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Abstract 

Fishes have flexible and indeterminate growth, and many of them do not reach their growth and size 

potential. They may become stunted with impaired growth and early maturity as a phenotypically 

plastic reaction. Chief causes of stunted growth are negatively density-dependent food availability 

and keen intraspecific competition leading to environmental stress. Typically, their growth levels off 

early in life as the energy consumption approaches the energy costs of maintenance. Females appear 

to attain maturity soon after the energy surplus from feeding starts to decrease, males are often more 

variable in size at maturity owing to alternative mating strategies and their size at maturity depends 

on both species specific mating behaviours and environmental opportunities. In 

polyphenic/polymorphic populations, where the fish are split between stunted and large-growing 

individuals, stunted individuals do not perform a required ontogenetic niche shift needed to grow 

larger. The adult morphology of stunted fish typically appears to be similar to the  morphology of 

the juveniles. Their secondary sexual characters are less well developed and phenotypically, they 

retain adaptation to their early feeding niche which is different from that of large growing 

individuals. There are open questions regarding to what extent genetics and epigenetics regulate the 

life histories of stunted phenotypes. 

Keywords: environmental stress; growth; life history; maturation; metabolic rate; morphology; 

phenotypic plasticity; stunting 

 

1. Introduction 

Fish growth is phenotypically plastic, and many fish do not reach their growth and size 

potential. Instead they may become stunted with impaired growth, early maturity and short life span. 

Already a century ago, this aspect of phenotypic plasticity bothered and was eagerly discussed by 

fish ecologists [1-7], and still, fish growth and stunting are important ecological issues [8-12]. 

Phenotypic plasticity is the reaction norm of phenotypic traits to variable environmental 

conditions [13,14]. Reaction norms may be expressed as continual gradient variations of individual 

traits depending on the characteristics of the organisms’ environment, but can also be dichotomous 

as in polymorphic and polyphenic populations, where the individuals are expressed as alternative 

phenotypes [15]. Each of these alternative phenotypes are also phenotypically plastic [16]. In fishes, 

examples of the latter are conspecific phenotypes such as sympatric epibenthic and limnetic Arctic 

charr Salvelinus alpinus (L,. 1758) where one of them is stunted [17]. Other such examples are 

invertebrate feeding and fish feeding European perch Perca fluviatilis L., 1758 [18] and anadromous 

and river-resident Atlantic salmon Salmo salar L., 1758 [19]. Typically, stunted fish cease growing at 

an early age, and thereafter, somatic growth is slow and may even be negative [20-22]. In extreme 

cases, stunted adults weigh only a few percent of normally growing conspecifics, such as in 

freshwater resident and anadromous Atlantic salmon [23,24]. 

In this review, I will summarize reasons why fish stunt, describe characteristics of stunted fish, 

and how they differ from normally growing conspecifics. My hypothesis is that stunted and normally 

growing conspecifics typically are adapted to different environmental niches. I will briefly describe 
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energy budgets that lead to stunting. Then, I review typical characteristics of stunted populations 

and how age and size at maturity differ from normally growing conspecifics. At the end, I discuss 

differences between stunted and non-stunted conspecifics and present some issues that need further 

research. Many of the examples I use are from studies of salmonid species. However, other species 

are mentioned when appropriate to show that these are issues of wider significance. 

2. Why do fish stunt? 

There are several reasons why individual fish stunt, but the best described size-regulatory 

mechanism is negative, density-dependent growth which function in concert with density-dependent 

mortality [18,25-28]. For instance, Lobon-Cervia [29] found for stream living populations of brown 

trout Salmo trutta L., 1758 that when recruitment was low, growth but not early survival decreased 

with increasing population density. In cases of elevated recruitment, both growth and survival 

decreased with increasing density. Because of competition for limited resources, food availability for 

individual fish decreases with increasing population density [30-32]. Interference competition 

appears to dominate in lotic environments and exploitative competition typically occurs in lentic 

environments [33]. However, both lead to reduced growth and increased mortality although the 

mechanisms differ. Exploitative competition does this by reducing the resource availability and 

increasing the vulnerability to other pressures such as predation. Interference competition leads to 

increased mortality and reduced growth and shifts in resource use because of direct interference 

between the competitors. Populations with stunted fish are typically found in overcrowded ponds 

and small lakes, where the fish are restricted from exploiting alternative habitats with better growth 

opportunities [34,35], but it is not limited to these. Stunted growth is also described from rivers, large 

lakes, and marine systems [12,24,36,37]. Less is known about whether interspecific competition leads 

to stunting, although it is known that interacting populations can adjust their phenotypes in response 

to their respective competitors [38]. Also, when limited prey availability constitutes a whole prey 

category, such as zooplankton, zoobenthos, or fish, this can function as a trophic bottleneck leading 

to stunting of all species that depend on this prey group for continued growth [39,40]. Thus, 

interspecific competition may lead to stunting, and the growth restriction should be strongest in 

enclosed systems with few alternative food niches. 

There are also a number of other reasons than increased density that can lead to stunting. For 

example, a high risk of predation can reduce the feeding activity of prey species, and reduce their 

access to habitats with proper food [18,41-43]. Experimentally, this was demonstrated for juvenile 

three-spined sticklebacks Gasterosteus aculeatus L., 1758 exposed to cues of predatory rainbow trout 

Oncorhynchus mykiss (Walbaum, 1792). Initially, their growth was fast, but they matured younger and 

smaller than unexposed conspecifics[44]. Furthermore, fishing and predators may selectively remove 

old prey and select for younger age at maturity and smaller adult size [45,46]. But predators or fishing 

may also have the opposite effect, reducing population density and leading to increased individual 

growth [8,47,48](Sneider and Lockwood 2002; de Roos et al. 2008; Amundsen et al. 2019). In addition, 

parasitation and disease can cause environmental stress and lead to stunted growth [49-50]. Stunting 

may be also associated with an inferior physical habitat and pollution [12, 51], nutrient deficiency for 

example owing to waste water purification [52], extreme temperatures [53], low oxygen saturation 

[54,55], and low pH of the water [56,57].  

Thus, poor growth is associated with a variety of environmental stressors [58,59]. The 

physiological responses to these stressors, however, appear similar. Possibly, the stressors trigger the 

same responses through the hypothalamic-pituitary-adrenal axis [60], a neuro-endocrine mechanism 

that increases the release of glucocorticoid hormones (cortisol and coticosterone) [11,61]. It may also 

lead to reduced insulin secretion [56,62] and the insulin-like growth factor [63,64]. Behaviourally, 

environmental stress may lead to allostatic overload, i.e. the stress response system becomes 

overwhelmed and dysregulated. This may reduce escape responses, reduce feeding and increase the 

vulnerability to predation [65]. 

Although stunting typically is an environmentally induced effect [66], reaction norms are 

formed by natural selection so there is also a genetic component involved that restricts the degree of 

plasticity [67,68], and epigenetic regulation of it may be involved like in human stunted growth [69-
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72]. Although there is little evidence of epigenetic regulation of growth from studies of fish [73], there 

is some evidence suggesting that early environmental stimuli, such as incubation temperature of 

embryos, may influence later somatic growth [74]. This was reported from studies of haddock 

Melanogrammus aeglefinus (L., 1758) [75], carp Cyprinus carpio L., 1758 [76], Atlantic salmon [77], 

European whitefish Coregonus lavaretus (L., 1758)[78], and Senegal sole Solea senegalensis Kaup, 1858 

[79]. In Atlantic salmon and European whitefish, egg incubation temperature influences adult size 

[78,80], and recent evidence from walleye Sander vitreus (Mitchill, 1818) suggests that early 

environments affect offspring growth as an epigenetic and/or parental effect, and possibly lead to 

stunting in some cases [81]. Thus, environmental influences at the embryo stage may affect later 

growth of fishes. 

3. Energy Budget, Growth and Food Intake 

Although stunted fish growth has been known since the first half of the 20th century, in situ 

measurements of energy intake and costs of a stunted fish were not reported before half a century 

later [20]. Metabolic measurements of Arctic charr were made possible by the use of a tracer element 

(137Cs) [82,83] which was available in northern ecosystems after the Chernobyl disaster in 1986 [84]. 

This, but also other tracer elements can be used for measurements of metabolic rates in nature [85-

87].  

Stunted fish cease to grow because the annual energy-use approaches the gains from food 

consumption (Fig. 1). They reach maximum energy intake when relatively young, in this example at 

age-2 at a mean wet mass of 40 g. Thereafter, the annual energy intake decreases with increasing age 

and mass, which appears typical for stunted fish [20]. Maximum growth-rate is reached at Wopt where 

the difference between energy consumption and cost is at its maximum, in this case at 30 g wet mass, 

which is far less than in normally growing Arctic charr. Also, total energy costs level off with age, but 

the reduction in cost is smaller than the reduction in energy intake. In the present example, the annual 

energy intake and cost are similar at 60 g, the growth stagnates and the mean body mass may even 

decrease among older fish of stunted populations [21].  

 

Figure 1. Energy intake (kJ) ( ) and energetic costs () of stunted Arctic charr Salvelinus alpinus of different (a) 

ages (mean values) and (b) mass in Lake Høysjøen, Norway. Curves represent second order polynomial curve 

fits. The optimal size (WOpt) and maximum mass (Wmax) is indicated (the figure is based on data in [20]). 

The energy intake of stunted fish may be restricted by keen competition for food or other causes 

of  environmental  stress [64, 88]. Offspring from stunted parents, however, can grow large when 

the growth restrictions are released, although their maximum size may still be smaller than among 

normally growing conspecifics, e.g. associated with earlier sexual maturation or other, inherited 

differences [1]. Experimentally starved fish released from food restrictions, may start growing at a 
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higher than the usual rate. This is a technique used by some to save costs in artificial fish rearing [9, 

89,90]. For example, in a field experiment, Lingam et al. [11] showed that milkfish Chanos chanos 

(Fabricius, 1775) had elevated specific growth rates, body mass gains, and digestive enzyme activities 

during a period after the growth restrictions was terminated, and they had a complete restoration of 

nutrients. However, compensatory growth after fasting is not always observed. For instance, growth 

may be limited after fasting in cases where the population density is very high with intense 

environmental stress [91]. 

Decreasing individual growth rate with increasing body size is a natural process, possibly 

because body mass increases faster than the ability of fish to digest and process food [92,93], and/or 

that the food can be more restricted because the requirements to energy and food particle size increase 

as they grow [94]. Naturally, fish may in periods stop feeding when their lipid reserves are high [95], 

and it is observed that the length of natural fasting periods increases with age [96]. Fasting is typically 

associated with sexual maturation and spawning, but there may be also other fasting periods, such 

as at high temperatures in summer, decreasing temperature during autumn or low temperatures 

during winter [22,97].  

Growth restrictions often lead to ontogenetic shifts in food consumption, but growth may also 

stagnate after ontogenetic switches. Forseth et al. [20] exhibited that young Arctic charr in a study 

lake fed successfully on zooplankton until an age of 3 years. After that, the growth rate declined 

quickly. Apparently, the availability of and competition for zoobenthos restricted further growth. A 

similar observation was reported for stunted America yellow perch Perca flavescens (Mitchill, 1814) in 

Lac Hertl (Quebec) [39]. In this lake, also zoobenthos feeding pumpkinseed, Lepomis gibbosus (L., 

1758), rock bass, Ambloplites rupestris (Rafinesque, 1817), and brown bullhead Ictalurus nebulosus 

Lesueur, 1819, stunted. Northern pike, Esox lucius L., 1758 and golden shiner, Notemigonus crysoleucas 

(Mitchill, 1814), on the other hand, did not feed on zoobenthos and were non-stunted. But in absence 

of prey fish, northern pike will feed on invertebrates and stunt [98,99]. Restricted availability of 

benthic invertebrates was blamed for these trophic bottlenecks.  

In ecological literature, most examples of stunted fish populations are from freshwater systems. 

However, the same may hold for marine species in enclosed areas, such as reported for large yellow 

croaker Larimichthys crocea (Richardson, 1846) [100]. Another example was reported by Neuenfeldt et 

al. [12] who found stunted growth of Atlantic cod Gadus morhua L., 1758 in the East Baltic Sea. Also 

in that case, lack of benthic invertebrates was blamed for poor fish growth restricting the young from 

switching from a zooplankton diet to larger prey. Moreover, the cod were restricted from deep water 

because of poor water quality in the profundal zone. 

4. Morphology and Habitat 

Often, stunted phenotypes resemble young conspecifics that have not performed an ontogenetic 

habitat and/or dietary switch like normally growing conspecifics do, and their coloration is also 

similar to the young fish. For example, Arctic charr often forms stunted populations [66,101,102], and 

it may also form stunted and normal growing populations within the same lake [17,103]. Normally 

growing Arctic charr, in the scientific literature often called normal charr, perform an ontogenetic 

niche shift and move from an epibenthic, often profundal, habitat to the limnetic zone when they are 

15-20 cm in length, i.e. when the predation risk of for example brown trout is strongly reduced 

[104,105]. The stunted fish remain in their juvenile habitat, have beige backs and vertical parr marks 

along their flanks and do not exhibit the bright spawning colours when they mature as normal charr 

do. At the ontogenetic change, the backs of normal charr become darker, their sides become silvery 

and their parr marks disappear. They also acquire a more stream-lined body shape and a bright red 

belly as a spawning dress (photos in [17]). Thus, the stunted charr flaunt epibenthic camouflage 

colours and normal charr exhibit pelagic camouflage colours. The stunted phenotype has also a 

relatively larger head and a stouter body shape than normal charr. This is a trait reported also from 

other species stunted fish species such as crucian carp Carassius carassius (l., 1758) [106], white perch 

Morone americanus (Gmelin, 1789) and green sunfish Lepomis cyanellus Rafinesque, 1819 [50]. 

Furthermore, stunted white perch have a relatively short middle body giving it a stouter appearance. 
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Stunted Arctic charr also have a more subterminal mouth than normally growing Arctic charr 

as described from Vangsvatnet Lake, Norway [17,107]. This difference corresponds to differences in 

feeding mode and persist in offspring when reared in a common garden experiment. A subterminal 

mouth is probably an adaptation to epibenthic feeding, and a more terminal mouth position an 

adaptation to zooplankton feeding. A similar difference in head morphology was reported for 

epibenthic and limnetic Arctic charr in Thingvallavatn, Iceland [108]. There, a stunted phenotype 

lives in small crevices and holes among the lava stones in the bottom substratum during daytime 

[109], but come up and feed on snails, Lymneae peregra Müller, 1774 [110] in littoral waters at night. In 

addition, there is a stunted, limnetic phenotype that feed chiefly on zooplankton. The most fast-

growing of the two stunted phenotypes switch to larger forms. The benthic phenotype switch habitat 

to live in littoral waters where they feed on zoobenthos. The fastest growing of the limnetic form 

become predators and become piscivores. Their morphology changes accordingly, and they become 

adapted to their new habitats and diets [108]. 

When offspring of stunted and normal Arctic charr are reared together in tanks, most of the 

morphological difference between the two disappears, but some differences such as the difference in 

mouth position remain. In addition, there are differences in these traits among populations 

suggesting genetic differences among phenotypes. Different spawning habitat and spawning time 

appear to lead to a partial isolation between morphs. Stunted Arctic charr start spawning later and 

they spawn deeper than normal charr in Vangsvatnet Lake [16] and the two phenotypes appear to 

spawn assortative also in other lakes [103,111]. Assortative mating seems to be a reason for the 

maintenance to sympatric phenotypes as in three-spined sticklebacks [112]. In shallow lakes, Arctic 

charr do not exhibit a similar morph differentiation [113], and their habitat use may also differ in 

lakes where the risk of predation is small [105]. Thus, the morphology of stunted and normal Arctic 

charr seems associated with  the habitat use, feeding mode and predator avoidance.  

Crucian carp is another example of a species where predation risk influences growth. In ponds 

without northern pike, they have leaner, more shallow bodies and are more slow growing than in 

ponds with northern pike [106, 114,115]. In this species, risk of predation appears to stimulate growth 

rate, body shape and size. In presence of northern pike or only the smell of it, they grow larger and 

develop a deeper body shape, apparently as an adaptation to reduce risk of predation [116,117]. 

Morphological changes because of predation risk are also reported from some other fishes, for 

instance eastern mosquitofish Gambusia holbrooki Girard, 1859 and western mosquitofish Gambusia 

affinis (Baird and Girard, 1853) [118] and fathead minnows Pimephales promelas (Rafinesque, 1820) 

[119]. The latter authors suggest that this phenotypic change is a predation induced, epigenetic effect. 

Risk of predation can restrict individuals from habitats and food resources e.g. by restricting the 

access to littoral or pelagic areas [41,105]. Predator-induced behavioural shifts in habitat use during 

development occur rapidly and may be associated with changes in brain morphology and neural 

mechanisms as demonstrated for guppies Poecilia reticulata Peters, 1859 [120]. Furthermore, poor 

feeding condition may favour smaller individuals because of their lower food requirements and 

better ability to handle and consume small food items [121]. Also, availability of food at one trophic 

level can influence further growth and whether individuals will reach a large enough size to use a 

higher trophic level, such as a change from invertebrate to fish feeding observed for limnetic Arctic 

charr in Thingvallavatn (Iceland) [103,110] and Lávkajárvi  (Norway) [102], brown trout in Lake 

Femund [122] and zander Sander lucioperca (L., 1758) in Lake Ringsjön, Sweden [123]. 

Thus, phenotypes show adaptations according to their feeding niches, and these may differ 

among systems, depending on habitat depth, prey availability and predation risk as known from a 

number of fish species world-wide [124-126], and these relationships between morphological traits 

and ecological function appear consistent among taxa [92,127,128]. Also, there may be physiological 

and anatomical changes associated with ontogenetic shifts that distinguish stunted from normally 

growing conspecifics [129]. These differences can be changes in gut morphology and endocrinology, 

although such changes are less often reported than differences in outer coloration and body 

proportions [130,131].  

The hormonal system is the most important mediator of environmental and developmental 

change, and may partly control changes in morphology and habitat use of phenotypically plastic 
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species [132]. This has been best investigated for anadromous species that change body proportions 

and coloration before they start the seaward migration from fresh water. For these, several hormones 

surge during the body transformation [133,134], but ontogenetic shifts in freshwater populations may 

also be under endocrine control [135,136]. Changes in neural mechanisms for these changes are less 

investigated, but may be important [120]. 

5. Life History 

There are genetic relationships between morphology, habitat use and life histories [137, 138]. 

Population genomics studies in Atlantic salmon have identified two unlinked genomic regions, 

surrounding the genes six6 in chromosome 9 and vgll3 in chromosome 25 associated with both 

functional morphology and life history traits of European Atlantic salmon lineages [139,140]. Genes 

at the six6 locus are associated with head morphology important for the feeding strategy of the fish 

and those at the vgll3 locus are associated with their swimming performance [138], aggressivness, 

metabolic rate and aerobic scope [141,142]. Furthermore, both loci influence age and size at first 

maturity and iteroparity, also important for the fitness of the fish [138,139]. Thus, life history traits 

are influenced by natural selection. 

Life history theory says that selection favours age at first maturity maximizing the net 

reproductive rate considered over the entire life span [143], and is a function of survival and growth 

[144,145]. However, individual fish probably do not know their age, growth rate or risk of dying. 

Still, they typically attain maturity when the juvenile growth-rate begins to level off [18, 146-149]. The 

relationship between growth rate, length and age at first maturity is statistically significant. Data from 

265 fish species of 88 families exhibited that length (cm) at first maturity (Lm) and the asymptotic 

length (L∞) estimated from the von Bertalanffy growth model  was: Log Lm = 0.90Log L∞ - 0.078 [150]. 

However, this simple model does not explain individual variation in age and size at first maturity 

within populations where fast growers typically attain maturity younger and smaller than 

individuals growing at an intermediate rate. This holds for stunted as well as normally growing 

phenotypes [16]. After the attainment of maturity, most fish species typically spawn annually for the 

rest of their lives. But large individuals may need extra time before they re-mature as observed in 

white sturgeon Acipenser transmontanus Richardson, 1836 [151 and Atlantic salmon [152]. It is also 

known that adults can skip spawning in years with poor feeding opportunities (e.g. little food and 

low temperature), and/or poor spawning conditions (high fish density, poor water quality, no 

available partner, restricted access to spawning grounds) which may lead to an increase in future 

growth [153].  

After the onset of maturation, the somatic growth decreases because reproduction is energy 

demanding [154-157]. For example, somatic growth of anadromous brown trout is reduced by ca. 

50% in the year at first maturity [158]. After maturing, stunted fish therefore stay small for the rest of 

their lives, relative to conspecifics that continue to grow until they mature at an older age. Stunted 

fish seldom switch to a normal growth pattern after having matured [159]. 

Another cost of early maturation is a short life span [102, 160-162]. This is associated with the 

costs of reproductive behaviours (migration, courting, preparing spawning site, fighting, restricted 

feeding and spawning with fertilization of the eggs), which also increase the risk of predation [163]. 

The size of the energy and survival costs associated with reproduction varies within and among 

species, whether the fish carries out energy demanding migrations such as Atlantic salmon 

[164](Jonsson et al. 1997), defend their nest as Pacific salmon (Oncorhynchus spp.) [165] or care for 

their offspring as three-spined stickebacks [166].  

Males are often smaller at first maturity than females, and in some species, only males become 

stunted. Pauly [167] explains this by that males being more active and therefore devote less energy 

to somatic growth. This may not be the entire explanation. For instance, male and female brown trout 

grow at similar rates when sharing habitats, but males, compared to females, occur more frequently 

in lotic than lentic habitats where they grow less and they also attain maturity younger and are 

therefore smaller [168]. Furthermore, this sexual dimorphism may be associated with a closer 

correlation between body size at maturity and fitness in females than males [169].   
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Fish size may also be restricted by the spawning habitat. For instance, Atlantic salmon spawning 

in small streams mature young and grow more slowly compared with those spawning in large rivers 

although they share feeding areas in the Atlantic Ocean [152, 170].  A similar finding holds for 

anadromous brown trout where the size of the adults increases with the stream size up to a certain 

stream size [171]. In addition, in species where males exhibit alternative spawning behaviours, this 

may induce a variable male phenotype where a part of the males mature early and are small [172]. 

Thus, there are also other reasons for maturing small than restricted food availability, such as 

adapting their adult size to the water level of the spawning grounds, or having alternative spawning 

strategies, which contribute to sexual dimorphism [171]. 

Often, stunted fish have smaller investments in egg and milt production than normally growing 

conspecifics [16,158,173], but this difference may disappear in offspring of the types when reared 

under similar conditions, as found for brown trout [174]. When stunted and normally growing fish 

live in sympatry, the morphs may reproduce assortatively, as observed for Arctic charr [16], brown 

trout Salmo trutta L., 1758 [158] and sockeye salmon Oncorhynchus nerka ( Walbaum, 1792) [175]. 

However, the reproductive isolation may be incomplete, e.g. by that small males may sneak fertilize 

eggs at the nests of the normal phenotype (satellite males) and thereby counteract sympatric 

speciation [176,177]. The satellite males of Atlantic salmon have much higher gonadal index (GSI) 

than the anadromous males [178] which may be an adaptation to their reproductive tactic where they 

sneak fertilize the eggs instead of fighting for female access. Some other differences in reproductive 

biology of stunted and non-stunted individuals have also been observed. For example, in bluegill 

Lepomis macrochirus Rafinesque, 1819, stunted individuals have a shortened reproductive season 

owing to a delay in the onset of spawning and reduced reproductive success [179]. Also, in bighead 

carp Aristichthys nobilis (Richardson, 1845), the onset of gonad maturity was delayed in stunted males 

under experimental conditions [180]. Thus, stunting has effects on the reproductive biology of fish, 

and this may result from their smaller somatic energy resources. 

6. Discussion 

Body size has a major impact on the trophic position of fish and is a main reason why stunted 

and non-stunted phenotypes have different trophic positions. Size strongly influence the ability of 

fish to capture and consume prey [92,94], and for example tests of 6 species of freshwater fishes by 

Farley et al. [181] exhibited that trophic positions of all were positively associated with their body 

sizes. This and other studies such as [182-185] exhibits the strong effect of body size on the trophic 

niche of animals, and lend support to my hypothesis that stunted and non-stunted conspecifics 

typically are adapted to different niches. 

Stunted fish cease growing from a relatively young age. This is often because of food is restricted 

e.g. due to competition, or the fish have grown out of their present niche and there is no alternative 

food niche available with better growth opportunities [18]. To continue growing, fish gradually need 

more food and larger food items [181,186], but not too large food items because there are gape 

limitations [187,188]. Also, small individuals may out-compete larger conspecifics when the food 

items are small [121]. In addition, environmental stress caused by pollution or risk of predation may 

constrain habitat use and food consumption [41,189].  

The various life history characters are co-adapted. Age at maturity depends to a large extent on 

the rate of growth and length of the length of the life span. Maturity is typically attained when the 

growth rate of the juveniles begin to level off [147,190]. The observation that the most fast-growing, 

young fish attained maturity early and became small was at first confusing [191](Alm 1959), but has 

later been verified by a large number of investigations, such as [34,192,193]. Why should the most 

fast-growing individuals mature and stop growing early? With the development of ecological theory 

this became more understandable. Theoretically, age at maturity ought to be adapted to the expected 

mortality and growth rate of each individual so that the net reproductive rate is maximized [139,194-

196]. Within populations, fast-growers have a higher probability of dying early, and they may reach 

food limitations and stop growing sooner than more slow-growing individuals when the food items 

are small [145,197]. Also, good growth in a nursery does not necessarily mean that the growth will 

stay good after an ontogenetic niche shift [198]. Thus, the optimal age at maturity will be younger if 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 June 2025 doi:10.20944/preprints202506.2136.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

http://en.wikipedia.org/wiki/Constantine_Samuel_Rafinesque
http://researcharchive.calacademy.org/research/ichthyology/catalog/getref.asp?id=3590
https://doi.org/10.20944/preprints202506.2136.v1
http://creativecommons.org/licenses/by/4.0/


 8 of 20 

 

it is less favourable to perform a niche shift and grow larger. Occasionally, however, early maturing 

individuals skip re-maturing in a subsequent year and perform an ontogenetic niche shift such that 

mature male parr of Atlantic salmon can do [199]. In such cases, they escape from their niche 

restrictions and exploit a more profitable feeding niche and grow large before they eventually re-

mature [147,200].  

Environmental variables that influence age at first maturity are growth, temperature, body size 

and condition [201-203] However, whether it is the rate of growth per se, or a variable associated with 

the growth rate that initiate maturation, is still unknown. This may be a variable such as metabolic 

rate or lipid density of the fish [147,197]. Growth tend to increase with metabolic rate [204,205] and 

may thereby be associated with age at maturity. Thorpe  [206] hypothesized that fish can be 

physiologically aware of its growth through the rate at which they accumulate surplus energy. When 

this rate is above a genetically determined threshold, they may start to mature and then spawn in 

due course. For Atlantic salmon male parr, Thorpe [206] suggested that the level of reserve energy in 

the autumn about one year prior to spawning, determine whether they would spawn in the 

subsequent year. Pauly [190] suggested a similar hypothesis, but that the stimulating factor that  

triggers the first maturation is the rate of oxygen consumption. The oxygen consumption is also 

related to the metabolic rate [207], suggesting that growth or associated metabolic relationships are 

influencing age at first maturity in fish [208,209], although more tests are needed to verify the 

relationship between growth and maturity. 

In addition, biological inheritance influences age and size at first maturity. This has been well 

shown for Atlantic salmon [139, 203,210,211]. Although most fitness-related traits are assumed to 

have low to moderate additive inheritance (0.2-0.3) and influenced by a large number of alleles, each 

with a small effect [212,213], age at maturity may be more strongly inherited than this. For example, 

age at first maturity in Atlantic salmon is to a larger extent (~40%) controlled by a single genomic 

region (vgll3) [139,210,214]. In addition to its morphological effect [138], this genotypic region is 

associated with the lipid metabolism of the liver and may through this be linked to the maturation 

process of Atlantic salmon [215]. Less is known about genetic influences on age at maturity for other 

species, and possibly there are differences among species depending on which factors that influence 

their fitness. For example, Oplinger et al. [216] claim that environmental factors and not inheritance 

are by far most important for age at first maturity of bluegills. This species may be less influenced by 

the nature of their spawning area than anadromous salmon and trout that have adult sizes that seems 

adapted to the water flow of the rivers where they spawn [152,171]. 

Selective breeding programmes have shown that there are genetic differences in growth 

performance within and among conspecific populations [217,218]. Through genetic modifications one 

can accelerate the  growth hormone production and thereby speed up growth, increase feed 

conversion efficiency and improve the utilization of food [219]. However, such transgenic changes 

may have unintended physiological effects, some of which are negative for the fish such as impaired 

immune responses. So far it is little reason to suspect that genetic variation is the main reason for 

variation in growth among most conspecific fish populations [39], but it certainly has an additive 

effect. For example, genetic changes caused by selective fishing, can reduce age at maturity and give 

smaller fish, indicative of this [18,220]. 

Are there epigenetic influences on growth rate, age at first maturity and breeding performance? 

Possibly, adverse environmental conditions and stress encountered at the embryo or fry stage may 

reduce later growth through an epigenetic influence downregulating genes associated with the 

production of growth hormones [221-224]. It has been found that environmental stress, e.g. exposure 

to predator cues in early life, affects the breeding performance, growth and size of three-spined 

sticklebacks [44, 225,226]. Environmental stress by adverse conditions can silence specific genes e.g. 

by DNA methylation. Furthermore, environmental stress can modify growth patterns in humans and 

other mammalians [61,69,227]. For fish, Morán and Pérez-Figueroa [228] suggested that DNA 

methylation was involved in early maturation and size of mature male parr of Atlantic salmon. 

Epigenetics may also affect developmental trajectories and play a role in physiological programming 

and rates such as trade-offs between somatic growth and sexual maturation, although it is 

challenging to associate specific traits with an epigenetic mechanism [72,74,229]. At present, there are 
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few studies of epigenetic influence on growth and life histories, and one must therefore be careful in 

making generalizations. However, this may be an important supplement to the genetic programming 

of growth patterns and morphological adaptations to habitats and feeding niches [230-232]. Thus, 

evidence suggests that there are both genetic and environmental components to the variation in 

morphology, growth, and other life history traits that differentiate stunted from non-stunted 

individuals within species of fish [233]. 

7. Further Perspective 

Stunting in fish is a well-studied field, not the least because fish size and production are major 

human concerns. But still, we do not know enough about the mechanisms that regulate growth, the 

interplay between growth and other life history variables, and how fish allocate their energetic 

resources during development and determine their adapted phenotype. How is lipid density 

influencing life history decisions and to what degree is sensory impulses involved? Are there 

differences among populations and species in how genetics and environments form their adult 

phenotype, and if so, what is the reason for this? Furthermore, little is known about if early 

environmental influences later ontogenetic niche shifts. We know that environmental stress is 

important for stunting in fish, but we know less about individual variation of growth to 

environmental stress. Furthermore, is stunting a uniform mechanism of all fish species, or are some 

species more plastic than others, and if so, why? Epigenetics may be involved in the development of 

flexible phenotypes, but we still know little about the mechanisms. However, epigenetics and gene 

regulation is a rapidly growing field of endocrinology. As a last point, is there transgenerational 

effects of stunting?  

Research on these and related questions will give a better understanding of growth of fishes as 

a phenotypically plastic reaction norm to environmental influences and elucidate how selection and 

environmental adaptation are involved in stunting. 

8. Conclusions 

Density-dependent food consumption, restricted food availability and environmental stress lead 

to growth restrictions, early maturation and death and an annual energy intake which approaches 

the cost of maintenance. Stunted and non-stunted fish may differ in morphology and coloration and 

are typically adapted to different feeding niches. This review supports the hypothesis that non-

stunted fish usually perform an ontogenetic niche shift not shared by the stunted conspecifics. In 

sympatry, stunted and non-stunted conspecifics are adapted to different feeding habitats, food niches 

and/or breeding conditions. Life history differences such as growth, age at maturity and life span are 

coadapted in both stunted and non-stunted populations and appear chiefly endocrinologically 

controlled. Little is known about possible genetic and epigenetic influences on stunting and 

phenotypic plasticity of life history traits including growth. 
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