bimini, (2) Abacos, (3) Chub Cay, and (4) Acklins. 
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Histological Analysis and Oocyte Phase Classification 
 

Following protocols presented by Barber 1996, Wilson et al. 2005, and Mejri et al. 2020, 

oocyte samples were initially transferred to a 70% ethanol solution, then dehydrated in a series of 

solutions ranging from 70% to 100% ethanol. Oocytes were then clarified in toluene and 

embedded in paraffin wax. Cross sections of the embedded oocytes were cut with a microtome at 

8 – 10 μm in thickness and mounted on pre-labeled glass slides. Once stained with hematoxylin 

and eosin, a subset of at least 30 eggs was photographed from each sample using an OLYMPUS 

BX51 microscope at a range of magnifications going from 40X to 100X. 

The photographs of each oocyte sample were examined to determine its stage of 

reproductive development. Classification was divided into three main stages, primary growth 

(PG), cortical alveolus (CA), and vitellogenic (Vtg). A system developed by Crabtree et al. 

(1997) and adapted for bonefish by Luck et al. (2018). The vitellogenic stage was further broken 

down into three substages including primary (Vtg1), secondary (Vtg2), and tertiary (Vtg3) 

vitellogenesis. Oocytes in the vitellogenic stage are distinguishable from those in the CA and PG 

stages by their relatively large size, the presence of oil droplets, and amount yolk within the 

cytoplasm. Progression through the substages of vitellogenesis is characterized by the germinal 

vesical moving towards the pole of the oocyte and breakdown of the nucleus. Using the total 

proportion of oocytes in each stage, fish were placed in one of the following categories: 

immature, developing, spawning capable, regressing, or regenerating (Brown-Peterson et al. 

2011; Luck et al. 2018). For the purposes of this study, the following parameters were used to 

categorize the samples into their respective groups: Immature fish have almost exclusively PG 

oocytes. Developing fish have a mix of PG, CA, Vtg.1, and Vtg. 2 oocytes and are differentiated 

from regressing fish by a lack of post-ovulatory follicles (POFs). Spawning capable fish have at 

least 50% of the oocytes in vtg.3, with smaller proportions of the other stages. POFs can also be 

found in spawning capable fish, indicating that they participated in a previous spawning event. 

Regressing fish also have POFs along with small proportions of Vtg. 3, Vtg. 2, or Vtg.1 oocytes. 

Lastly, regenerating fish were identified by higher levels of PG and CA oocytes, but is 

differentiated from developing fish by a lack of Vtg. 2 or Vtg. 3 oocytes.  

 
Sex Hormone Analysis 
 

The methodology used to analyze the plasm samples was modeled after Mejri et al. 

(2020). Enzyme-linked immunosorbent assay (ELISA; Cayman Chemical Company, USA) kits 

were used to determine the concentrations of 17β-estradiol (E2) and testosterone (T). A volume 

of 100 μl of each plasma sample was extracted and split to run in two dilutions in order to 
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decrease interference within the wells. Within each dilution, 50 μl of plasma was mixed with 50 

μl antibody and 50 μl HRP conjugate, then kept for 2 hours at 37 °C. Then, absorbance was 

measured at a wavelength of 405 nm using a microplate reader (Biotek, Synergy H1, USA). 

 
Nutrient Analysis 
 

Lipids were extracted according to the protocols developed by Folch et al. (1957) and 

modified by Parrish (1999). Between 0.05 and 0.20 g of each egg sample were used for the fatty 

acid (FA) analysis and the remaining material was saved for amino acid (AA) analysis. Lipid 

extracts were separated into neutral and polar fractions using 10 ml of a 98:2 dichloromethane: 

methanol solution for the neutral lipids and 10 ml of methanol for the polar lipids. Following the 

methylation process, 1.5 ml of hexane was added to the resulting neutral and polar samples. All 

fatty acid methyl esters (FAME) were prepared as described by Lepage and Roy (1984) and 

shipped to Microbial ID, Inc. for analysis (Newark, DW; www.microbialid.com), using a gas 

chromatography system. The MIDI Sherlock® Microbial Identification System (MIS) uses model 

5890, 6890, or 6850 gas chromatographs in addition to an external calibration standard, both 

designed and produced by Microbial ID, Inc.  

Larger samples were required for the amino acid analysis. All oocytes taken from an 

island were thus pooled into a single sample. The wet weights of the samples were recorded prior 

to being freeze dried. Once dried, samples were placed in a 7ml tube with two 2.8 mm beads, then 

run for 30 seconds at 3.55 m.s-1 in a bead homogenizer. For the amino acid analysis, individual 

samples were combined by island and totaled as follows: Abacos – 2.084 g, Bimini – 2.492 g, 

Chub Cay – 1.675 g, and Acklins - 0.346 g. A small percentage of material was lost in the 

transfer between steps. Once combined, the four samples were sent to the New Jersey Feed Lab, 

Inc (Ewing, NJ; www.NJFL.com) for proximate analysis including moisture, protein, fat, fiber, 

ash, calories, and carbohydrates components as well as total amino acid profiles (AAP). All tests 

were run in accordance with the guidelines published by the Association of Official Agricultural 

Chemists International (AOAC). Specifically, the AAPs were determined using the AOAC 

994.12 method in a high-performance liquid chromatography instrument. Samples used in 

proximate analysis were first treated with 6 N HCl for 24 hours at 110 °C. They were then 

quantitated using cation-exchange liquid chromatography, post-column ophthalaldehyde (OPA) 

derivatization, and fluorescence detection. After hydrolysis, the amino acids that remained were 

also analyzed with 6 N HCl for 24 hours at 110 °C, followed by cation-exchange liquid 

chromatography. Quantitation was performed after ninhydrin derivatization and UV/Vis 

detection. Procedures presented in AOAC 942.05, AOAC 920.39, AOAC 978.10, AOAC 930.15, 
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and AOAC 990.03 guidelines were used to determine the total ash, fat, fiber, moisture, and 

protein content, respectively. Calories and carbohydrates were calculated separately based on 

proximate results. There was not a sufficient amount of freeze-dried material to conduct both 

analyses for Acklins, so only the AAP was determined.  

 
Statistical Analysis 
 

Initial examination of the histological data indicated that there was notable variation in 

the reproductive condition of fish in each island. Accordingly, fish were placed into one of two 

categories. Spawning capable fish included animals with 50% or more of their oocytes in the Vtg 

3 stage. Non-spawning fish included animals with less than 50% of their eggs in the Vtg 3 stage 

and were considered to be either still developing, regressing, or regenerating. This classification 

of samples allowed for the assumption that the individuals included in the analysis were present 

for reproductive purposes.  

For 𝐻 /𝐻 , the frequency of each oocyte stage was calculated for each sample and used 

to determine the reproductive status of the fish. Samples from spawning capable fish (group 1) 

were separated from those in any of the other stages (group 2). Various tests were used within 

PRIMER to determine the relationship between the five oocyte stages seen in the samples within 

group 1 (PG, CA, Vtg. 1, Vtg. 2, Vtg. 3), including PERMANOVA and SIMPER. One-way 

ANOVA tests were used to determine the significance of those relationships.  

For 𝐻 /𝐻 , the sex hormone data was first divided into spawning capable fish and non-

spawners according to the aforementioned criteria. JMP software then was used to run one-way 

ANOVA tests on the levels of E2 and T in the spawning capable group between each island 

(Abaco n=6, Chub n=12, Bimini n=12, and Acklins n=5), in order to determine if a significant 

variance exists between islands for both hormones.  

For 𝐻 /𝐻 , groups 1 and 2 were combined for the FA analysis as the deposition of 

nutrients within the oocyte experiences little change once it reaches the Vtg 3 stage. The data 

provided in the FAME profiles for each sample were separated into neutral and polar fractions. 

The relative percentage of each detected FA was organized based on its number of carbon atoms 

and unsaturation (double bonds). In addition, the total saturated fatty acids (SFA), 

monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA) were calculated. 

Data was analyzed using PRIMER 7 (v. 7.1.12) software with PERMANOVA+ (v.1.0.2). The 

arcsin transformed version of the data was used in all tests with the exception of the SIMPER 

analysis where the relative percentage of the FA totals was used. The resemblance matrix was 

created using Bray-Curtis similarity and displayed with a non-metric MDS plot. Similarity 
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between islands was analyzed through pseudo-F stats produced by PERMANOVA tests. 

PERMDISP test was used to identify which islands were responsible for that similarity and 

SIMPER analysis showed the FAs specifically responsible for those relationships. A one-way 

ANOVA followed by a Tukey post-hoc tests were run via JMP software for 16:0, 18:0, 16:1, 

18:1, docosahexaenoic acid (DHA), arachidonic acid (ARA), eicosapentaenoic acid (EPA), and 

the n-3/n-6 ratio to determine which FA contributed significantly to the variance between islands. 

The model assumptions of normal distribution and homogeneity of variance were tested as well.  
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Chapter 3: Results 
 

A total of 52 oocyte samples and 46 blood samples were collected from female bonefish 

during the cruises:  Abacos (November 2018 and 2019, n=13 oocyte samples and n=7 blood 

samples), Chub Cay (February 2019, n=15 oocyte and blood samples), Bimini (March 2019, 

n=15 oocyte samples and n=14 blood samples), and Acklins (December 2019, n=9 oocyte and 

blood samples) 

 
Histological Results 
 

Bonefish ovaries contained oocytes in varying stages of development, from primary 

growth (PG) through late vitellogenic (Vtg. 3) stages (Figure 2). The bonefish sampled at each 

island were comprised of two groups of females that differed in the degree of ovarian 

development.  Spawning Capable fish (n = 37) had ovaries that were dominated by Vtg. 3 stage 

oocytes (>50%). The remaining 13 fish (non-spawners; n=13) had ovaries dominated by PG and 

CA stage oocytes, and included two fish in the developing stage (n=2), seven in the regressing 

stage (n=7) and four in the regenerating stage (n=4) (Figure 3). Developing fish were 

distinguished from those in the regressing or regenerating stages by a lack of POFs and a mix of 

Vtg. 1, Vtg. 2, PG, and CA oocytes, with the vitellogenic stage eggs comprising the majority. 

Some regressing fish had a small proportion of remaining Vtg. 3 oocytes along with Vtg. 1 and 2, 

while the regenerating fish were identified by higher levels of PG and CA oocytes, but is 

differentiated from developing fish by a lack of Vtg. 2 or Vtg. 3 oocytes. Both of the later stages 

had POFs.  

 

Figure 2.  The five main stages of oocyte development observed in bonefish (Albula vulpes) 
during their reproductive development. From the left, primary growth (PG), cortical alveolar 

(CA), primary vitellogenic (Vtg 1), secondary vitellogenic (Vtg 2), and tertiary vitellogenic (Vtg 
3 or Late Vitellogenic [LV]). Vtg 3 is then further broken down into LV, LV with germinal 

vesical migration (GVM), and LV with germinal vesicle breakdown (GVBD). This classification 
system is based on the system designed by Crabtree et al. (1997) and adapted by Luck et al. 2018.  
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Figure 3. Frequency (mean +/- SD) of oocytes in different developmental stage in the samples 
from spawning capable fish and non-spawning capable fish 

 

Within spawning capable fish, there was no significant difference among islands between 

the frequency of each oocyte stage (PERMANOVA Pseudo F( , ) = 1.28, p=.26). Among the 

fish that were deemed not spawning capable, a significant difference only existed between Bimini 

and Acklins islands, the Bahamas (PERMANOVA Pseudo F( , ) = 3.98, p=.004). Figure 4 shows 

the means of oocyte frequency for each category of fish, divided by island.  
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Figure 4. The mean frequency of each of the five oocyte stages seen in spawning capable and 
non-spawning capable bonefish (Albula vulpes), sampled from Abaco. Chub, Bimini, and Acklins 

islands, the Bahamas. Stages include primary growth (PG), cortical alveolus (CA), and primary 
(Vtg1), secondary (Vtg2), and tertiary (Vtg3) vitellogenesis. 

 
Sex Hormones 
 

Although oocyte developmental stages were similar among islands within the Spawning 

Capable females, very large and statistically significant differences existed in the levels of 17β-

Estradiol (one-way ANOVA, F( , ) = 6.61, p=0.001) and Testosterone (F( , ) = 4.38, p=0.011) 

among the four islands (Figure 5). Females from Abaco island exhibited the highest 

concentrations of the sexual hormones, followed by females sampled from Bimini, Chub, then 

Acklins.  
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Figure 5. Concentrations (Mean ± SE) of Testosterone and 17β-estradiol found in bonefish 

(Albula vulpes) females sampled within Abaco, Chub Cay, Bimini, and Acklins, the Bahamas. 
Differing letters above the standard error bars indicate significant differences between islands.  

 
Oocyte Nutrient Composition 
 

To ensure sufficient material for analysis of oocyte composition, samples from each 

spawning site were pooled, prior to histological analysis and determination that some fish were 

spawning capable, and some were non-spawners. Nevertheless, the pooled samples provide 

metrics of maternal nutrition incorporated into oocytes in each region. Bonefish oocytes across all 

three islands that provided samples had a mean overall caloric content of 4,169 Kcal/kg (Table 1). 

This comprises the energy pool that fuels embryonic and early larval development. Protein 

comprised the largest portion of the pooled sample of oocytes for all the islands, ranging between 

540.5 – 574.8 mg. g-1 of dry weight (DW). Lipid content made up the second largest component 
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across all three islands ranging from 218.2 – 256.6 mg. g-1 of dry weight (Table 1). Fiber was 

consistently the smallest portion ranging between 9.2 and 12.2 mg. g-1 of dry weight. The 

remaining elements of the proximate analysis (moisture, ash, and carbohydrates) ranged between 

57.8 – 88.2 mg. g-1, 56.0 – 79.6 mg. g-1, and 54.8 – 79.0 mg. g-1 of dry weight, respectively.   

 

Table 1.  Concentration of nutritional components of bonefish (Albula vulpes) oocyte samples 
collected from Abacos (n=21), Bimini (n=48), and Chub (n=31) islands in the Bahamas. Due to 

an insufficient quantity of oocyte material, no proximate analyses were conducted with the 
samples from Acklins. 

DW Content (mg. g-1) Abacos  Bimini  Chub  Acklins 
Moisture  88.2 67.8 57.8 ns 

Protein (crude) 540.5 562.0 574.8 ns 
Lipid (crude) 218.2 234.4 256.6 ns 
Fiber (crude) 9.2 12.2 12.0 ns 

Ash 79.6 56.8 56.0 ns 
Carbohydrates 73.5 79.0 54.8 ns 

Calories (Kcal/kg) 3972 4193 4343 ns 
 
Total Amino Acid Profiles 
 

The protein components of pooled egg samples were hydrolyzed to determine their amino 

acid constituents. The same sixteen amino acids were detected at all four sample sites with 

Glutamic Acid being the most prominent amino acid (AA), ranging from 11.8 – 12.2% of total 

AA. Seven of the detected amino acids were Essential Amino Acids (EAA) that must be obtained 

from dietary sources: Histidine (HIS), Isoleucine (ILE), leucine (LEU), lysine (LYS), 

phenylalanine (PHE), threonine (THR), and valine (VAL). Hydroxyproline (a non-essential 

amino acid derivative) was also consistently detected in low concentrations (Table 2). There was 

not a notable difference between the AA levels detected at each island.  

 

Table 2. Relative percentages of essential amino acids (EAA) and nonessential amino acids 
(NEAA) detected in the oocyte samples from bonefish (Albula vulpes) females collected in 

Abacos, Bimini, Chub, and Acklins, the Bahamas. 
Total Amino 

Acid 
Abacos Bimini Chub Acklins 

EAA      
Leucine 9.22 9.17 9.14 9.16 
Lysine 7.21 7.71 7.83 7.78 
Valine 6.93 6.64 6.80 6.86 

Threonine 5.64 5.48 5.20 5.52 
Isoleucine 5.60 5.46 5.57 5.75 

Phenylalanine 4.54 4.49 4.50 4.49 
Histidine 3.20 3.07 3.13 3.06 
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Total EAA (%) 42.34 42.02 42.18 42.62 
NEAA     

    Glutamic Acid  12.21 11.96 11.92 11.80 
Alanine 10.15 10.0 9.97 9.94 

Aspartic Acid 8.97 8.82 8.80 8.62 
Arginine 7.87 7.75 7.69 7.61 
Proline 5.62 5.20 5.51 5.74 
Serine 5.53 5.44 5.65 5.33 

Glycine 3.88 3.80 3.81 3.73 
Tyrosine 3.43 4.43 4.46 4.40 

Total NEAA (%) 57.66 57.40 57.82 57.17 
Hydroxyproline <0.01 0.55 <0.01 0.21 

 
Neutral Lipid Fraction of Fatty Acids 
 

Lipids within pooled samples of oocytes from each region were divided into neutral and 

polar components.  The same 23 fatty acids were detected within the neutral lipid fraction at all 

islands (Table 3). The saturated fatty acids (SFA) consistently made up the largest percentage of 

all the fatty acids detected (>41%) with palmitic acid (16:0; >24%) and steric acid (18:0; >5%) 

being the largest contributors. The monounsaturated fatty acids (MUFA) were comprised of four 

FAs totaling >32% of total neutral FA, dominated by oleic acid (18:1; >20%), followed by the 

polyunsaturated fatty acids (PUFA) comprising >19% of total neutral FA. The Essential Fatty 

Acids DHA (22:6 n-3), ARA (20:4 n-6), and EPA (20:5 n-3), were all responsible for about 3-6% 

of the total PUFAs detected at each island.  

Neutral lipid fatty acid composition significantly differed among islands 

(PERMANOVA, 𝐹( , )  = 5.57, p=0.001). More specifically, PERMDISP analysis revealed that 

the fatty acid composition of oocytes from Abacos was statistically different from that of all the 

other islands (PERMDISP p-value comparisons; AB v. B, p = 0.001; AB v. C, p = 0.001; AB v. 

AK, p = 0.001). The comparison between Chub Cay and Acklins was also statistically different 

(C v. AK, p = 0.001). One-way ANOVA tests were used to determine the statistical significance 

of each relationship. SFA and MUFA were significant (one-way ANOVA, 𝐹( , ) = 3.12, 

p=0.0354; 𝐹( , ) =3.08, p=0.0372), however, the PUFA was not (𝐹( , ) =2.19, p=0.1024; Table 

6). SIMPER analysis confirmed that 16:0 (one-way ANOVA, 𝐹( , ) = 8.23, p=0.0001), 

palmitoleic acid (16:1; one-way ANOVA, 𝐹( , ) = 3.67, p=0.0191), 18:0 (one-way ANOVA, 

𝐹( , ) = 7.92, p=0.0002) and 18:1 (ANOVA, 𝐹( , ) = 1.68, p=0.1843) were the largest 

individual contributors to the dissimilarity between islands with oleic acid the only one found to 

be not significant. A closer look into the PUFAs, specifically the essential fatty acids, revealed 

that ARA (over DHA and EPA) was the only one with statistical significance (ANOVA, 𝐹( , ) = 
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9.63, p=0.0001). The ratio of omega-3 fatty acids to omega-6 fatty acids within the neutral lipid 

fraction stayed fairly consistent from island to island, ranging from 0.76 to 0.81. The overall 

differences among islands were summarized with a non-metric MDS plot (Figure 6) of all neutral 

fraction fatty acids, with vectors denoting the FAs that contributed the most to the variation 

between islands.  Fish from the Abacos showed a broad spread of values, but little overlap with 

other locations, and fish from Acklins Island clustered apart from the other groups.  Fish from 

Bimini and Chub, however, had overlapping distributions of the neutral fraction FAs. 

 

 

Figure 6. Non-metric multi-dimensional scaling of the Bray-Curtis Similarity of the relative 
percentage of the neutral fatty acids detected in oocyte samples from female bonefish (Albula 

vulpes) across Abacos, Bimini, Chub and Acklins island, the Bahamas. The vectors represent the 
fatty acids that attribute to most of the variation between study sites. 

 

Table 3. Neutral lipid composition of oocytes taken from female bonefish (Albula vulpes) across 
four islands, expressed as a percentage of total neutral lipids (Mean ± SD). Different superscript 

letters denote a significant difference between islands for that particular fatty acid.  
Fatty Acid Island 

 Abacos Bimini Chub Cay Acklins 
14:0 3.12 ± 1.65 2.84 ± 0.52 3.24 ± 0.71 2.86 ± 0.44 
15:0 1.62 ± 1.23 1.40 ± 0.47 1.54 ± 0.64 0.57 ± 0.42 
16:0 24.07 ±  5.62  27.19 ±  6.31  28.73 ±  2.45  31.99 ±  1.94  
17:0 1.51 ± 1.30 2.80 ± 0.73 2.64 ± 0.93 1.53 ± 0.55 
18:0 5.38 ±  1.37  6.72 ±  0.89  6.49 ±  0.65  7.28 ±  1.53  
20:0 5.22 ± 3.69 1.96 ± 0.67 1.27 ± 0.37 1.04 ± 0.47 

𝐒𝐅𝐀 𝐭𝐨𝐭𝐚𝐥𝛂 41.01 ±  4.66  43.24 ±  5.84  44.43 ±  2.68  45.41 ±  2.27  
     

16:1 
9.62 ±  2.98  

11.80 
±  3.82  11.49 ±  2.60  8.49 ±  1.38  



 

18 
 

17:1 1.69 ± 0.76 2.07 ± 0.33 2.09 ± 0.47 1.49 ± 0.44 
18:1 22.90 ± 4.14 20.59 ± 2.25 21.01 ± 1.67 21.00 ± 1.26 
20:1 1.12 ± 0.86 1.57 ± 1.01 1.50 ± 0.72 1.42 ± 0.65 

𝐌𝐔𝐅𝐀 𝐭𝐨𝐭𝐚𝐥𝛃 
35.33 ±  4.87  

36.08 
±  5.31  36.17 ±  3.22  32.40 ±  2.51  

     
18:2 n-6 3.88 ± 2.69 1.49 ± 0.31 1.34 ± 0.21 1.55 ± 0.48 
18:3 n-6 1.89 ± 1.05 2.23 ± 0.38 2.30 ± 0.84 2.06 ± 0.48 
19:3 n-6 1.07 ± 1.35 0.34 ± 0.06 0.19 ± 0.11 0 ± 0 
20:3 n-6 0.88 ± 0.96 0.64 ± 0.15 0.58 ± 0.20 0.32 ± 0.28 
20:3 n-3 0.07 ± 0.16 0.64 ± 0.52 0.77 ± 0.47 0.14 ± 0.21 

20:4 n-6 (ARA) 3.31 ±  1.89  4.64 ±  1.19  4.41 ±  1.20  6.37 ±  0.76  
22:4 n-6 0.38 ± 0.46 0.87 ± 0.68 0.81 ± 0.50 1.49 ± 0.37 
23:4 n-6 0.48 ± 0.49 0.27 ± 0.11 0.06 ± 0.10 0 ± 0 

20:5 n-3 (EPA) 3.46 ± 0.93 2.79 ± 0.80 3.01 ± 1.18 3.21 ± 0.40 
21:5 n-3 1.19 ± 1.73 0.63 ± 0.28 0.39 ± 0.22 0.13 ± 0.20 
22:5 n-6 0.25 ± 0.35 0.67 ± 0.14 0.55 ± 0.19 0.64 ± 0.38 
22:5 n-3 0.96 ± 0.79 1.21 ± 0.48 1.28 ± 0.71 1.61 ± 0.34 

22:6 n-3 (DHA) 4.21 ± 2.91 3.66 ± 1.46 3.19 ± 1.46 4.41 ± 0.91 
𝐏𝐔𝐅𝐀 𝐭𝐨𝐭𝐚𝐥𝜹 23.46 ± 4.19 20.45 ± 3.66 19.26 ± 4.91 22.07 ± 2.50 

     
n-3 total 9.89 ± 1.06 8.93 ± 0.46 8.62 ± 0.50 9.49 ± 0.29 
n-6 total 12.15 ± 0.81 11.14 ± 0.29 10.22 ± 0.40 12.42 ± 0.26 
n-3/ n-6 0.81 0.80 0.81 0.76 

α: includes 13:0 and 19:0, whose combined percentages are ≤0.2% of total fatty acids 
β: includes 19:1, whose combined percentages are ≤0.2% of total fatty acids 
δ: includes 16:3 n-6, 16:4 n-3, 18:4 n-3, and 20:4 n-3, whose combined percentages are ≤0.2% of 
total fatty acids 
SFA: saturated fatty acid, MUFA: monounsaturated fatty acid, PUFA: polyunsaturated fatty acid 
 
Polar Lipid Fraction of Fatty Acids 
 

The polar lipid fraction consisted of 20 FAs, of which SFA made up the biggest portion 

(>58%) across all islands. Within the SFAs, 16:0 and 18:0 made up the largest percentages at 

28% and 20% of polar FA, respectively. PUFAs made up the next largest portion (>12%) 

followed by MUFAs (>5%). DHA (>4%) and ARA (>4%) each accounted for the biggest portion 

of the PUFAs (Table 4). The polar lipid fraction was characterized by a higher degree of variation 

between the islands than seen in the neutral fraction (𝐹( , ) = 21.09, p = 0.001). Significant 

variation was detected between Abacos and Bimini (p = 0.004), Abacos and Chub Cay (p = 

0.014), Bimini and Acklins (p = 0.001), and Chub Cay and Acklins (p = 0.001). One-way 

ANOVA showed that the SFA, MUFA, and PUFA were all significant (one-way ANOVA, 

𝐹( , ) = 26.89, p=0.001; 𝐹( , ) = 19.0, p=0.001; 𝐹( , ) = 26.65, p=0.001, respectively). Via 

SIMPER analysis, 16:0 (ANOVA, 𝐹( , ) = 32.79, p=0.0001) and 18:0 (one-way ANOVA, 
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𝐹( , )= 24.31, p=0.0001), along with DHA and ARA (ANOVA, 𝐹( , )= 11.9, p=0.0001; 

𝐹( , )= 19.25, p=0.001) contributed the most to the difference detected between islands. All the 

fatty acids that were detected can be seen in table 4 and all those that contributed to the variation 

between islands can be seen in the non-metric MDS plot in figure 7. The ratio of omega-3 to 

omega-6 FAs within the polar fraction experienced much more fluctuation. Totals ranged from 

Chub Cay with 0.72 up to Abacos with 1.23 (one-way ANOVA, 𝐹( , ) = 2.84, p=0.0481).  

 

 
Figure 7. Non-metric multi-dimensional scaling of the Bray-Curtis Similarity of the relative 
percentage of the polar fatty acids detected in oocyte samples from female bonefish (Albula 

vulpes) across all four sampled islands. The vectors represent the fatty acids that attribute to most 
of the variation between study sites. 

 
Table 4. Polar lipid composition of oocytes across four islands, expressed as a percentage of total 

polar lipids (Mean ± SD). Different superscript letters denote a significant difference between 
islands for that particular fatty acid. 

Fatty Acids Islands 
 Abacos Bimini Chub Cay Acklins 

Total 10:0 1.31 ± 0.66 1.83 ± 0.69 1.94 ± 0.91 3.26 ± 1.12 
Total 12:0 1.79 ± 0.98 1.40 ± 0.59 1.45 ± 0.60 3.54 ± 2.83 
Total 14:0 1.79 ± 0.65 1.60 ± 0.31 1.38 ± 0.39 1.53 ± 0.64 
Total 15:0 0.97 ± 0.41 0.57 ± 0.23 0.58 ± 0.25 0.86 ± 0.55 
Total 16:0 35.09 ±  4.39  30.00 ±  1.49  28.93 ±  1.64  39.73 ±  4.07  
Total 17:0 1.05 ± 0.63 1.27 ± 0.62 1.40 ± 0.38 0.30 ± 0.31 
Total 18:0 25.11 ±  6.88  21.52 ±  2.11  20.26 ±  1.92  32.13 ±  5.02  
Total 20:0 0.50 ± 0.49 1.23 ± 0.55 1.43 ± 0.71 0.39 ± 0.40 

 𝐒𝐅𝐀 𝐭𝐨𝐭𝐚𝐥𝛂 67.89 ±  11.65  59.98 ±  3.16  58.02 ±  4.38  82.56 ±  11.94  
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Total 16:1 2.20 ±  0.94  2.76 ±  0.66  3.02 ±  0.81  0.77 ±  0.74  
Total 17:1 0.57 ± 0.49 0.72 ± 0.12 0.76 ± 0.18 0.58 ± 0.58 
Total 18:1 5.73 ±  2.32  7.25 ±  0.96  7.61 ±  0.93  2.50 ±  2.29  

𝐌𝐔𝐅𝐀 𝐭𝐨𝐭𝐚𝐥𝛃 9.63 ±  3.21  12.13 ±  1.74  12.99 ±  1.85  4.93 ±  2.83  
     

18:2 w6c 0.97 ± 0.71 0.48 ± 0.10 0.50 ± 0.12 0.10 ± 0.15 
20:3 w6c 0.96 ± 0.84 0.82 ± 0.23 7.55 ± 25.85 0.20 ± 0.25 

20:4 w6c (ARA) 6.03 ±  3.36  8.74 ±  1.26  8.87 ±  1.22  3.81 ±  3.31  
20:4 w3c 0.28 ± 0.51 0.05 ± 0.08 0.07 ± 0.11 0 ± 0 
22:4 w6c 0.84 ± 0.60 1.43 ± 0.40 1.50 ± 0.55 0.58 ± 0.61 

20:5 w3c (EPA) 2.86 ±  0.94  2.43 ±  0.88  2.93 ±  0.97  0.92 ±  0.92  
22:5 w6c 0.78 ± 0.45 1.73 ± 0.45 1.86 ± 0.69 0.58 ± 0.56 
22:5 w3c 1.20 ± 0.41 1.27 ± 0.36 1.63 ± 0.44 0.46 ± 0.51 

22:6 w3c (DHA) 7.42 ±  4.34  10.24 ±  2.51  10.07 ±  2.88  3.98 ±  3.83  
𝐏𝐔𝐅𝐀 𝐭𝐨𝐭𝐚𝐥𝛅 22.58 ±  8.78  27.86 ±  3.64  35.48 ±  25.75  12.47 ±  9.24  

     
n-3 total 11.77 ± 1.88 13.99 ± 1.09 14.70 ± 1.24 5.36 ± 1.72 
n-6 total 9.59 ± 1.22 13.19 ± 0.45 20.29 ± 11.28 5.27 ± 1.32 
n-3/ n-6 1.23  1.06  0.72  1.02  

α: includes 19:0, whose combined percentages are ≤0.2% of total fatty acids 
β: includes 14:1, 20:1, and 22:1, whose combined percentages are ≤0.2% of total fatty acids 
δ: includes 22:2 n-6, 16:3 n-6, 18:3 n-6, 19:3 n-6, 20:3 n-3, 15:4 n-3, 18:4 n-3, and 19:4 n-6, 
whose combined percentages are ≤0.2% of total fatty acids 
SFA: saturated fatty acid, MUFA: monounsaturated fatty acid, PUFA: polyunsaturated fatty acid 
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Chapter 4: Discussion 
 

Analysis of the reproductive capabilities of fish populations provides valuable 

information for maintaining healthy population sizes and developing effective management 

strategies. Bonefish (Albula vulpes) are vital components of recreational and consumptive 

fisheries in tropical and subtropical flats habitats. Restricted to very shallow environments, 

potential variation among suitable habitats within an archipelago may lead to variations in 

reproductive condition and success among bonefish populations. This study of hormone-

influenced oocyte development and nutrient deposition illustrates some reproductive similarities 

and many areas of variation among populations within a portion of the Bahamian archipelago. 

 
Histology and Sex Hormones 
 

As determined from egg stage analysis, most females taken from in or near the Pre-

Spawning Aggregation sites in all the islands were considered to be spawning capable with the 

majority of oocytes in the Vtg. 3 stage.  Cortical alveolus and primary growth were the second 

and third most common oocyte stages, respectively. The similarity in the histological results 

across all the islands sampled in this study indicates that oocytes go through similar 

developmental sequences, reaching maturation during the week prior to the full moon.  Luck et al. 

(2019) examined hormonal status of bonefish at the PSA in the Abacos, which was one source of 

females for this study, as well as from nearby Grand Bahama Island. Their results also revealed 

oocytes in a mix of developmental stages with an increase in late vitellogenic stage oocytes as the 

fish approached spawning. 

Bonefish are batch spawners (Mejri et al. 2018) and as such, may participate in multiple 

spawning events within the season (Danylchuk et al. 2011). Considering bonefish’s extended 

spawning season in the Bahamas (November – March), and migrations up to 100 km to the PSA 

site, the energetic requirements of producing mature oocytes every month would be extremely 

costly. Therefore, bonefish may spawn multiple times, but not with every lunar cycle. The 

presence of non-spawners containing regressing or regenerating oocytes as well PG and CA-stage 

oocytes captured near the PSA may reflect recent unsuccessful spawning as well as the residence 

of other fish near the PSA site that are not yet ready to spawn.   

Luck et al. (2019) also examined the levels of sexual hormones (T and E2) at several 

PSA sites.  Data on the levels of sex hormones T and E2 at the four study sites fit within the 

general pattern identified by Luck et al. (2019), with high levels of T serving as a precursor for 

the production of E2 via an aromatase reaction (Kagawa 2013). Increasing E2 was identified as 
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vitellogenesis begins and oocytes enter final maturation (Taghizadeh et al. 2013; Luck et al. 

2019).  

Although the histological analysis of oocytes in this study revealed similar developmental 

patterns among islands and months, the gonadotropins that drive oocyte development varied 

widely among sites, with highest levels seen in fish taken from the Abacos and Bimini. 

Testosterone was frequently seen in higher concentrations than E2 among the spawning capable 

fish, a trend noted in the aforementioned study (Luck et al. 2019). When considered with the 

similar oocyte stage frequency seen between islands, these results indicate that different PSAs 

experience varying hormone levels, yet achieve the same degree of oocyte maturity. Mejri et al. 

(2020) hypothesized that the distance of the migration from the bonefish home territories to the 

PSA site may influence hormone levels.  If the onset of migration triggers a burst of hormone 

synthesis, fish travelling the longest distance may have more time to produce higher levels of 

hormones. Migratory pathways for fish in Abaco have been found to exceed 75-100 km (Boucek 

et al. 2019; Lombardo et al. 2020), but spawning migration pathways to the other sites have not 

been determined. 

 
Oocyte Nutrient Composition 
 

Although oocytes from all fish at a site were pooled into groups large enough for 

analysis, this process incorporated fish that, upon subsequent histological examination, were of 

varying degrees of spawning readiness.  Nevertheless, these pooled samples reflect the diets of 

adult bonefish that provide the nutrients that will fuel embryogenesis and early larval 

development. Bonefish are known to eat demersal invertebrates such as shrimp and crabs, as well 

as benthic infauna and small fishes (Crabtree et al. 1998). The potential for variability in prey 

composition and abundance among different habitats may thus influence the nutritional 

composition of eggs. The total caloric content of oocytes was similar between islands, indicating 

that the energy available for development and growth are approximately the same. Other elements 

of the proximate analysis including crude fiber, ash, crude protein, crude fat, carbohydrates, and 

moisture were all within similar ranges between islands. Other research has identified an inverse 

relationship between the protein level and amount of moisture present (Nocillado et al 2000; 

Khan et al 2004), which is supported by these results as well. Proteins and lipids are responsible 

for the two largest portions of the eggs analyzed, totaling at approximately 55% and 23% 

respectively, with little variation between islands. This is consistent with other studies which also 

concluded that these two nutrients are essential for oocyte and larval development (Rainuzzo 

1993; Harel et al. 1994; Rønnestad et al. 1999, 2003). The essential amino acids leucine and 



 

23 
 

lysine, found to be important for egg survival (Dayal et al. 2003; Mejri et al. 2017), were 

consistently detected at the highest concentrations across all islands compared to other EAAs. 

Glutamic acid (GLA) was measured at the highest concentration of all the amino acids, EAA and 

NEAA. In combination with alanine, GLA is needed for growth and metabolism (Hastey et al. 

2010). GLA is also used in the synthesis of arginine (Buentello and Gatlin 2000; Anderson et al. 

2016), which is needed for the synthesis of creatine, a compound essential for bioenergetics. 

Amino acids play a lead role in larval growth once feeding begins to take place exogenously (as 

the yolk will be exhausted) due to the demand from growing larval tissues and overall body mass 

(Cowey 1994; Rønnestad et al. 1999, 2003). This is particularly true for bonefish as they need 

sufficient energy to metamorphose into their feeding leptocephalus form. Due to limited material, 

replications of amino acid analysis as well as a statistical analysis could not be performed. 

 The lipids isolated from bonefish oocytes were divided into polar and lipid fractions for 

analysis. Neutral lipids are considered storage lipids, a large portion of which goes to developing 

embryos as well as assist in buoyancy (Nevenzel 1970; Mejri et al. 2019; Couturier et al. 2020). 

Polar lipids also contribute to the lipids found in egg yolk and are structurally important to the 

double-layered surface of the cell (Padrón and Pfeiler 1996; Weigand 1996). Within both the 

neutral and polar fractions, saturated fatty acids consistently made up the largest percentage of the 

FAs detected across all islands. Palmitic acid (16:0) and steric acid (18:0) were the largest 

contributors, resulting in significant variation being detected between three of the four islands. 

For the neutral lipid fraction, Chub and Acklins islands were the only pair that displayed some 

similarity, with SFA levels at Abacos being the lowest. The prevalence of SFAs is likely due to 

their role in supplying the necessary energy for larval swimming and exogenous feeding (Mejri et 

al. 2020). Other species like the Shortfin weakfish (Cynoscion parvipinnis) and Cobia 

(Rachycentron canadum) also display high levels of palmitic acid (González-Félix et al. 2017; 

Happy et al. 2020), likely due to its role as a key metabolite (Abd Aziz et al. 2013). The 

differences in levels of SFAs reported here may indicate a difference in nutrient availability due 

to prey quality, given that continued energy acquisition throughout a prolonged spawning season 

is common among batch spawners (McBride et al. 2015). Length of migration to a spawning site 

would also affect nutrient availability as fish who are traveling a greater distance have more 

feeding opportunities and access to a wider array of prey items (Fuiman and Faulk 2013). 

Nutrient deposition to eggs continues almost until the spawning event, indicating that the 

highlighted differences between islands could influence egg quality and larval health. MUFAs 

within the neutral fraction were found in much higher quantities than in the polar fraction, likely 

due to their preferred use in catabolism by embryos (Weigand 1996). 
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Several trends were identified within the polar fraction of FAs. The SFAs, MUFAs, and 

PUFAs at Bimini and Chub were consistently found to be similar and in greater proportions than 

Abacos. The SFAs in Acklins were significantly higher than all other islands, while being notably 

lower in MUFAs and PUFAs. The lack of distinction in FA levels between Bimini and Chub 

could mean the populations spawning at these locations have access to the same nutrients and 

therefore, may experience similar rates of reproductive success as far as nutrients are concerned. 

The notably higher concentration of SFAs seen in Acklins oocytes is likely driven by available 

food items.  

Essential fatty acids DHA, EPA, and ARA were the most prevalent within the PUFAs, as 

was expected due to their critical role in oocyte development, growth, and overall survival 

(Sargent et al. 1999; Fuiman and Faulk 2013). Neutral and polar lipid fractions displayed slightly 

different trends in EFAs. All the EFAs were responsible for 3-4% of the FAs found in the neutral 

fraction at all islands with the exception of ARA at Acklins which was higher at 6%. ARA is an 

important precursor for eicosanoids, is essential for fish metabolism, and larval growth (Bessonart 

et al. 1999). The higher levels of ARA seen in oocytes from Acklins could indicate greater access 

to this EFA, potentially promoting larval survival. The EFAs in the polar fraction showed more 

variation between islands. ARA along with DHA were responsible for the variation, measuring at 

similar levels within Bimini and Chub as well as Abacos and Acklins, but showing significant 

variation between the two pairs. DHA is particularly important for the development of neural 

tissues in larval fish (Wiegand 1996), meaning the higher concentrations found within Bimini and 

Chub could allow for improved physiological function. Essential fatty acids are acquired from the 

maternal diet (Fuiman and Faulk 2013), making nutrient transfer subject to the availability at each 

spawning site.    

Isotope analysis have shown that bonefish experience significant dietary shifts throughout 

their lifecycle (Murchie et al. 2019) and into adulthood due to resource availability within the 

Bahamian archipelago. Combined with the knowledge that shifts in maternal diet have a direct 

link to the macro-nutrient deposition in oocytes (Hou et al. 2020), it is reasonable to conclude that 

the differences identified between the sample islands is likely due to variation in prey availability 

experienced within migration routes and at spawning sites. This indicates that overall 

reproductive capability and success is highly linked to prey availability, as bonefish leptocephalus 

larvae are highly dependent on yolk nutrients until they shift to exogeneous feeding (Halstead et 

al. 2020).  
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Conclusions   
 

The findings from this study indicate that bonefish spawning at Abacos, Bimini, Chub, 

and Acklins islands, the Bahamas, experience the same general trends in hormone levels and 

oocyte stage frequency. Consistently high testosterone levels and increasing 17β-estradiol align 

with previously established trends seen in bonefish reproduction as well as a high proportion of 

Vtg. 3 oocytes. However, the significant differences in hormone levels among fish from different 

islands, indicate that while the overall behavior may be consistent, there is not yet a well-

understood relationship between sexual hormonal quantity and reproduction. Oocyte composition 

analysis identified an assortment differences in nutrient levels seen at each sample island. 

Bonefish produce lipid-rich eggs, suggesting the embryonic phase of their life cycle is highly 

dependent on these nutrients, but some significant differences among islands suggest that regional 

differences in local prey may affect maternal nutritional input. SFAs were consistently the largest 

portion of FAs for all islands, most likely due to their role in the production of metabolites needed 

for the transition to exogenous feeding. Such differences were not noted in the AA analysis, 

suggesting that potential maternal dietary differences are physiologically mediated from 

contributing to oocyte protein concentration. Results from this study improved our understanding 

of the transfer of nutrients from the marine environment to bonefish and how it affects successful 

reproduction and larval development. These trends should be prioritized when developing 

management strategies for Bahamian populations and their habitats. The multi-million-dollar flats 

fishery can also benefit by adjusting fishing regulations to protect PSAs and their critical habitat. 

These results also have applications in aquaculture. Ongoing captive breeding programs meant to 

supplement wild populations can use this information to create more effective feeds for 

broodstock and larvae. Future work should be centered around studying other PSAs throughout 

the Tropical Western Atlantic and encourage ecosystem-based management. 
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