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Abstract 

The laboratory zebrafish (Danio rerio) is a biomedical model organism that can 

be commonly raised at different rearing densities across and within multiple facilities. 

Previous studies have shown how these rearing differences can be an important 

environmental factor attributed to sex skewed cohorts when fish reach maturation. When 

feed rations are not adjusted for density, especially within a facility composed of multiple 

stocking densities, the result is often a skewed sex ratio complicating further research. 

Therefore, the goal of this study was to determine if proportionally increasing food 

rations in high density tanks has an effect on correcting predominantly male biased 

outcomes. A baseline sex ratio was first established by raising ten tanks of an AB wild-

type strain at a standard 10 fish per liter with a fixed food ration. Results show an even 

50/50 outcome of males to females at maturation. Second, AB wild-type zebrafish were 

raised in five treatment groups all within an equally high rearing density of 40 fish per 

liter. Treatments were defined by the number of days post fertilization (dpf) each group 

remained at high density before returning to a standard density of 10 fish per liter. In 

increments of seven days, fish from a different treatment were redistributed to our 

standard density. The end result was five groups in triplicate, each spending a range of 

one week to five weeks post fertilization in a high-density environment. Food rations 

during these five weeks were adjusted for the proportion of fish housed in each tank. The 

results show that when food is appropriately adjusted for, raising fish in a high-density 

environment will not affect sex ratios up until four weeks post fertilization. Our findings 



 

 

also show that growth rates within the five treatments were not affected by rearing fish at 

40 fish per liter for up to five weeks. 



 v 

Acknowledgments 

First, I would like to thank my advisors in the Extension School, Chuck Houston 

and Dr. James Morris for all their help over the past few years on this journey. 

I would also like to thank Dr. Leonard Zon for not only being a thesis co-director, 

but also a supportive Principal Investigator who without this thesis would not have been 

possible.  

Also, to Isaac Adatto who has been a wonderful mentor the past few years and has 

helped and guided me throughout this thesis. Thank you for your encouragement and 

direction. 

Finally, to my very supportive friends and family, especially my parents. Thank 

you for urging me to excel. 



 vi 

Table of Contents 

Acknowledgments ................................................................................................................v 

List of Tables ................................................................................................................... viii 

List of Figures ......................................................................................................................x 

Chapter I. Introduction .........................................................................................................1 

Sex Determination in Vertebrates ............................................................................1 

Sex Determination in Fish .......................................................................................2 

Sex Determination in Zebrafish ...............................................................................3 

Aim of Study ............................................................................................................6 

Hypothesis................................................................................................................7 

Definition of Terms ..................................................................................................7 

Chapter II. Materials & Methods .........................................................................................9 

Part I. ........................................................................................................................9 

Part II. ....................................................................................................................10 

Survival Curve ...........................................................................................10 

Final Fish Length .......................................................................................11 

Part III. ...................................................................................................................11 

Replacement Fish .......................................................................................13 

Growth Curves ...........................................................................................13 

Oxygen Concentrations ..............................................................................14 

Chapter III. Results ............................................................................................................15 

Part I. ......................................................................................................................15 



 vii 

Part II. ....................................................................................................................16 

Survival Curve ...........................................................................................17 

Final Fish Lengths .....................................................................................18 

Part III. ...................................................................................................................18 

Male to Female Ratios in Each Treatment Group .....................................18 

Replacement Fish .......................................................................................20 

Growth Curves ...........................................................................................20 

Oxygen Concentrations ..............................................................................21 

Chapter IV. Discussion ......................................................................................................23 

Future Work ...........................................................................................................27 

Conclusions ............................................................................................................28 

Appendix 1. ........................................................................................................................29 

References ..........................................................................................................................30 



 viii 

List of Tables  

Table 1. Adjusted volume of brine shrimp (Artemia salina) fed to fish ..................11 

 

 



 

x  

List of Figures  

Figure 1. Part III experimental design .......................................................................12 

Figure 2. Baseline male to female ratio .....................................................................15 

Figure 3. Survival for four different stocking densities ............................................16 

Figure 4. Size ranges (mm) at 3.5 months post fertilization .....................................17 

Figure 5. The average number of males and females per treatment group ...............18 

Figure 6. Average number of males developed in each treatment group ..................19 

Figure 7. Number of replacement fish used ..............................................................20 

Figure 8. Growth rates for each treatment .................................................................21 

Figure 9. Oxygen levels (mg O2 per liter) within each condition ..............................22 

Figure 10.  100 mL pod in 1.1 L tank ..........................................................................29 

Figure 11.  Close up of custom-made pod ...................................................................29 

 



 

1  

Chapter I. 

Introduction 

Zebrafish (Danio rerio) are a commonly used research model in the biomedical 

field to study human disease and development. In addition to having many human genetic 

orthologues, zebrafish are relatively easy to care for and maintain. Breeding pairs can 

produce hundreds of transparent rapidly developing embryos each week that are 

externally fertilized and grow outside of the female body (Brittijn et al., 2009). Despite 

being a widely utilized and established research model, the mechanisms and factors that 

influence sex determination are relatively unknown (Liew et al., 2012).  

 

Sex Determination in Vertebrates 

Vertebrates are a useful model for studying sex determination since there are 

many different varieties of determination. In mammals, when embryos are fertilized, they 

contain a group of cells called germ cells. These germ cells will eventually develop into 

either sperm or eggs and will then be used to pass on genetic information to the next 

generation. By birth, female germ cells have already differentiated into oocytes, and stop 

at the time of birth. In males, germ cells continuously develop sperm throughout the 

individual’s lifetime. The germ cells’ fate is determined by gonadal somatic cells 

(Nishimura & Tanaka, 2016). 

The mechanism that decides the fate of the germ cells in vertebrates is generally a 

type of chromosomal system. In a XX/XY system, the male is the heterogametic sex, 
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meaning that individual carries two different sex chromosomes (XY). When the female 

carries two different sex chromosomes it is a ZW/ZZ system. Although most vertebrates 

use this system, called genotypic sex determination (GSD), there are some exceptions 

where a species sex determination can also be influenced by environmental factors. 

Certain fish are an example of this kind of species (Gamble & Zarkower, 2012). 

 

Sex Determination in Fish 

In fish, there are several types of sex determination: genotypic, environmental, 

polygenic. As mentioned previously, genotypic sex determination (GSD) is the process 

where an individual’s gender is determined at fertilization, and the two sexes are 

genetically different. In environmental sex determination (ESD), gender is determined 

during the sensitive larval period and therefore can be influenced by external factors. 

There are no genetic differences between sexes in ESD (Penman & Piferrer, 2008). The 

third type, polygenic sex determination (PGSD), is a unique combination of GSD and 

ESD that occurs in zebrafish (Liew et al., 2012). With PGSD, the sex of the individual is 

determined through a combination of genetic and environmental factors. Sex is 

determined by many alleles, rather than just two as in GSD, and the environment can also 

influence the outcome as well (Bulmer & Bull, 1982). Since PGSD involves many 

complex factors in determining sex, it can also be referred to as multigenetic or 

multifactoral sex determination (Liew et al., 2012).  

There is a fourth type of sex determination occurs only in hermaphroditic species 

of fish. These fish are born with both immature ovaries and testes, but early in 

development (anywhere from days to months post fertilization depending on the species) 
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a single sex may be temporarily established (Devlin & Nagahama, 2002). However, this 

defined sex can switch from male to female, or female to male based on changes in social 

structures or certain social cues (Godwin, Luckenbach, & Borski, 2003). 

Sex determination in fish can be quite complicated since they can utilize any of 

the three methods described above. For example, medaka (Oryzias latipes) another 

commonly used fish species to study human disease, have an XX/XY chromosome 

system similar to mammals (Matsuda et al., 2002), wild caught zebrafish have a ZW/ZZ 

chromosome system (Wilson et al., 2014), and the zebra cichlid uses multiple genes to 

determine sex (Ser et al., 2010). On the other hand, there are many fish species that 

determine sex through environmental means such as temperature, pH, biochemical 

signals, and salinity (Nagabhushana & Mishra, 2016).  

 

Sex Determination in Zebrafish 

Although zebrafish found in the wild contain a ZW/ZZ sex chromosome that 

determines gender through GSD, this locus has been lost in laboratory strains of zebrafish 

due to heavy inbreeding, making them more susceptible to environmental factors that 

determine sex (Wilson et al., 2014). Because sex determination in laboratory zebrafish 

does not occur in a predictable manner, it is important to gain an understanding of this 

mechanism so that unwanted sex skewing doesn’t adversely affect research studies. For 

example, a study requiring thousands of embryos for an experiment will be difficult if a 

cohort of fish are made up of a heavily unbalanced sex ratio. This could reduce male-to-

female interactions during spawning and also impact fecundity and viability within a 

clutch of embryos (unpublished study). In addition, females kept in isolation, or with 
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little to no males present, will shortly display a protruding abdomen indicative of an egg-

bound female. This is when the lack of spawning causes an overabundance of eggs within 

her body and begin to deteriorate over time. Females under these conditions have a 

difficult time spawning and embryos collected typically have very low viability (Spence 

et al., 2008). 

Previous studies have stated that sex determination in zebrafish can occur 

anywhere between 10 and 30 dpf. All zebrafish larvae default towards female and 

develop ovaries between 10 to 20 dpf. Fish will retain the female gender unless testis 

development is triggered from 21 to 30 dpf (von Hofsten & Olsson, 2005). 

There have been numerous accounts attributing environmental factors such as 

nutrition, temperature, density, hormone exposure, and hypoxia determining zebrafish 

sex, as outlined below: 

• Nutrition – Zebrafish fed to satiation caused a female bias (Lawrence, Ebersole, & 

Kesseli, 2008). 

• Temperature – Zebrafish embryos incubated at a high temperature of 35 °C 

compared to a control of 28 °C during early development (up to 48 hours post 

fertilization) led to 22% more males (Abozaid, Wessels, & Hörstgen-Schwark, 

2011). 

• Density – Larvae raised in increasing densities correlated to more males after 

sexual maturation (Ribas et al., 2017). 

• Hormone exposure – Juvenile zebrafish treated with fadrozole, an aromatase 

inhibitor which blocks the production of estrogen resulted in a population of 

mostly male fish (Uchida, Yamashita, Kitano, & Iguchi, 2004). 
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• Hypoxia – Embryos raised to adulthood in low oxygen (0.8 mg O2 per liter) were 

74.1% male by 120 dpf (Shang, Yu, & Wu, 2006). 

 

While the exact mechanism is not known, it is clear that sex determination in zebrafish is 

complex and can vary between strains and environmental conditions (Nagabhushana & 

Mishra, 2016).  

For example, Ribas et al. (2017), showed that through a high stocking density of 

larval fish (37 and 74 fish per liter), there were more male fish present than females after 

sex determination occurred. All groups in this study were fed “ad libitum”. Another study 

showed that a lower stocking density but greater food availability led to more females 

(Lawrence, Ebersole, & Kesseli, 2008). Neither of these studies adjusted the feed 

amounts based on high or low density. Castranova et al. (2011) which found that 

zebrafish could be raised at a density of up to 12 fish per liter without affecting 

reproductive performance. Using this information, the recommended stocking density for 

the zebrafish at Harvard’s Department of Stem Cell and Regenerative Biology is 10 fish 

per liter. 

Cortisol is another example of an environmental factor that can influence sex 

determination in zebrafish. Cortisol is a hormone that is important in regulating metabolic 

processes that require glucose, as well as regulating reproduction, growth, and 

osmoregulation. It can also act as a marker for increased stress levels in fish (Ribas et al., 

2017). In other species of fish, including medaka (Oryzias latipes), pejerry (Odontesthes 

bonariensis), southern flounder (Paralichthys lethostigma), and Japanese flounder 

(Paralichthys olivaceus), increased levels of cortisol during early development led to 

more males in the population (Ribas et al., 2017).  
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Ramsay et al. (2006) found that zebrafish raised in a crowded environment 

showed significantly higher levels of whole-body cortisol compared to control fish at a 

lower density, suggesting that whole-body cortisol levels are a good indicator of stress. 

Furthermore, the experimental fish were also fasted, indicating that a combination of 

crowding and little to no food availability is a source of stress for zebrafish. However, 

when crowded fish were fed adequately, there was no significant increase in whole-body 

cortisol compared to non-crowded fed fish. This study suggests that low food availability 

could be a source of cortisol in zebrafish and indicate elevated stress. 

 

Aim of Study 

Sex determination in laboratory zebrafish can be so easily influenced by external 

factors that may be hard to control, resulting in unbalanced sex ratios. This is a common 

issue in zebrafish facilities and can be especially frustrating for users relying on a 50/50 

ratio of male to female. This can also impact successful fish breeding and pair-wise 

crosses where thousands of embryos may be required for experiments. Due to constraints 

such as space availability and low survival in certain zebrafish strains, stocking density 

may be unintentionally too high or too low leading to sex skewing. This study will aim to 

reduce the effect of high-density rearing on sex ratios by providing an increased ration for 

fish reared at a high density. 
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Hypothesis 

By proportionately increasing the amount of food in relation to a high-density 

rearing environment, there will be a more uniform growth rate, and lower male sex bias. 

 

Definition of Terms 

 

AB strain – A wild-type strain of zebrafish commonly used in laboratories. This line 

originated from a cross between two strains, A and B, that originally came from a 

hatchery in Florida (zfin.org). 

 

Cortisol – A corticosteroid that is increased in fish in response to stress. For this reason, 

measuring cortisol in fish in an excellent indicator of stress levels (Mommsen, Vijayan, 

& Moon, 1999).  

 

Environmental sex determination (ESD) - A mechanism for sex determination in 

gonochoristic vertebrates where sex is determined after fertilization and there are little 

genetic differences between sexes (Penman & Piferrer, 2008).  

 

Genotypic sex determination (GSD) - A mechanism for sex determination in 

gonochoristic vertebrates where there are clear genetic differences between the sexes, and 

gender is determined at conception (Penman & Piferrer, 2008).  
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Heterogametic – The gender that contains two different types of chromosomes. In an 

XX/XY system it is the male, in a ZZ/ZW system it is the female (Gamble & Zarkower, 

2012). 

 

Polygenic sex determination (PGSD) – A combination of ESD and GSD, where sex is 

determined by some genetic factors, but can be influenced by environmental factors. This 

is the mechanism of sex determination that zebrafish use (Bulmer & Bull, 1982). 

 

Zebrafish (Danio rerio) - A freshwater fish of the Cyprinidae family that is often used as 

a model for developmental, genetic, and disease research. Zebrafish are easy to maintain, 

exhibit external embryonic development, and are transparent in the early stages of life, 

making them an ideal biomedical research tool (Brittijn et al., 2009).  

 

ZW/ZZ sex chromosome – The chromosomal system that determines sex in zebrafish. 

Unlike in mammals that use a XX/XY system (where the gene on the Y chromosome 

signifies male), a ZW/ZZ system is polygenic and includes many factors (Penman & 

Piferrer, 2008). 
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Chapter II. 

Materials & Methods 

A wild-type AB laboratory strain of zebrafish was used in this study. Beginning at 

5 dpf, fish were housed in 1.1 liter tanks and kept off flow until 11 dpf, after which they 

were placed on flow as part of a recirculating zebrafish system (Tecniplast). Fish were 

fed three different diets appropriate for their developmental stage: larvae were fed rotifers 

(Brachionus plicatilis) via continuous culture from 5 dpf to 11 dpf at a concentration of 

~31,000 rotifers per 1 mL while juveniles and sub-adults were fed brine shrimp (Artemia 

salina) at a concentration of ~8,440 napulii per 1 mL once a day until 40 dpf. After day 

40, fish were fed an average of 1.2 mL brine shrimp three times per day until 58 dpf 

when they were switched to an average of 124 mg of a processed diet blend consisting of 

60% Gemma Micro™ 300 and 40% Otohime B2 twice a day. Water quality was also 

maintained at set parameters throughout the study at a pH of 7.5, water temperature at 

28.5 °C, and conductivity at 1250 µS. All fish were housed in accordance to IACUC 

university guidelines and under the 11-21 approved animal protocol. 

Part I. 

In order to establish a baseline male to female ratio, fish were raised at a 

recommended stocking density of 10 fish per liter (Castranova et al., 2011), a standard in 

the field. A large zebrafish breeding apparatus (iSpawn™) was used to spawn AB 

zebrafish. Embryos collected were held in 10 petri dishes at 10 embryos per dish in 55 

mL of system water for the first five days. Twenty extra dishes containing 10 embryos 
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each were also created to serve as replacement fish for any mortalities that occurred 

during the first 30 days of development. At 5 dpf, larvae were transferred from their petri 

dish into 1.1 liter tanks (one dish per tank) and inoculated with rotifers held at 5 ppt. 

During development, fish were counted and adjusted for at nine time points from 1 – 30 

dpf. If a mortality was found or a fish went missing, an extra fish was taken from a 

replacement tank and added to the tank needing adjustment. Once a replacement tank had 

a fish removed from it, the tank was discarded from the study, ensuring that all 

replacement fish were always housed at the same 10 fish per liter density. All fish were 

reared to maturation using the feed regiment described previously. Specific amounts of 

brine shrimp that was fed out is outlined below in Table 1. The number of males and 

females was counted for each tank once obvious differences in gender developed. 

Part II. 

Survival Curve 

A survival curve was created for fish raised at 40, 60, 80, and 100 fish per liter 

housed in triplicate. AB zebrafish were spawned in an iSpawn™, and petri dishes of 40, 

60, 80, and 100 embryos were created and held at 55 mL of system water until 5 dpf. At 

day 5, fish from each dish was transferred into a 1.1 L tank. Each day, from 1 dpf until 30 

dpf, fish in each condition were counted and any mortalities were recorded. By the end of 

30 days, percent survival for each density was calculated. All fish were reared to 

maturation using the feed regiment described previously.  
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Final Fish Length 

At 3.5 months post fertilization, all fish from the survival curve conditions (40, 

60, 80, and 100 fish per liter) were euthanized and photographed from above using a 

Cannon Powershot S95 digital camera. Images were uploaded for further analysis using 

ImageJ Fiji version 1.0. After calibrating size within ImageJ, fish photographed were 

measured from snout to the end of the caudal peduncle to determine final fish length 

(mm) per stocking density. 

Part III. 

AB zebrafish were spawned in an iSpawnä and embryos collected were used to 

create five different treatment groups (in triplicate), raised at an equally high density 

environment chosen from results obtained in Part II of this study. Each petri dish held 40 

embryos per dish in 55 mL of system water. At 5 dpf, fish from each dish were 

transferred into 1.1 L tanks and reared to maturation. From 5 – 10 dpf, larvae were fed 

rotifers (Brachionus plicatilis) via continuous culture at a concentration of ~31,000 

rotifers per 1 mL.  From 11 – 40 dpf, all larvae were fed brine shrimp with adjusted 

volumes based on their stocking density (Table 1). 

Table 1. Adjusted volume of brine shrimp (Artemia salina) fed to fish once a day from 
11-40 dpf. 

Condition Amount 
1 fish/100 mL 250 µL 
4 fish/100 mL 1 mL 

10 fish/1 L 1 mL 
40 fish/L 4 mL 

 

Treatments were defined by the number of days post fertilization each group 

remained at high density before returning to a standard 10 fish per liter stocking density. 
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During development fish in treatment groups remained at a high density in increments of 

seven days. One week post fertilization, fish in treatment group 1 were reduced in density 

and placed in new 1.1 L tanks at 10 fish per liter. Two weeks post fertilization, fish in 

treatment group 2 were placed in new 1.1 L tanks at 10 fish per liter. The same reduction 

in density was done to fish in treatments 3, 4 and 5, all completed in seven day 

increments. This resulted in each of the five groups spending an increased amount of time 

at 40 fish per liter before being dispersed into a reduced 10 fish per liter stocking density 

(Fig. 1). After five weeks post fertilization where the fish were fed brine shrimp 

according to Table 1, feed rations were increased to approximately 1.2 mL of brine 

shrimp three times a day until 57 dpf. Then they were fed approximately 124 mg of a 

blend of 60% Gemma Micro™ 300 and 40% Otohime B2 twice a day. The number of 

males and females was counted for each tank once obvious differences in gender 

developed. 

 

Figure 1. Part III experimental design. Red bars show the time each treatment group 
spent at 40 fish per liter. Blue bars show the time at the reduced stocking density of 10 
fish per liter. Gaps between color indicate the week post fertilization the change occurred. 
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Replacement Fish 

Fish density of each tank was kept constant throughout the first 30 days of 

development. This was achieved by frequently counting the number of fish housed in 

each tank. If a mortality was found or a fish went missing, an extra fish was taken from a 

replacement tank and added to the tank needing adjustment. Replacement tanks, or 

“pods”, holding replacement fish were made out of modified Rubbermaid square ½ cup 

food storage containers. Five 3/32” holes were drilled on opposing sides of each pod, 

covered with rotifer floss and held in place by a rubber band. Pods were individually 

submerged up to 100 mL inside 1.1 L tanks on flow (Appendix 1). Replacement fish for 

tanks at 40 fish per liter were held at 4 fish per 100 mL, while replacement fish for 10 

fish per liter were held at 1 fish per 100 mL. Each treatment group had its own set of 20 

replacement pods, each simultaneously reduced in density corresponding to its treatment 

group. At 12 different time points until 41 dpf, all fish in each treatment group and set of 

replacement pods were counted, and numbers of fish were adjusted to account for 

mortality. Once a replacement pod had a fish removed from it, the pod was discarded 

from the study, ensuring that all replacement fish were constantly housed at the same 

density to the corresponding treatment. All fish were reared to maturation using the feed 

regiment described previously. 

Growth Curves 

At 12 timepoints throughout development, ten fish were chosen at random from 

each treatment group and placed in a separate clear tank. Enough water was placed in 

each tank to completely cover all swimming fish. Photographs, software, and fish 

measurements were conducted as described above for each treatment. All fish were 
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returned back to their housing condition after being photographed. All figures and 

statistical analyses were created using GraphPad Prism version 8.0.0 (131) for MacOS. 

Oxygen Concentrations 

Oxygen concentrations (mg O2 per liter) were measured throughout the study in 

each of the four possible housing conditions. Oxygen was measured at 7 points 

throughout the 5-week study using an Oxyguard Handy Polaris 1 Dissolved Oxygen 

Meter. 
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Chapter III. 

Results 

Part I. 

Once sex was able to be visually determined, males and females held at 10 fish 

per liter were counted in order to establish a baseline male to female ratio, and to serve as 

a control. On average, there were 5 males and 5 females per tank, n = 21, p = 0.83 (Fig. 

2), and no statistical difference was determined using a two-tailed t-test between the 

number of males and females. 

 

Figure 2. Baseline male to female ratio. The average number of males and females from 
21 tanks raised at 10 fish per liter.  
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Part II. 

Survival Curve 

On average, the survival rate of fish raised at 40 per liter was 93%, 60 fish per 

liter was 95%, 80 fish per liter was 94%, and 100 fish per liter was 83% (Fig. 3). 

Additionally, mortalities for the 40 fish per liter group was concentrated within the first 

10 days, whereas in the other treatments mortality was found throughout. 

 

Figure 3. Survival for four different stocking densities up until 30 dpf. Mortalities were 
counted daily for 30 days and removed. Each group had three tanks per density. 
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Final Fish Lengths 

While survival rates were all above 80% for each stocking density, final fish 

lengths at 3.5 months post fertilization was most affected as density increased (Fig. 4). 

Forty fish per liter had the most uniform growth rates and smallest size range.  

 

Figure 4. Size ranges (mm) at 3.5 months post fertilization for fish raised at 40, 60, 80, 
and 100 fish per liter. 
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Part III. 

Male to Female Ratios in Each Treatment Group 

On day 64 post fertilization, the number of males and females for all tanks in each 

of the five treatment groups was counted. A significant difference using a two-tailed t-test 

was found in treatments 1 and 5, where fish were held at 40 fish per liter for 7 dpf and 35 

dpf respectively, p = 0.02 and p = 0.004. While treatment 1 contained one entirely male 

tank, data from treatment 5 was made up of 10 of the 12 tanks containing more males 

than females (Fig. 5).  

 

Figure 5. The average number of males and females per treatment group. Control (10 
fish/L) is also shown for comparison. There was a significant difference between the 
number of males and females in treatments 1 and 5, when compared within each group. 
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When comparing the number of males developed in the control group (stocking 

density at 10 fish per liter) to the five different treatments groups, there was a significant 

difference (using a two-tailed t-test) found only in treatment 5 (n = 180, p = 0.03). No 

other significance was found among the remainder of the treatments (Fig. 6).  

 

Figure 6. Average number of males developed in each treatment group at 40 fish per 
liter. A statistical difference was only found between the number of males in treatment 
group 5 and the control (10 fish per liter). 
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Replacement Fish 

The number of replacement fish used in each treatment group from day 1 to day 

30 post fertilization is listed in figure 7. On average, less than 10 fish per treatment 

group, out of 120 fish total, consisted of fish raised in replacement pods. 

 

Figure 7. Number of replacement fish used from day 1 to day 30 post fertilization per 
treatment. 
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of the five treatments is shown in figure 8. Growth curves show that all treatment groups 

grew at equal rates. 

 

Figure 8. Growth rates for each treatment. Thirty representative fish from each treatment 
group were photographed and measured at 12 points throughout the study until 41 dpf. 

Oxygen Concentrations 

Oxygen concentrations (mg O2 per liter) for each experimental condition are 

shown in figure 9, compared to an adult tank and a nursery tank from our facility. 
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Figure 9. Oxygen concentrations (mg O2 per liter) within each housing condition. The 
dotted line, at 0.8 mg O2 per liter, marks the hypoxic level that has been demonstrated to 
affect sex ratios.  
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Chapter IV. 

Discussion 

The zebrafish community has a general understanding of some of the factors that 

play a role in skewed sex ratios caused by changes in environmental conditions. Yet, 

having an unbalanced number of males and females still seems to be a common issue in 

rearing zebrafish to adulthood in a laboratory setting. The environmental conditions that 

are directly related to skewing sex ratios include, but are not limited to nutrition, 

temperature, density, hormone exposure, hypoxia (Nagabhushana & Mishra, 2016) and 

potentially others. More specifically, well-nourished fish led to more females (Lawrence, 

Ebersole, & Kesseli, 2008), whereas a larger number of males was confirmed with: 1) 

water temperature during gonadal differentiation (Abozaid, Wessels, & Hörstgen-

Schwark, 2011), 2)  high rearing density (Ribas et al., 2017), 3) adding sex steroids, such 

as an aromatase inhibitor to developing larvae (Uchida et al., 2004), and finally 4) 

hypoxic rearing conditions (Shang, Yu, & Wu, 2006). 

Even with environmental factors playing a role in gender differentiation, zebrafish 

genetics also influence male-female ratios. Years of inbreeding have caused laboratory 

zebrafish to lose their chromosomal sex determination system. Still previous studies have 

shown that there may be some underlying genetic mechanisms that favor either male or 

female (Liew et al., 2012). Nevertheless, environmental factors seem to outweigh 

genetics in defining zebrafish sex, further complicating our understanding of the 

mechanism.  

Density is one of the factors that has previously been shown to skew sex ratios 

(Ribas et al., 2017). In fact, we see this play a role in zebrafish facilities where densities 
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lower than 10 fish per liter result in more females at maturation. Conversely, a much 

higher stocking density than 10 fish per liter result in more males at maturation. 

Nevertheless, previous studies haven’t focused on a method to rear fish at high densities 

to adulthood without causing an effect on the number of males produced. Finding a 

method to have balanced number of males to females is important since many studies 

require pair-wise crosses for further study. This study is the first to demonstrate how 

scaling up food rations in tanks with high stocking density tanks acts to prevent heavily 

sex skewed ratios until four weeks post fertilization. After four weeks post fertilization, 

crowding does cause an effect and the sex ratio begins to skew towards male even with 

an increased food supply. Even though by week five we start to see a bias towards male, 

these results may not be completely unwanted. In a previous unpublished study, having 

more males in both housing and spawning tanks led to better reproductive performance. 

The first part of this study showed that by raising zebrafish at the recommended 

10 fish per liter stocking density (Castranova et al., 2011) and providing a measured food 

ration that was appropriate for their density, it is possible to raise wild-type zebrafish at a 

50/50 male to female ratio. This justifies why having a recommended stocking density is 

important for controlling development of males and females.  

Part of this study was intended to reach the limits of high stocking densities 

without causing an effect on development or survival. Raising fish at multiple densities 

(40, 60, 80, and 100 fish per liter) provided an insight into the limitations of stocking 

densities for zebrafish. Although survival rates for each of the four densities (40, 60, 80, 

and 100 fish per liter) were all above 83%, there was a significant size range among the 

60, 80, and 100 fish per liter densities at 3.5 months post fertilization. In addition, 

mortality measured in the 40 fish per liter tanks all occurred within the first 10 days post 
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fertilization, a critical and delicate window within zebrafish development. Mortalities 

found at higher densities seem to occur even past day 20 post fertilization. Moreover, a 

study by Ribas et al. (2017) showed that raising fish at a density of 37 per liter produced 

on average 72.7% males in the population, while densities of 9 and 19 fish per liter did 

not have a significant effect on sex ratios. Based upon this previous work and the 

information generated from raising fish at multiple rearing densities, a rearing density of 

40 fish per liter appeared to be ideal for the final part of the study.  

Results obtained from our final experiment demonstrated that zebrafish can be 

raised at a density as high as 40 fish per liter for up to four weeks without male bias. 

Beyond four weeks post fertilization, the sex ratio begins to skew towards male. This 

study also showed that growth rates were not affected among different treatments by 

raising fish at a high density for up to five weeks (Fig. 7). By adjusting feed rations in 

proportion to high density, fish ultimately received the same amount of food per density 

keeping growth rates equal for each treatment.  

A possible explanation for why zebrafish can be raised at a high density for up to 

four weeks without affecting sex ratios by increasing food rations can be seen in another 

species of fish that utilize environmental sex determination. Conover & Heins (1987) 

found that in the Atlantic silverside (Menidia menidia), more females developed in a 

given cohort during a time of year that coincides with when resources are abundant and 

rapid growth is possible. However, if larvae are spawned during a time of year when 

resources are scarce, coinciding with slow growth, more males develop within a 

population. A similar trend was demonstrated in zebrafish, where highly well-fed larvae 

developed into more females (Lawrence, Ebersole, & Kesseli, 2008). Conversely, higher 

densities, and presumably less food available to each fish, produced more males (Ribas et 
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al., 2017). Therefore, by counteracting a male-producing environment (high density) with 

a female-producing environment (higher food availability), a more balanced sex ratio 

results. 

This can be further corroborated by studies showing the relationship between 

cortisol and sex development in zebrafish. A 2006 study demonstrated that when 

zebrafish are stressed, especially by a sudden overcrowding environment, fish produce a 

significantly higher concentration of cortisol (Ramsay et al., 2006). More recently, Ribas 

et al. (2017) showed a strong correlation between total body cortisol and masculinization 

in zebrafish. While cortisol was not measured in this study, a scaled-up feed ration based 

on density may have prevented fish from increasing whole-body cortisol and thus 

creating a less stressful rearing environment.  

Since a hypoxic environment of less than 0.8 mg O2 per liter can have an effect on 

sex determination in zebrafish (Shang, Yu, & Wu, 2006), it was necessary to measure 

oxygen concentrations in pods housing replacement fish, especially since pods had 

reduced water flow caused by the two layers of floss (Appendix 1). In fact, oxygen 

concentrations in each of the four possible housing conditions was measured well above 

the reported by Shang, Yu, & Wu, (2006), eliminating any concern. 

Although a rearing density of 40 fish per liter is much higher than previously 

recommended, the implications of this study can be beneficial for zebrafish facilities in 

several ways. First, this study demonstrates that growth rates are not largely affected as 

long as feed rations are increased by a proportionate amount from the original standard 

rearing density. For example, a 40 fish per liter rearing density would need to be fed 4x 

the amount of fish housed at 10 fish per liter. This result translates to raising more fish in 

less tanks, thus minimizing nursery space and upfront labor. Second, this study also 
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highlights a method that skews sex ratios towards somewhat more males at five weeks 

post fertilization. Having more males in a breeding population has been shown to 

improve reproductive performance in zebrafish. Last, this study demonstrates the 

importance of scaling up feed rations to compensate for higher rearing densities resulting 

in normal growth in combination with uniform growth rates throughout. 

 

Future Work 

There are future studies that can be done to expand our study and solidify our 

findings. First, a delay in sexual maturation can result from rearing fish at high stocking 

densities. Therefore, it is important to further understand if a reduced growth rate has any 

effect on reproductive performance. A series of spawning trials carried out on fish raised 

at 40 fish per liter would reveal any negative effects caused by high rearing densities. 

Second, we plan on raising a new population of zebrafish at the same rearing density with 

the exception of not adjusting feed rations based on density. In this second set of 

experiments, our hypothesis is that while growth rates will be affected per treatment, 

more males will develop at maturation. Sex skewing towards male is also expected earlier 

than the five weeks post fertilization timepoint we demonstrated in the present study. 

Finally, looking at cortisol levels in zebrafish reared at high densities may bring to light 

what role, if any, this has on skewing ratios. Increased cortisol concentrations would be 

an effect caused by suboptimal environmental conditions, which can be adjustable in the 

laboratory setting. 

 

 



 28 

Conclusions 

In conclusion, this study demonstrates that rearing densities as high as 40 fish per 

liter can result in uniform growth rates, no abnormalities due to high density, and sex 

ratios indistinguishable from growing fish at 10 fish per liter. This is true only if 1) food 

rations are appropriately adjusted to account for the higher density and 2) higher densities 

do not surpass 4 weeks post fertilization as sex ratios will begin to become male biased.   
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Appendix 1. 

 

Figure 10.  100 mL pod in a 1.1 L tank. When positioned correctly, the volume of water in 
the pod equals 100 mL. 

 

Figure 11.  Close up of custom-made pod showing the holes drilled and added mesh to 
allow water flow into the pod, but prevent fish escape. 
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