
Bhat et al. Blue Biotechnology             (2025) 2:3  
https://doi.org/10.1186/s44315-025-00027-9

RESEARCH Open Access

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Blue Biotechnology

Impact of shifting abiotic factors 
in aquaculture on fish breeding 
and reproduction: a review
Irfan Ahmad Bhat1*, Mohd Ashraf Rather1, Irfan Ahmad1, Irshad Ahmad2, Ishfaq Nazir Mir3 and Hussna1 

Abstract 

The reproductive success of fish is intricately linked to environmental factors, which regulate the hypothalamic-pitui-
tary–gonadal (HPG) axis and influence gonadal development, gamete production, and spawning. Key environmental 
parameters such as photoperiod, temperature, pH, alkalinity, hardness, dissolved oxygen (DO), turbidity, and nitrog-
enous compounds (ammonia, nitrate, nitrite) play critical roles in fish reproduction. These factors significantly impact 
reproductive functions, including gonadal growth and maturation, gamete cell development, hatching rates, and lar-
val survival. Unfortunately, hatchery experts and fish farmers often overlook these parameters, leading to suboptimal 
seed production and lower-quality fish stocks. 

This review discusses the various environmental parameters and their effects on gonadal development and reproduc-
tive performance in fish particularly at the molecular level. Understanding these factors can help researchers differ-
entiate the impact of environmental variables from other influences like feed quality and genetic factors, ultimately 
leading to better management practices in fish breeding and seed production.
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Introduction
The sex is determined during the embryonic develop-
ment which is mostly controlled by genetic factors [31, 
69]. After sex determination, the gonads are developed 
like higher animals which produce gametes through the 
reproduction process. Reproduction is one of the most 
significant parts of fish biology and enables a species to 
continue to exist and sustain their population [83, 84]. 
Mostly fish reproduce sexually resulting in the mixing 

of genes of the two sexes. The reproduction pattern in 
fish is diverse like most of them have external or inter-
nal fertilization and are annual breeders or produce seeds 
throughout the year. In order to categorize guilds or ways 
that bony fish reproduce, Balon [8] divided the species 
into three main groups: non-guarders, guarders, and 
bearers.

Fish reproductive cycles are regulated and synchro-
nized by the environmental factors. The common fac-
tors include photoperiod, temperature, nutrition, social 
status, lunar cycle, turbidity, etc. [90]. The environmental 
factors affect the hypothalamic-pituitary–gonadal axis 
(HPG) axis which in turn controls the production of hor-
mones necessary for the gonadal development and gam-
ete production [16].

Due to population growth and the exploitation of nat-
ural stocks, there has been a shift towards aquaculture 
production in controlled environments such as ponds 
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and tanks. Fish culture primarily relies on high-quality 
seeds, which depend on the availability of well-grown 
brooders, typically produced in broodstock ponds. 
Broodstock is the most critical component in hatcheries 
since future production hinges on their quality gametes 
[109]. Environmental factors in the broodstock pond are 
crucial, and even slight deviations can negatively impact 
the growth, development, and gamete production of 
brooders. This, in turn, affects seed production, labor, 
time, and financial resources. This review discusses the 
significance of environmental factors in the development 
of gonads and reproduction in fish, as well as the negative 
impact on the reproductive process when these factors 
deviate from normal levels.

Review of literature
In compiling this review, the authors utilized a diverse 
array of reputable databases and search platforms to 
gather pertinent literature. The primary sources included 
Google Scholar, PubMed, bioRxiv, the Directory of Open 
Access Journals (DOAJ), ScienceDirect, PLOS ONE, 
MDPI journals, and Frontiers journals. These platforms 
provided a comprehensive collection of peer-reviewed 
articles and preprints relevant to the study.

The literature reviewed spans several decades, with a 
few publications dating from 1972 to 1979. However, the 
majority of the data originates from studies conducted 
between 1990 and the present, ensuring that the review 
encompasses both foundational and contemporary 
research findings.

To identify relevant studies, the authors employed a 
series of targeted keywords during their searches. These 
included combinations such as "fish and physicochemi-
cal parameters of water," "fish reproduction and phys-
icochemical parameters of water," "fish gonads and 
physicochemical parameters of water," "HPG axis and 
physicochemical parameters of water," "gene expression 
and physicochemical parameters of water," "photoperiod 
and fish gonad," "physicochemical parameters of water 
and gonadal gene expression," "fish reproduction and 
photoperiod," "fish reproduction and temperature," "fish 
reproduction and pH," "fish reproduction and alkalin-
ity," "fish reproduction and hardness," "fish reproduction 
and dissolved oxygen," "fish reproduction and turbidity," 
"ammonia, nitrate, and nitrite and fish reproduction," 
"fish reproduction and handling stress," "nutrition and 
fish reproduction," "toxicants and fish reproduction," and 
similar combinations focusing on fish gonadal develop-
ment. This comprehensive keyword strategy ensured 
the inclusion of a wide range of studies pertinent to the 
environmental factors affecting fish reproduction and 
gonadal development.

Photoperiod
Photoperiod is widely considered the main environmen-
tal factor influencing puberty in fish [138]. Photoperiod 
directly affects the reproductive and aggressive behav-
iours via the HPG axis [45]. Photoperiod stimulates the 
brain to secrete neuropeptides like Gonadotropin releas-
ing hormone (GnRH), gonadotropin-inhibitory hormone 
(GnIH), kisspeptins, etc.) and neurohormones (mainly 
melatonin, dopamine (DA), and serotonin) that stimulate 
or inhibit the gonadotrophins from brain that have direct 
effect on the development of gonads and gamete produc-
tion [15, 63].

In Chub Mackerel (Scomber japonicus), extending the 
photoperiod and increasing light wavelength raised tes-
tosterone and 17β-estradiol levels [23] Similarly, in rain-
bow trout, (Oncorhynchus mykiss), a longer photoperiod 
promoted ovulation and spermatogenesis, which corre-
lated with increased plasma levels of 17β-estradiol and 
testosterone in female salmon [9].

It has been found that lower photoperiod can delay 
gonadal maturation and reproduction timing in many 
fish species [10]. The change in the normal photoperiod 
can influence the reproductive behaviour and gonadal 
development in fish [41]. In some fish species, the longer 
photoperiod resulted in regression of gonadal growth [66, 
104]. It is found that alteration in photoperiod releases 
the hormone melatonin which is the negative regulator 
of the HPG axis, thereby affecting the gonadal matura-
tion [57]. In zebrafish (Danio rerio) changes in the photo-
period led to a disruption in the synchronization of clock 
genes, which are associated with tumour formation in the 
ovary [145]. The effect of photoperiod on the reproduc-
tive physiology is shown in Fig. 1.

The physiological response to photomanipulation, 
including its effects on reproduction, varies widely 
depending on species, photoperiod, duration of expo-
sure, developmental stage, and culture conditions. While 
photomanipulation benefits some species, it may have 
adverse effects on others. Further, adjusting photoperiod 
in aquaculture is crucial, as improper settings can alter 
reproduction. Experiments on new species are necessary 
to prevent losses. Further research is needed to under-
stand how photoperiod and internal factors like mela-
tonin, stress, and gene expression affect fish growth and 
reproduction.

Temperature
Temperature plays a crucial role in timing gamete mat-
uration and spawning, allowing reproductive cycles 
to adapt to local and short-term thermal variations 
[91, 127]. It is considered to be a major environmental 
cue controlling reproduction in cyprinids [95]. Water 
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temperature influences physiological processes like endo-
crine regulation, energy and material allocation [121]. It 
also impacts the induction of oogenesis, vitellogenesis, 
and the final stages of reproduction, including matura-
tion, ovulation, and oviposition [131]. Temperature has 
been found to have direct effects on gamete quantity 
and quality in captive and wild broodstocks as well as 
the final ripening of eggs [17]. In Atlantic salmon (Salmo 
salar) and Arctic charr (Salvelinus alpinus), elevated 
temperature inhibited ovulation, reduced fertility and 
egg survival [44, 91], similarly in rainbow trout and Red 
seabream (Pagrus major) it decreased the fertility, larval 
survival, and reproductive output [64, 92]. In Wolffish 
(Anarhichus lupus), reductions in fertility, egg and larval 
survival were recorded with the increase in the tempera-
tures [125]. In sea bass, elevated temperatures induce 

male sex reversal [94]. In brown trout (Salmo trutta), 
high temperatures reduce the phospholipids and free 
fatty acid deposition in fish eggs as well as reduce the egg 
osmoregulation process [61]. Furthermore, it was found 
that in rainbow trout males, the increased temperatures 
affect spermatogenesis by affecting the androgen levels 
[4]. The effect of temperature on the reproductive output 
in different fishes is presented in Fig. 2.

It is found that a reduced temperature increases dopa-
mine secretion which has inhibitory activity on GnRH 
and therefore on gonadotrophins while an increase in the 
temperature inhibits the aromatase gene (Cyp19) which 
is the main enzyme required for the conversion of testos-
terone to estradiol thereby affecting the gonadal devel-
opment, vitellogenesis and egg development in fish [91]. 
Evidence also shows that elevated temperature increases 

Fig. 1  Effect of photoperiod on different reproductive responses in fish

Fig. 2  Effect of elevated temperature on different reproductive responses in fish
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melatonin secretion and therefore affects the hypotha-
lamic and gonadal hormones [76].

pH
The pH scale measures the acidity or basicity of water, 
reflecting its hydrogen ion concentration [141]. Specifi-
cally, pH is defined as the negative logarithm of the molar 
hydrogen ion concentration (-log [H +]). For proper 
growth and development of fish, the water pH should 
be in the range of 6.0 to 9.0 and the deviation could have 
fatal effects on the animal [86]. Problems in physiology 
particularly the growth of species [147] and ion regula-
tion disturbance are the common problems associated 
with the deviation in pH [29]. The disturbance could lead 
to the collapse of the circulatory system and ultimately 
cause the death of organisms [129].

Research on the effect of pH deviation on reproductive 
behaviour has been conducted on numerous fish species. 
In acidic pH, a very low or almost nil hatching rate was 
observed in some of the migratory fish [47, 103]. In char-
acin, Astyanax lacustris, acidic pH decreased the yolk 
content in eggs, and induced deformities in the chorion 
and the hatched larvae [33]. In salmonids, the weakly 
acidic water (5.8–6.4) inhibited the digging and upstream 
behaviour [54]. pH below 7 or 7.8 does not activate the 
sperm of rainbow trout, so this deviation could greatly 
influence the hatching of eggs in this species in captiv-
ity [55]. In flathead minnows (Pimphalus promelas) and 
brook trout (Salvelinus fontinalis), low pH was found to 
affect fecundity, egg fertility, and reproductive survival 
[75, 79]. At pH 5.5 and pH 6.5, the sex ratio was found 
to be biased towards females in West African cichlid fish, 
(Pelvicachromis pulcher) while the shift is towards the 
male production at pH 5.5 [102]. The reason according to 
the study of Reddon and Hurd, [102] could be due to a 
reduction in the expression of the aromatase gene at low 
pH which results in the formation of more males in this 

species. Javanese medaka (Oryzias javanicus) exposed 
to pH levels between 6 and 7 had the lowest mortality 
rates, and also showed an increase in egg production and 
hatchability [107]. Acidification delays the spawning and 
causes ovarian atresia in salmonids by inhibiting vitel-
logenesis and ovulation [80, 119, 120]. Similarly, Weiner 
et  al. [136] reported reduced development, hatching, 
and yolk-sac absorption in eggs from acid-exposed 
female rainbow trout. Again, in the same species, low pH 
impacts oocyte maturation and acid stress was found to 
affect the hormonal mechanisms that control the final 
maturation of fish gametocytes [53]. In the study, it was 
speculated that acid stress might have caused chromo-
somal damage during meiosis in gametogenesis, due 
to abnormal changes in sex hormones resulting in poor 
reproductive activity. In general, the deviation in the 
pH could have serious consequences on the reproduc-
tive system and breeding of fish ranging from gonadal 
development to the fertilization and post-fertilization 
processes. The effect of different pH levels on the repro-
ductive parameters of different fish species is presented 
in Table 1.

Alkalinity
Alkalinity represents the total concentration of negatively 
charged ions, particularly carbonate and bicarbonate, 
that neutralize hydrogen ions in natural waters [1]. Water 
with high alkalinity possess stronger buffering capabili-
ties with levels between 60–150  mg/L CaCO3, but no 
less than 20 mg/L [140]. Alkalinity fluctuations can cause 
stress to fish, leading to hormonal imbalances that may 
hinder gonad development and reduce egg and sperm 
production [78]. Fluctuations in alkalinity can result in 
decreased dissolved oxygen (DO) levels and increased 
waste buildup, creating poor water conditions that stress 
fish and negatively impact their reproductive health and 
gonad development.

Table 1  Effect of different pH levels on the reproductive parameters of different fish species

Species pH Effect

Prochilodus lineatus acidic Poor hatching rate

Astyanax lacustris, acidic decreased yolk content in eggs, deformities in chorion 
and the hatched larvae

Oncorhynchus nerka, trutta, Salvelinus leucomaenis Weakly acidic digging and upstream behaviour

O. mykiss  < 7–7.8 influence hatching of eggs

In flathead minnows (Pimphalus promelas) and brook trout 
(Salvelinus fontinalis),

acidic Affect fecundity, egg fertility and reproductive survival

Pelvicachromis pulcher 5.5 and 6.5 female sex reversal

Salmonids acidic delayed the spawning and cause ovarian atresia 
by inhibiting vitellogenesis and ovulation

Female O. mykiss acidic Reduced hatching, and yolk-sac absorption in eggs
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Medaka (Oryzias latipes) exposed to high alkalin-
ity, significantly reduce the fecundity, impair ovarian 
development and declines the reproductive parameters 
(fertilization rate and hatching rate of eggs) with severe 
effect on embryonic and reproductive stages [142]. In 
another study by Yao et  al. [143], the alkalinity stress 
downregulated the genes involved in reproduction such 
as gonadotrophin, GnRH, estrogen-regulated gene, mito-
gen-activated protein kinase, corticotropin-releasing 
hormone binding protein in Medaka.

Hardness
Hardness measures the total concentration of divalent 
salts in water, primarily calcium and magnesium. Cal-
cium, is essential for bone and scale formation in fish and 
plays a crucial role in osmoregulation and normal physi-
ological functions. The ideal calcium hardness range is 75 
to 200 mg/L CaCO3 [140].

Variations in water hardness can influence ion avail-
ability, leading to physiological stress that may adversely 
affect the reproductive parameters such as gonadoso-
matic index and hormone levels, ultimately impacting 
successful reproduction and growth in aquaculture set-
tings. The ionic composition of the water, influenced 
by hardness, affects the permeability of egg membranes 
and the viability of the eggs. Inappropriate hardness lev-
els may reduce fertilization success and hinder embry-
onic development. Water hardness can also influence 
sperm motility, with certain hardness levels being more 
conducive to successful fertilization. For example, exces-
sively soft water may negatively affect sperm motility and 
viability.

In Guppy (Poecilia reticulata) and Siamese fighting 
fish (Betta splendens), the effect of hardness on growth 
and reproductive potential was evaluated after expo-
sure to different concentrations of CaCO3 [59]. In P. 
reticulata, higher water hardness increased reproductive 
output,including fecundity and gonadosomatic index. 
However in B. splendens, it adversely affected the repro-
ductive potential including the hatchability and nest for-
mation suggesting that the hardness effects of hardness 
on fish depends on the species.

Water hardness exceeding 120  ppm has been shown 
to severely impact gonadal development and maturity 
in angelfish (Pterophyllum scalare). Similarly in Rosy 
barb (Barbus conchonius) and Tiger barb (B. tetrazona), 
increased hardness suppress the gonadal maturation 
[101]. Additionally, studies indicate that high calcium lev-
els in water can accumulate on the surface of B. splendens 
eggs, obstructing water absorption into the perivitelline 
space, leading to dehydration and egg shrinkage [46].

Ofor and Udah [87] investigated the fertilization and 
hatching rates in African catfish (Clarias gariepinus) and 

sampa (Heterobranchus longifilis) under varying water 
hardness. It was found that while fertilization rates in C. 
gariepinus were not significantly affected by higher hard-
ness levels, fertilization and hatching rates in H. longifilis 
were severely impacted.

In Channel catfish (Ictalurus punctatus) low-calcium 
hardness water (4.7 mg/L CaCO3) decreased the hatch-
ing rates [116]. Similarly in Rhamdia quelen eggs, hard 
water had a negative impact on hatchability [115]. In 
zebrafish, increased hardness (> 63  mg/L) reduced the 
hatchability and larval survival [22]. In Rare Minnows 
(Gobiocypris rarus), the higher water hardness decreased 
the egg size and adversely affected the hatching rate [67].

DO
DO levels in aquatic environments can be a limiting 
factor due to lower oxygen availability compared to ter-
restrial habitats as well as the higher energy demands 
required for oxygen extraction [58]. In fish ponds, inad-
equate DO can negatively impact fish growth and repro-
duction, making it essential to maintain a minimum 
concentration of 5  mg/L at all times [1]. Oxygen levels 
below the threshold create hypoxia and low levels of DO 
can adversely affect gonadal development, fertility, and 
spawning success, ultimately impacting the reproduc-
tive health and population sustainability of fish species 
[68]. Therefore, maintaining ideal DO levels is crucial 
to ensuring effective reproduction and the growth of 
healthy progeny.. DO levels in ponds are influenced by 
several factors including water temperature, which affects 
oxygen solubility,the presence of aquatic plants and algae, 
which produce oxygen through photosynthesis but also 
consume it during respiration; and the decomposition of 
organic matter which depletes oxygen as bacteria break 
down organic materials. Hypoxia alters the hormone 
levels involved in gonad development and reproduction 
leading to delayed gonadal development, reduced spawn-
ing success, altered sperm motility, and compromised 
fertilization, hatching rates, and larval survival [106].

In Greenland halibut (Reinhardtius hippoglossoides), 
severe hypoxic conditions significantly affected the 
embryonic development and egg hatching rate [74]. In 
Koi carp, (Cyprinus carpio), a DO level of 0.8 −1  mg/L 
over 1- 3  months disrupted steroidogenesis, a crucial 
process for steroid hormone formation [11]. Goldfish 
(Carassius auratus) exposed to low DO levels (0.8 mg/L) 
for 8  weeks exhibited reduced vitellogenin levels in the 
blood, poor egg growth in females, and lower 11-KT pro-
duction, ultimately halting spermatogenesis and sperm 
motility [12]. In Gulf killifish (Fundulus grandis), low DO 
level (1.34  mg/L) led to impaired steroidogenesis and 
reduced gonadal growth [62]. Brooders of pacu (Piar-
actus brachypomus) exposed to DO level of 2.0–4.5  mg 
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/L of experienced a reduction in male and female ster-
oid hormones, along with delayed ovulation [30]. In 
zebrafish, hypoxia downregulated the expression of genes 
involved in the HPG axis pathway, negatively impact-
ing spermatogenesis [70, 113]. In male carp (C. carpio), 
12  weeks of hypoxia (1  mg/L DO) significantly reduced 
sperm motility, indicating impaired sperm quality [139]. 
Similarly, Atlantic croaker (Micropogonias undulatus) 
exhibited testicular damage and reduced sperm motil-
ity following 4  weeks of hypoxia (1.7  mg/L DO) [122]. 
Oxidative stress resulting from hypoxia (1  mg/L DO) is 
believed to contribute to reproductive impairment in 
fish. In tambaqui (Colossoma macropomum), hypoxia 
induced oxidative stress, lead to a shorter sperm motil-
ity duration and reduced sperm count [20]. Table 2 pre-
sents the effects of DO levels on reproductive parameters 
across different fish species. Overall, chronic hypoxia 
disrupts reproductive processes in fish by impairing ster-
oidogenesis, gamete quality, fertilization, and embryo-
genesis, often resulting in developmental malformations. 
The impact varies depending on the severity and dura-
tion of hypoxia. Studies suggest that hypoxia acts as an 
endocrine disruptor, impairing the HPG axis and inhibit-
ing gonadal development in fish.

Turbidity
Turbidity in water refers to the reduced ability to trans-
mit light which limits photosynthesis. It results from fac-
tors like suspended clay particles, plankton, particulate 
organic matter, and pigments from decomposing organic 
matter. Bhatnagar et al. ( 14) suggest that a an ideal tur-
bidity range for fish health is 30–80 cm while 15–40 cm 
is suitable for intensive culture systems,. However levels 
below 12 cm can cause stress.

Suspended solid particles or high phytoplankton 
abundance are the primary causes of turbidity in water 
[126]. This immediately reduces light intensity, scatters 
light, alters the water’s light spectrum, and changes the 

contrast between objects and their surroundings [128]. 
These optical changes affect the schooling behaviour, 
communication, and predator–prey interactions in 
fishes [146].

High turbidity levels can impede sunlight penetra-
tion, which is crucial for aquatic plant growth and 
overall ecosystem health,. This in turn may reduce 
food availability for fish during critical breeding peri-
ods [135]. A decrease in food resources can negatively 
impact fish growth and reproductive success, as studies 
have linked increased turbidity to lower reproductive 
outcomes and impaired gonad development in vari-
ous aquatic species [135]. Additionally, research sug-
gests that suspended particles from high turbidity can 
disrupt fish endocrine functions, leading to reduced 
fecundity and developmental anomalies during repro-
duction. This further underscores the negative effects 
of poor water quality on fish physiology, development, 
and survival across life stages [19, 82].

The impact of suspended solids and sediment on the 
reproductive behavior of warmwater fish varies depend-
ing on the season, spawning location, and specific spawn-
ing behaviours of the species [81].

In rainbow trout, turbidity negatively affects egg ferti-
lisation rates [137] and in giant gourami (Osphronemus 
goramy), turbidity levels exceeding 200 NTU (Nephelo-
metric Turbidity unit), resulted in no spawning [118].

Melanin-based pigmentation can also be affected by 
turbidity, which may interfere with visual communica-
tion sexual selection in fish [28]. In Spotted gar (Lepisos-
teus oculatus), turbidity levels of approximately 5 NTU 
reduced egg hatching rates [48].

Overall, high turbidity negatively affects egg fertiliza-
tion and hatching rates while also disrupting hormonal 
levels crucial for gonadal development in fish. Therefore, 
maintaining optimal turbidity levels is essential for the 
healthy development of brooders.

Table 2  Effect of DO levels on the reproductive parameters of different fish species

Species DO level Effect

Reinhardtius hippoglossoides hypoxia affect embryonic development and hatching rate of eggs

Cyprinus carpio 0.8 −1 mg/L disrupted the process of steroidogenesis

Carassius auratus 0.8 mg/L reduction of vitellogenin in blood, poor egg growth in females and lesser 11-KT production, 
defective spermatogenesis and poor sperm motility in male

Fundulus grandis 1.34 mg/L poor steroidogenesis and gonadal growth

Piaractus brachypomus 2.0–4.5 mg reduced the male and female steroid hormones

Danio rerio Hypoxia Decreased the gene expression levels involved in HPG axis pathway, affected the spermatogenesis

Male C. carpio 1 mg/L DO Reduced sperm motility

Micropogonias undulates 1.7 mg/L DO testicular damage and reduced sperm motility

Colossoma macropomum hypoxia reduced sperm motility time and number
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Ammonia, nitrate and nitrite
Ammonia, produced from fish metabolism and bacte-
rial decomposition of organic matter, exists in two forms: 
toxic unionized ammonia (NH3) and less harmful ionized 
ammonia (NH4 +). Together these are referred as "total 
ammonia." Toxic NH3 levels for fish pond range from 0.1 
to 0.6 mg/L, with a safe limit below 0.02 ppm [72, 110]. 
Nitrite, produced by Nitrosomonas bacteria during nitri-
fication, is highly toxic to fish, as it converts haemoglobin 
into methaemoglobin, impairing respiration and damage 
organs. Safe nitrite levels should remain below 0.02 ppm, 
while lethal effects occur above 1.0 ppm. The ideal level 
in any aquatic system is zero [14]. Nitrate, produced by 
Nitrobacter bacteria from nitrite, is generally harmless to 
fish, at levels between 0 to 200 ppm though, marine spe-
cies are more sensitive to nitrate toxicity [73].

High concentrations of nitrogenous compounds can 
create toxic conditions, impair gamete quality and reduce 
fertilization rates, posing significant challenges for fish 
populations in polluted ecosystems [93]. Prolonged NH3 
exposure weakens a fish’s ability to regulate the internal 
ammonia levels. While many species detoxify ammo-
nia by converting it to glutamine, glutamate, or urea, 
extended exposure weakens this mechanism week, even-
tually leading to ammonia toxicity [77].

In Nile Tilapia (Oreochromis niloticus) high ammonia 
content in water reduced the gonadotrophin hormones 
-Follicle stimulating hormone (FSH) and Luteinizing hor-
mone (LH), which are essential for gonad development 
and spawning. Additionally ammonia concentrations of 
at 0.5–0.6  mg/L concentration lowered fertilization and 
hatching rate in the species [38, 114]. Schilling [112] 
investigated nitrate and ammonia toxicity in zebrafish 
reproduction finding that ammonia has greater toxic-
ity than nitrate. This was evident through alterations in 
the gene expression related to steroidogenic pathway 
and follicle development, leading to reduced egg pro-
duction. In flathead minnows, exposure to 0.06  mg/L 
NH3 significantly reduced fecundity, with a 29% decrease 
in cumulative egg production after a 20  days [6]. Gold-
fish exposed to high ammonia levels (50 mg/L) for 48 h 
inhibited oocyte maturation, induced ovarian damage, 
and increased oxidative stress, leading to excessive ROS 
accumulation, ovarian apoptosis, and impaired steroid 
synthesis, ultimately harming reproductive performance 
[98]. In this study, the genes such as CYP11a1, 3βHSD, 
and CYP19a2 were significantly downregulated thereby 
disturbing the steroidogenic pathway.. In zebrafish, pro-
longed exposure to Microcystis aeruginosa and ammonia 
disrupted the endocrine-reproductive system. M. aerugi-
nosa exposure led to reduced body weight, increased GSI, 
and changes in ovarian oocyte proportions, with ammo-
nia amplifying these effects. Both stressors disrupted 

hormone homeostasis by altering hypothalamic-pitui-
tary–gonadal-liver (HPG)L axis [88]. In common carp, 
high ammonia concentrations significantly reduced GSI, 
decreased the yolk vesicles and mature oocytes counts, 
and inhibited spermatogenesis [52].

Flathead minnows exposed to nitrate showed increased 
11-KT and vitellogenin levels in males, while vitellogenin 
levels were significantly females elevated in compared 
to controls. this suggest nitrate may disrupt steroid hor-
mone synthesis and metabolism [56].

Plasma testosterone levels in Atlantic salmon exposed 
to 10.3  mg/L nitrate increased non-monotonically [43]. 
Daily nitrate injections over seven-days in walking catfish 
(Clarias batrachus) led to a reduced blood and testicular 
testosterone levels [34]. In Eastern mosquitofish (Gam-
busia holbrooki), nitrate exposure increased testicular 
weight and gonopodium length but decreased muscle 
11-ketotestosterone, sperm count, pregnancy rates, and 
embryo mass [37]. Siberian sturgeon (Acipenser baerii) 
exposed to 57  mg/L nitrate displayed increased plasma 
testosterone, 11-ketotestosterone, and estradiol levels 
[49].

Lin and his coworkers [65] studied nitrite exposure in 
adult male zebrafish and found severe testicular damage, 
including disrupted seminiferous epithelium, expanded 
intercellular gaps, and suppressed growth. It also low-
ered the gonadosomatic index and significantly reduced 
testosterone and estrogen levels by downregulating key 
genes in the hypothalamus-pituitary–gonadal-liver axis 
(HPGL-axis), including gnrh2, lhβ, androgen receptor 
(ar), and lhr.

Ciji et al. [24] reported that nitrite exposure impaired 
testosterone and estradiol synthesis in juvenile Labeo 
rohita.

Nitrate and nitrite impact steroidogenesis and repro-
ductive function through a number of interrelated pro-
cesses. Nitrate and nitrite act as substrates for Nitric 
oxide (NO) which then binds to heme-containing pro-
teins and cytochrome P450 enzymes, including aro-
matase to inhibit their activity [42]. NO also promotes 
S-nitrosylation of key enzymes such as CYP11A, CYP17, 
and CYP19A1, inactivating them and reducing steroi-
dogenesis [35, 117]. S-nitrosylation can also inactivate 
steroidogenic factor-1 (SF-1), which regulates critical 
steroidogenic enzymes such as CYP11A, CYP17, CYP21, 
and StAR (steroidogenic acute regulatory protein)et al. 
[35, 60]. The effect of ammonia, nitrate and nitrite on the 
reproductive parameters in various fish species are sum-
marised in Table 3.

In general, ammonia, nitrate, and nitrite are highly 
toxic to fish reproductive system. These compounds dis-
rupt normal gonadal and germ cell development, reduce 
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reproductive output, and alter behavior, leading to poor 
hatching success and lower larval survival rates.

Handling stress
When fish experience stress, they undergo a primary 
neuro-hormonal reaction that triggers the release of cor-
ticosteroids and catecholamines [71]. This leads to physi-
ological changes, known as secondary consequences. 
Studies have shown that stress and elevated cortisol lev-
els, inhibit gonadal development, sex steroid production 
and gonadotropin secretion in salmonids [32].

Fish captured for breeding weather from wild or 
hatcheries are often subjected to handling and confine-
ment stress particularly after receiving exogenous hor-
mone treatments. Even domesticated stocks regularly 
face stress from routine husbandry practices [92]. Ele-
vated cortisol levels from handling stress reduce plasma 
levels of gonadal steroids such as testosterone and 
17β-estradiol, while also increasing the occurrence of 
ovarian atresia in various species [89, 97].

Insnapper (Pagrus auratus) capture and handling stress 
disrupts their endocrine system and reduces the effec-
tiveness of hormone induced treatments. This stress 
impairs the ovulatory response, impacting reproductive 
outcomes [26].

In tilapia, Oreochromis mossambicus, handling stress 
significantly increased the cortisol level compared to 
undisturbed fish [40]. Oocyte atresia was more common 
in wild-caught red gurnards and also the plasma estradiol 
levels were decreased [25].

Wild Cohu (Oncorhynchus kisutch) and Chinook 
salmon (Oncorhynchus tschawytscha) showed signifi-
cantly higher plasma cortisol levels after handling com-
pared to hatchery raised fish [108].

In farmed snapper (P. auratus), capture and handling 
stress increased the plasma cortisol levels while decreas-
ing steroid hormonal levels including estradiol and tes-
tosterone [27].

Male brown trout exposed to chronic confinement for 
one month followed by one hour of acute handling stress, 
showed a significant decline in plasma levels of 11KT 
and testosterone [96]. The effects of handling stress on 
gonadal physiology are illustrated in Fig. 3.

To mitigate handling stress in broodstock fish should 
be kept undisturbed in tanks following hormone injec-
tions or transfers. This allows their stress hormone levels, 
particularly cortisol, to return to baseline. Immediate use 
of fish for induced breeding or transport after hormonal 
injections should be avoided, as elevated cortisol levels 
can negatively impact reproductive performance.

Nutrition
Broodstock nutrition plays a vital role in fish farming, 
significantly influencing reproductive success, egg qual-
ity, and the healthy development of larvae. An adequate 
intake of macronutrients, along with essential vita-
mins and minerals, is critical in supporting the complex 
physiological processes involved in spawning and egg 
formation.

Diet and food availability, or in the case of aquacul-
ture, the feed regime, directly impact on growth, size, 
and energy reserves [50]. Physiological processes such 
as smoltification and maturation are highly energy-
demanding, requiring an organism to reach a specific 
energy threshold to proceed [123]. There is a geneti-
cally defined lipid (energy) threshold that must be 
surpassed for sexual maturation to occur [123]. The 
relationship between energy availability and maturation 

Table 3  Effect of Ammonia, nitrate and nitrite on the reproductive parameters of different fish species

Type Fish Concentration Effect

Ammonia Oreochromis niloticus 0.5–0.6 mg/L Decreased FSH and LH level, fertilization and hatching rate

Ammonia Danio rerio 4.5 mg/L Alterations in genes involved in steroidogenic pathway and reduction in egg pro-
duction

Ammonia Pimephales promelas 0.06 mg/L Reduction in fecundity

Ammonia Carassius auratus 50 mg/L affected oocyte maturation, induced ovarian damage, and increased oxidative stress, 
leading to excessive ROS accumulation, ovarian apoptosis, and impaired steroid 
synthesis

Ammonia Cyprinus carpio 5, 10 and 20 mg/L reduced GSI, decreased the number of yolk vesicles and mature oocytes, and inhib-
ited spermatogenesis

Nitrate P. promelas 56.5 mg/L Increased 11-KT and vitellogenin levels

Nitrate Salmo salar 10.3 mg/L Increased testosterone non-monotonically

Nitrate Acipenser baerii 57 mg/L increased levels of plasma testosterone, 11-ketotestosterone, and estradiol

Nitrite D. rerio 0, 3, 30 µg/L and 0, 2, 20 mg/L severe effects in the testicles, such as damaged seminiferous epithelium, expanded 
intercellular gaps, and growth suppression

Nitrite Labeo rohita 2.0 mg/L impaired the synthesis of both testosterone and estradiol
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can be explored by altering feeding regimes to limit 
energy intake. For example, Rowe and Thorpe [105] 
demonstrated that reducing food availability dur-
ing the spring months in juvenile Atlantic salmon can 
suppress maturation. In rabbit fish (Siganus guttatus), 
increasing dietary lipid content in diet (12–18%) in 
the broodstock has been shown to enhance fecundity 
and improve hatching rates [36]. Food restriction can 
significantly impact spawning success, with reduced 
feeding rates inhibiting gonadal maturation in various 
fish species. This effect has been observed in goldfish 
[111], European seabass (Dicentrachus labrax, [21], 
and male Atlantic salmon [13]. In gilthead seabream 
(Sparus aurata and other sparid species, fecundity sig-
nificantly increased with dietary n-3 HUFA levels up to 
1.6% [39, 132]. Increasing dietary α-tocopherol levels 
up to 125  mg/kg improved fecundity and egg viabil-
ity in gilthead seabream. Additionally, supplementing 
0.1% tryptophan, a serotonin precursor, in the diet of 
ayu (Plecoglossus altivelis) significantly elevated serum 

testosterone levels, advancing spermiation in males 
and inducing maturation in females [3]. A deficiency of 
ascorbic acid in diet negatively affects sperm concen-
tration, motility and the spawning period. Improved 
egg quality in European seabass has been linked to 
a higher content of total n-3 fatty acids in fish fed a 
pelleted diet enriched with high-quality fish oil [85]. 
Studies on red seabream have shown that dietary phos-
pholipids enhance egg quality [133]. These benefits are 
attributed to their role in stabilizing free radicals [134] 
and their importance during larval development, as 
they are preferentially catabolized after hatching and 
before first feeding [99].

Overall, nutrition plays a crucial role in all stages 
of reproduction, from gamete development to final 
spawning. Nutritional deficiencies in the diet can have 
serious consequences on reproductive success, affect-
ing fertility, egg quality, and larval survival.

Fig. 3  Effect of handling stress on steroid hormones and gonad development
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Other stressors having negative influence on breeding 
and reproduction of fish
The global population increase has led to a rise in the 
production of toxic substances, both intentionally and 
unintentionally. These toxicants eventually enter water 
bodies, where they accumulate in living organisms across 
all trophic levels through food chain. Common pollutants 
released into water bodies include heavy metals, which 
originate from both natural sources and human activi-
ties, such as agricultural fertilizers and pesticides con-
taining these metals [5, 130]. Heavy metals can also be 
introduced into water bodies through construction activ-
ities, including the buildings and roads and infrastruc-
ture where these metals are frequently used [7]. Another 
major source of water contamination is pesticides which 
are widely used in agriculture and industry. These chemi-
cals enter aquatic environments through surface run-
off or atmospheric deposition [2]. An emerging class of 
toxicants with significant negative impact on aquatic 
organisms is nanoparticles particularly metallic in nature 
such as iron, gold and silver. These are extensively used 
in medical and engineering applications leading to their 
release into aquatic ecosystems [18].

One of the most concerning environmental issues 
today is microplastic pollution., which results from the 
breakdown of larger plastics through biological, chemi-
cal, and physical processes such as solar radiation, heat, 
and water. These fragments have severe effects on the 
physiology of aquatic organisms, particularly their repro-
duction, including in fish [51].

Many toxicants released into water bodies disrupt the 
reproductive systems of fish. These substances, known 
as endocrine disruptors, interfere with the reproductive 
hormone production by affecting the hypothalamic-pitu-
itary–gonadal (HPG) axis. Some toxicants also accumu-
late directly in the gonads, impairing their function [100, 
124, 144].

Conclusion
This review provides a comprehensive information on 
how environmental factors influence reproduction and 
breeding in fish. Often, fish farmers or breeders may lack 
awareness of how external conditions affect breeding suc-
cess. By carefully compiling data from various sources, 
this review serves as a valuable resource on the relation-
ship between environmental parameters and fish breed-
ing. This information can be valuable for fish researchers 
studying the effects of various agents on breeding and 
reproduction. External variables, such as environmental 
factors, can significantly influence results, and it is cru-
cial to control these parameters during the experimental 
period to ensure accurate findings.

Ideal levels for fish reproduction
Maintain photoperiod based on species, tempera-
ture within optimal ranges, pH 6.0–9.0, alkalinity 
60–150  mg/L CaCO3, hardness 75–200  mg/L CaCO3, 
dissolved oxygen ≥ 5  mg/L, turbidity 30–80  cm, ammo-
nia < 0.02 ppm, nitrite < 0.02 ppm, nitrate 0–200 ppm, and 
minimize exposure to heavy metals, pesticides, nanopar-
ticles, and microplastics, which disrupt the HPG axis and 
impair reproduction. Reduce handling stress and ensure 
balanced nutrition for optimal gamete development, 
spawning, and larval survival.
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