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ABSTRACT
Billions of fishes are kept in captivity for research and food production world-wide, with a strong impetus for maintaining high 
welfare standards. Accordingly, the importance of empirical research into the welfare and husbandry of captive fishes is increas-
ingly acknowledged in both science and aquaculture, alongside growing public and governmental interest. Physical enrichment 
can have an important influence on welfare in of captive fishes, but many questions remain. Here, we summarise the current 
state of research and outline knowledge gaps in the area of physical enrichment, which is a fundamental aspect to improving 
welfare of captive fishes. To explore the level of research interest this area across time we conducted a series of surveys, using 
the number of papers published per year as a metric. These surveys highlight that work on fish welfare, while representing a 
relatively low proportion of fish research overall, is increasing rapidly. For species that are of aquaculture importance or used 
commonly as laboratory subjects, we show a positive relationship between general research interest and number of welfare-
related papers. However, for many, particularly relatively less studied, species the proportion of papers on enrichment remains 
low, with a slower increase compared to welfare-related papers in general. In terms of common metrics used to quantify fish 
welfare, there is a reliance on growth and behaviour, with scope for inclusion and combination of a more comprehensive range 
of reproducible measures. We finish by highlighting recent progress, promising areas for future research and suggestions for 
advances in this area.

1   |   Introduction

Populations of captive fishes are maintained in many contexts, 
from aquaculture to public and private aquariums to research. 
Research focusing on fish has been increasing yearly for the 
last 30 years (Figure  1a): alongside research into aquaculture 
techniques, fishes are used as model species in fields as di-
verse as behaviour, conservation, evolutionary biology, genet-
ics, molecular biology, pathology, physiology, psychology and 
toxicology—as well as representing important species within 
ecological research and monitoring (Ostrander  2000; Turner 
2012; Andersen 2019). With wild populations facing intensify-
ing threats (Comte and Olden 2017; Pinsky et al. 2019), captive 

breeding and maintenance is also becoming increasingly im-
portant in species conservation and safeguarding. Consequently, 
considering and improving the welfare of captive fishes is an 
increasingly important objective (Williams, Readman, and 
Owen 2009; Saraiva and Arechavala-Lopez 2019).

Welfare, defined most generally in terms of ensuring animal 
health and providing what animals want, sensu (Dawkins 2017) 
is important for all captive animals. For research subjects spe-
cifically, it is crucial to consider for three mutually inclusive 
reasons. First, to ensure basic survival and health, including 
psychological stability (Korte, Olivier, and Koolhaas  2007). 
Second, to promote the biological relevance and validity of 
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study results, including occurrence of ‘normal’ behaviour 
(Newberry 1995; Williams, Readman, and Owen 2009); third, 
to ensure that research is ethically sound and conducted as hu-
manely as possible (Bovenkerk and Meijboom  2020). Indeed, 
animal welfare, including that of fishes, has been the subject 
of increasing interest and attention over the years (Figure 1b), 
and research has highlighted the need for data-driven im-
provements (Oldfield and Bonano  2023). The philosophical 
aspects of the topic—in particular the relationship between 
animal welfare and consciousness, sentience, emotional ex-
periences and pain—have been long debated (Chandroo, Yue, 
and Moccia  2004; Yue Cottee  2012; Jones  2013; Brown  2015; 
Sneddon et al. 2014; Lavery and Mason 2023). While academ-
ically fascinating, this debate is divisive and can be difficult to 
tackle empirically (Hart 2023). In light of the challenges inher-
ent in assessing the level of sentience of any organism, we focus 
on welfare considerations that are not necessarily dependent 
on it, and on metrics that can be more practically assessed and 
compared: regardless of an organism's cognitive and psycholog-
ical complexity, provision of optimal conditions for health and 
survival remains beneficial for the reasons stated above. In this 
article, we focus on one of the most practical and actionable as-
pects of fish welfare: the suitability of the physical conditions in 
which captive animals are housed.

There are multiple aspects of fish housing which may affect wel-
fare and reproducibility across assays, which are often species-
specific, for example, (Balzarini et al. 2014; Thomas et al. 2022; 
Jones et al. 2019; Zhang, Wu, et al. 2022; Jolles, Aaron Taylor, 
and Manica 2016): space and water quality; light and tempera-
ture; food quantity and quality; social conditions; presence of 
parasites or disease; and environmental enrichment (Williams, 
Readman, and Owen 2009). Our focus in this article is on the 
latter—defined as per Näslund and Johnsson (2016) as a deliber-
ate increase in environmental complexity with the aim to reduce 
maladaptive traits in fishes reared in otherwise barren settings. 

Environmental enrichment provision has long been known to 
affect fish survival (Kalleberg 1958; Robertson 1919), physiology 
(Millidine, Armstrong, and Metcalfe 2006; Chrétien et al. 2021) 
but see (Kegler et al. 2013), behaviour, brain development and 
cognition (Salvanes et al. 2013; Kleiber et al. 2023), and stress 
(Mes et  al.  2019; Arambam et  al.  2020). However, it has only 
become a topic of major focus in the last two decades, following 
research in other taxa highlighting the effect of barren captive 
environments on behaviour, welfare and validity of research 
data (Newberry 1995; Dawkins 1988, 1998). In practical terms, 
attempts to improve enrichment for all captive species, includ-
ing fishes, must balance efficacy, ease of implementation and 
resource requirements—while taking into account the logistical 
challenges of standardising across laboratories. Additionally, the 
nature of some studies may impose limitations on the enrich-
ment which can be implemented, such as substrates/materials 
which may interfere with chemistry of substances introduced 
as part of (long-term) toxicity studies (Williams, Readman, and 
Owen 2009).

2   |   Aims

The aim of this article is to highlight recent progress surround-
ing physical enrichment for fishes and to discuss knowledge 
gaps and promising areas for future advances. As a basis for the 
article, we conducted snapshot literature surveys to provide a 
high-level comparison of research effort and focus across time. 
Specifically, we were interested in (1) the level of research inter-
est in enrichment in recent years, using papers published per 
year on this topic as a proxy; (2) research interest at a species 
level for a selection of laboratory and aquaculture species; and 
(3) an overview of the range and frequency of parameters used 
to quantify welfare. These surveys were performed in Web of 
Science (Core Collection) on 03/06/2024. Search terms used are 
listed in Appendix S1.

FIGURE 1    |    Research interest over time for (A) fish in general (number of papers published per year) and (B) welfare- and enrichment-specific 
papers relative to general research levels (as a percentage of ‘fish’ papers published per year). See Appendix S1 for methods and full search terms used.
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3   |   Current Status Quo of Environmental 
Enrichment Research in Fishes

Although the last two decades have seen growth in research on 
enrichment, the overall percentage of papers focused on enrich-
ment has not matched the general rate of increase in fish wel-
fare papers (Figure 1b), and large gaps remain. Across species, 
research into welfare and enrichment is not evenly distributed. 
Within both aquaculture species and those used primarily as 
models for laboratory research, species that are overall less com-
mon are, unsurprisingly, also less well-understood in respect 
to their welfare—with a general trend of a lower percentage of 
welfare-related papers for species with fewer overall papers 
published (Figure  2a; Spearman's rank correlation, S = 55,033, 
p = 0.015, γ = 0.277). Within enrichment research specifically, 
however, this trend is stronger. Even highly studied aquacul-
ture species show relatively low levels of enrichment-specific 
research (Spearman's Rank correlation, S = 3942, p = 0.052, 
γ = 0.341) with a similar relationship for ‘pure’ research species 
(Figure  2b; Spearman's rank correlation, S = 6232.1, p < 0.001, 
γ = 0.561). Even within the better-studied species, the provision of 
enrichment can lead to contradictory outcomes. The conflicting 
outcomes across studies and types of enrichment are well sum-
marised by two recent and comprehensive reviews (Lee, Paull, 
and Tyler 2022; Stevens, Reed, and Hawkins 2021). In salmonids, 
similarly, enrichment can have significant effects, but depend-
ing on what and when enrichment is provided these effects can 
vary from beneficial—such as improved growth rates (Finstad 
et al. 2007) and physiological measures (Millidine, Armstrong, 
and Metcalfe 2006) in the presence of shelter—to negative, such 
as decreased growth rates and lower post-release survival in smolt 
(Rosengren et al. 2016; Solås, Skoglund, and Salvanes 2019).

The metrics used to determine optimal enrichment conditions 
often vary between studies (Figure 3). Research into husbandry, 
welfare and enrichment is typically conducted with the aim of 
determining optimal growth and survival, reproductive output, 
and/or minimising physical or behavioural indicators of stress. 
Growth, as a relatively simple-to-assess metric with generally 
clear interpretation and particular relevance to aquaculture, is 
the most commonly studied aspect of welfare and enrichment 
studies in fishes. Behavioural metrics (including activity rates, 
swimming patterns, avoidance/attraction responses, space and 
shelter use, shoaling patterns, feeding behaviour and aggression 
(Huntingford et al. 2006)) are also common in welfare studies 
(Beitinger and McCauley 1990) as metrics that can be assessed 
in relatively short timescales and that may be sensitive to early 
or small changes in conditions. Mortality and incidence of pa-
thologies such as diseases, lesions, injuries or parasites, along-
side morphological abnormalities, are also used (Huntingford 
et al. 2006; Ellis et al. 2012), but may not be reliable indicators of 
some kinds of stress or in some species (Noga 2000; Davis and 
Ottmar 2006). Physiological or gene-expression changes such as 
alterations in ventilation rates, composition of blood and plasma 
(gases, hormones such as cortisol, or ions), immune response 
and production of heat shock proteins may provide more reliable 
indicators of (acute or chronic) stress, but are often impractical 
or resource-intensive to measure, vary between species and 
may not map well to long-term effects or health (Huntingford 
et  al.  2006; Barton  2002). While it is not unusual for studies 
to use multiple welfare metrics, for example, growth and mor-
tality, relatively few explicitly examine the relationships be-
tween them—particularly links between short-term responses 
and long-term outcomes are scarce (Huntingford et  al.  2006). 
However, this is beginning to change: Davis  (2010) examined 

FIGURE 2    |    (A) the percentage of papers relating to welfare for a species increases with the total number of published papers concerning the 
species; each point represents one species, with outlying species named. For enrichment-specific papers (B), this trend holds for laboratory species 
but is weaker for aquaculture species. Species are assigned a category as ‘aquaculture’ or ‘lab research’ depending on their most common topic 
classification on Web of Science. Note logarithmic scales on x-axes.
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links between behavioural reflex impairment and mortality; 
Anders et  al.  (2022) correlated physiological, neuro-endocrine 
and physical stress responses with behavioural metrics during 
swimming and handling; and Georgopoulou, Vouidaskis, and 
Papandroulakis  (2024) assessed the relationship between be-
havioural indicators and feeding rates in European seabass 
(Dicentrarchus labrax).

There are many aspects of physical enrichment that may af-
fect fish welfare and behaviour, some of which have received 
more attention than others. Substrate preferences have his-
torically been a key focus of enrichment studies (Näslund and 
Johnsson 2016; Maia, Saraiva, and Gonçalves-de-Freitas 2024). 
Much of the early work on substrate preferences in fishes was ob-
servations made while encouraging and enabling more ‘natural’ 
behaviours in ecological experiments (Kalleberg 1958; Meuthen 
et al. 2011). Later work was conducted from a behavioural ecol-
ogy perspective, such as Hart's work on habitat preferences and 
foraging efficiencies in three-spined sticklebacks (Gasterosteus 
aculeatus) (Hart 2003; Webster and Hart 2004, 2006).

The provision of shelter for captive fishes has been another 
early focus of work on welfare, for example as a factor af-
fecting growth and reducing resting metabolism in sal-
monid fishes (Benhaïm, Leblanc, and Lucas  2009; Finstad 
et al. 2007; Millidine, Armstrong, and Metcalfe 2006; Näslund 
et al. 2013; Valdimarsson and Metcalfe 1998). Laboratory and 
captive work has been complemented by ecological studies in 
the wild exploring structural complexity and habitat niches 
(Harding, Burky, and Way  1998; Kerry and Bellwood  2012; 
Kessel et al. 2011; Khan et al. 2017; Love et al. 2006; Ménard 
et  al.  2012), as well as specific functions of shelters such as 
large corals which were shown to be used as shade from UV-B 
irradiance in large reef fishes (Kerry and Bellwood  2015). 
Research suggests that, alongside such specific functional 
contexts, physiological benefits derived from presence 

of shelter are likely to be also influenced by the size of the 
fish, size of shelter and social context (Chrétien, Cooke, and 
Boisclair 2021).

Researchers are now investigating an increasing number of as-
pects of physical enrichment and exploring alternative forms of 
potential enrichment. There is growing interest on the provi-
sion of areas with water flow (Villalba et al. 2024; DePasquale 
et  al.  2019) and the associated effects of exercise on multiple 
welfare parameters (Guo et  al.  2024). Work trying to find the 
most practical and convenient forms of enrichment is focusing 
on additions that reduce cleaning and maintenance costs while 
providing physical enrichment, such as research examining 
the effects of objects suspended from tank lids (Crank, Kientz, 
and Barnes 2019; Kientz and Barnes 2016; Voorhees et al. 2020; 
White et  al.  2019) or bubble curtains (Amichaud et  al.  2024). 
Researchers have also explored potential benefits of more ac-
tive methods of improving welfare, such as testing impacts of 
frequent water changes on welfare of zebrafish (Lee, Tyler, and 
Paull  2018) or angelfish (Pterophyllum scalare; Gauy, Boscolo, 
and Gonçalves-de-Freitas 2018), or providing active stimulus for 
predatory fishes, as in the case of laser pointers used as visual 
stimuli to encourage arapaima (Arapaima gigas) to move and 
explore within their housing tanks (Matrai et al. 2023). There is 
also exploration of the effects of physical forms of cognitive en-
richment (see review by (Kleiber et al. 2023)), such as provision 
of ‘puzzle feeder’ challenges (Varracchio et al. 2024).

Another area in which enrichment research is expanding is the 
range and type of tests which are done to determine the effects 
of a given enrichment. Classically, enrichment studies have 
often involved relatively simple presence/absence comparisons, 
typically testing the effect of a particular type of enrichment 
against a barren tank (Fabre et  al.  2020). Recently, however, 
studies have begun to move beyond dichotomous preference 
tests to investigate the effect of a range of options, including 

FIGURE 3    |    Incidence of various metrics of welfare within papers studying fish welfare/enrichment. Metrics are not mutually exclusive; studies 
may simultaneously record multiple metrics. See Appendix S1 for search terms used.
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colours, types, amounts and dimensions of enrichment (Lavery 
and Mason  2023; Josi, Taborsky, and Frommen  2018; Jones, 
Gardella, and Webster 2024; Wu et al. 2020; Zhang et al. 2019). 
The possibility of optimum levels beyond which enrichment 
becomes less effective or even negative is also being explored 
(e.g., (Ruberto, Swaney, and Reddon  2024)). More attention is 
also now being paid to the context and background of fish tested, 
such as comparisons between effects of enrichment on different 
ages of fishes (Fazekas et al. 2023; Green and Swaney 2023), or 
examination of the effects of length of exposure to enrichment 
(Iffert and Stein 2024).

Beyond improving research validity, there is a growing num-
ber of studies exploring applications for enrichment in conser-
vation. Examples include the captive husbandry of threatened 
or endangered species, like the near-threatened (Schizothorax 
wangchiachii; Wu et al. 2020; Zhang, Fu, et al. 2022), and the 
effects of enrichment on reproductive success in the endan-
gered redside dace (Clinostomus elongatus; Watt, Mokdad, and 
Pitcher  2024). Knowledge of the effects of enrichment on fish 
in captivity may also allow more effective conservation mea-
sures in situ: identification of important environmental aspects 
for species survival can allow for targeted protection or resto-
ration of habitat. For example, endangered Knysna seahorses 
(Hippocampus capensis) have been shown to prefer artificial 
structures introduced into their environment over ‘natural’ sea-
grass habitat (Claassens 2016), with this preference suggested to 
be driven by an increased availability of holdfasts, shelter and 
food availability by the artificial structure (Claassens, Booth, 
and Hodgson 2018). Additionally, manipulation of enrichment 
may be utilised to alter species' behaviour in beneficial ways—
for example, Li et al. (2022) explored how preferences for specific 
substrates and artificial light may be harnessed to improve util-
isation of fish passageways. For hatcheries focused on releasing 
fish back into the wild, the use of enrichment to influence learn-
ing of critical survival skills can be hugely important—for exam-
ple, post-release foraging skills can be improved by enrichment 
(Brown and Laland 2002; Magnhagen and Staffan 2003; Reid, 
Seebacher, and Ward 2010). Similarly, rearing fish in structur-
ally enriched environments can help improve the behavioural 
response to risk and enhance survival of young fishes after re-
lease (Roberts, Taylor, and Garcia de Leaniz 2011).

4   |   Future Outlook and Suggestions

Although ‘more!’ is the classic cry of any researcher within a 
topic, it is worth considering the most fruitful directions re-
search can take, and the factors which stymie such studies. As 
we have shown, increased research effort in recent years may 
still often be focused on specific species and questions, rather 
than examining general trends. Analysis of a broader variety of 
species, as well as a broader variety of enrichment types, will 
allow identification such trends across taxa and/or patterns of 
traits that are predictive of enrichment preferences. These may 
facilitate better prediction of requirements for harder-to-study 
species, including endangered species which may not be possi-
ble to study directly. Similarly, exploration of the relationships 
between welfare metrics (e.g., links between short- and long-
term metrics of welfare) may allow development of more effi-
cient ways to assess welfare.

What stands in the way of developing this research? Simply put, 
a large factor is that welfare studies of fishes may have been per-
ceived as relatively low-impact, and of low academic value. As a 
consequence, they tend to be published in journals with compar-
atively low-impact factors (cf. Goulart et al. 2009), making them 
less attractive for many funders. The species-specific nature 
of welfare requirements in fishes means that such studies are 
likely to be cited chiefly (and perhaps only) by researchers who 
work on that species, rather than the discipline as a whole. This 
is a possible reason that there is a positive relationship between 
the number of papers about a species and the percentage of pa-
pers concerning the welfare/enrichment of that species, partic-
ularly within those used as laboratory models: for rarely studied 
species, there is a smaller ‘market’ and therefore less incentive. 
Furthermore, while ‘methods’ papers are commonly cited as 
shorthand ways to reduce a methods section, it may be rare 
to cite welfare papers to justify husbandry choices even when 
they did inform protocols. Indeed, while there is no quantitative 
study of citations of welfare papers used to inform husbandry, 
Jones, Webster, and Salvanes  (2021) showed that even papers 
specifically focused on welfare rarely provided rationale for the 
use of enrichment, whether that was pilot studies or citations of 
previous work. Additionally, welfare studies may be resource-
intensive, either in terms of equipment and reagents required, or 
in terms of time (particularly for long-term or growth studies). 
For groups using model species to study specific questions, even 
running a husbandry welfare study ‘in the background’ may be 
problematic, as it adds complicative factors which have the po-
tential to affect results.

How can these barriers be overcome? Both top-down and bot-
tom-up approaches may be effective in incentivising welfare 
and enrichment research. Provision of specific funding and 
grants to support such research may encourage development 
of studies and allow the freedom to pursue them as a main 
focus. On the researchers' side, normalising citation of welfare 
studies as part of research (e.g., to justify husbandry protocols) 
may increase the average impact of welfare papers, and hence 
the attractiveness of publishing them. The latter suggestion 
intersects with another aspect of developing welfare research: 
in recent years, there has been a push towards improving re-
porting of housing conditions as part of publication of studies, 
such as use of the DETAILS framework (Jones, Webster, and 
Salvanes 2021), the development of The FishEthoBase, a global 
assessment of welfare in farmed fishes (Saraiva et  al.  2019) 
and public sharing of laboratory protocols (e.g., proto​cols.​
io). Inclusion of details such as the enrichment, social condi-
tions, lighting, and water parameters of housing for fish used 
in experiments may allow identification of crucial differences 
which may explain discrepancies between study results. In 
addition, standardised reporting may facilitate meta-analyses 
examining impacts of welfare or best-practice techniques on 
a broad scale.

Alongside standardised reporting of husbandry techniques, 
standardised protocols for assessing and testing impacts of en-
richment or other aspects of welfare may also facilitate ‘quick 
and easy’ studies with cross-species applications. These may 
be particularly valuable as student projects: standardised wel-
fare studies have the potential to be relatively (narratively and 
technically) simple, straightforward and low-risk—with a solid 
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chance for a publication which may be valuable at the start of a 
researcher's career regardless of its impact factor.

Attention to welfare and husbandry techniques of cap-
tive fishes—including enrichment—is increasing, driven 
by increasing interest in welfare in fisheries (Ashley  2007; 
Browman et  al.  2018; Bui et  al.  2019; Kleiber et  al.  2023; 
Turnbull and Huntingford  2012; Williams, Readman, and 
Owen 2009) and the ornamental trade (Jones et al. 2022, 2023; 
Saxby et al. 2010; Vanderzwalmen et al. 2020, 2022). Papers 
focusing on enrichment and welfare are growing in frequency 
and in scope, with researchers exploring multiple potential av-
enues to improve welfare through enrichment. There are also 
calls for studies across a greater variety of species, including 
those which are relatively less studied. Researchers are begin-
ning to expand investigations of the methods and applications 
of welfare/enrichment research, with more attention paid to 
the metrics and testing techniques used. Alongside increasing 
recognition of the importance of standardised (or at least ex-
plicitly reported) husbandry protocols across research, appli-
cations of enrichment research beyond welfare considerations 
(such as use of enrichment to influence behaviour) are emerg-
ing. As the importance of captive fishes in research, aquacul-
ture and conservation continues to increase, so too must our 
knowledge of the most effective, and efficient, ways to enrich 
their housing.

Author Contributions

Conceptualisation: H.C.S.-J., J.G.F. and N.A.R.J. Methodology: H.C.S.-J. 
and N.A.R.J. Investigation: H.C.S.-J. Writing (original draft): H.C.S.-J. 
and N.A.R.J. Writing – Review: J.G.F. Revising: H.C.S.-J., J.G.F. and 
N.A.R.J. Visualisation: H.C.S.-J. Project administration: N.A.R.J.

Acknowledgements

This paper is dedicated to celebrating Paul Harts' and Tony Pitchers' 
long careers and service to Fish and Fisheries. We would like to thank 
the editors Anna Kuparinen, Katja Enberg and Mike Webster for invit-
ing us to contribute to this special issue. Thank you to Adelaide Sibeaux 
for comments on the manuscript. We are also greatly indebted to the 
late Victoria Braithwaite, who inspired our interest in the topic. During 
manuscript preparation, Nick Jones was funded through an Alexander 
von Humboldt research fellowship.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

All data collected in the survey are available in Appendix S1.

References

Amichaud, O., T. Lafond, G. L. Fazekas, et al. 2024. “Air Bubble Curtain 
Improves the Welfare of Captive Rainbow Trout Fry and Fingerlings.” 
Aquaculture 586: 740828. https://​doi.​org/​10.​1016/j.​aquac​ulture.​2024.​
740828.

Anders, N., S. Hannaas, J. Saltskår, et al. 2022. “Vitality as a Measure 
of Animal Welfare During Purse Seine Pumping Related Crowding of 
Atlantic Mackerel (Scomber scrombrus).” Scientific Reports 12, no. 1: 
21949. https://​doi.​org/​10.​1038/​s4159​8-​022-​26373​-​x.

Andersen, K. H. 2019. Fish Ecology, Evolution, and Exploitation: A New 
Theoretical Synthesis. Princeton, New Jersey: Princeton University Press.

Arambam, K., S. K. Singh, P. Biswas, A. B. Patel, A. K. Jena, and P. 
K. Pandey. 2020. “Influence of Light Intensity and Photoperiod on 
Embryonic Development, Survival and Growth of Threatened Catfish, 
Ompok Bimaculatus Early Larvae.” Journal of Fish Biology 97, no. 3: 
740–752. https://​doi.​org/​10.​1111/​jfb.​14428​.

Ashley, P. J. 2007. “Fish Welfare: Current Issues in Aquaculture.” 
Applied Animal Behaviour Science 104, no. 3: 199–235. https://​doi.​org/​
10.​1016/j.​appla​nim.​2006.​09.​001.

Balzarini, V., M. Taborsky, S. Wanner, F. Koch, and J. G. Frommen. 
2014. “Mirror, Mirror on the Wall: The Predictive Value of Mirror Tests 
for Measuring Aggression in Fish.” Behavioral Ecology and Sociobiology 
68, no. 5: 871–878. https://​doi.​org/​10.​1007/​s0026​5-​014-​1698-​7.

Barton, B. A. 2002. “Stress in Fishes: A Diversity of Responses With 
Particular Reference to Changes in Circulating Corticosteroids.” 
Integrative and Comparative Biology 42, no. 3: 517–525. https://​doi.​org/​
10.​1093/​icb/​42.3.​517.

Beitinger, L. T., and W. R. McCauley. 1990. “Whole-Animal Physiological 
Processes for the Assessment of Stress in Fishes.” Journal of Great Lakes 
Research 16: 542–575.

Benhaïm, D., C. A. Leblanc, and G. Lucas. 2009. “Impact of a New 
Artificial Shelter on Arctic Charr (Salvelinus alpinus, L.) Behaviour 
and Culture Performance During the Endogenous Feeding Period.” 
Aquaculture 295, no. 1: 38–43. https://​doi.​org/​10.​1016/j.​aquac​ulture.​
2009.​06.​024.

Bovenkerk, B., and F. Meijboom. 2020. Ethics and the Welfare of Fish. In 
T. Kristiansen, A. Fernö, M. Pavlidis, & H. van de Vis (Eds.), The Welfare 
of Fish. Animal Welfare, vol 20. Springer International Publishing. 
https://​doi.​org/​10.​1007/​978-3-​030-​41675-1_​2.

Browman, H. I., S. J. Cooke, I. G. Cowx, et  al. 2018. “Welfare of 
Aquatic Animals: Where Things Are, Where They Are Going, and 
What It Means for Research, Aquaculture, Recreational Angling, and 
Commercial Fishing.” ICES Journal of Marine Science 76: 82–92. https://​
doi.​org/​10.​1093/​icesj​ms/​fsy067.

Brown, C. 2015. “Fish Intelligence, Sentience and Ethics.” Animal 
Cognition 18, no. 1: 1–17. https://​doi.​org/​10.​1007/​s1007​1-​014-​0761-​0.

Brown, C., and K. N. Laland. 2002. “Social Enhancement and Social 
Inhibition of Foraging Behaviour in Hatchery-Reared Atlantic Salmon.” 
Journal of Fish Biology 61, no. 4: 987–998. https://​doi.​org/​10.​1111/j.​
1095-​8649.​2002.​tb018​57.​x.

Bui, S., F. Oppedal, M. Sievers, and T. Dempster. 2019. “Behaviour 
in the Toolbox to Outsmart Parasites and Improve Fish Welfare in 
Aquaculture.” Reviews in Aquaculture 11, no. 1: 168–186. https://​doi.​
org/​10.​1111/​raq.​12232​.

Chandroo, K. P., S. Yue, and R. D. Moccia. 2004. “An Evaluation of 
Current Perspectives on Consciousness and Pain in Fishes.” Fish and 
Fisheries 5, no. 4: 281–295. https://​doi.​org/​10.​1111/j.​1467-​2679.​2004.​
00163.​x.

Chrétien, E., D. Boisclair, S. J. Cooke, and S. S. Killen. 2021. “Social 
Group Size and Shelter Availability Influence Individual Metabolic 
Traits in a Social Fish.” Integrative Organismal Biology 3, no. 1: 1–12. 
https://​doi.​org/​10.​1093/​iob/​obab032.

Chrétien, E., S. J. Cooke, and D. Boisclair. 2021. “Does Shelter Influence 
the Metabolic Traits of a Teleost Fish?” Journal of Fish Biology 98, no. 5: 
1242–1252. https://​doi.​org/​10.​1111/​jfb.​14653​.

Claassens, L. 2016. “An Artificial Water Body Provides Habitat for an 
Endangered Estuarine Seahorse Species.” Estuarine, Coastal and Shelf 
Science 180: 1–10. https://​doi.​org/​10.​1016/j.​ecss.​2016.​06.​011.

Claassens, L., A. J. Booth, and A. N. Hodgson. 2018. “An Endangered 
Seahorse Selectively Chooses an Artificial Structure.” Environmental 

 14672979, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/faf.12868 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [17/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.aquaculture.2024.740828
https://doi.org/10.1016/j.aquaculture.2024.740828
https://doi.org/10.1038/s41598-022-26373-x
https://doi.org/10.1111/jfb.14428
https://doi.org/10.1016/j.applanim.2006.09.001
https://doi.org/10.1016/j.applanim.2006.09.001
https://doi.org/10.1007/s00265-014-1698-7
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.1016/j.aquaculture.2009.06.024
https://doi.org/10.1016/j.aquaculture.2009.06.024
https://doi.org/10.1007/978-3-030-41675-1_2
https://doi.org/10.1093/icesjms/fsy067
https://doi.org/10.1093/icesjms/fsy067
https://doi.org/10.1007/s10071-014-0761-0
https://doi.org/10.1111/j.1095-8649.2002.tb01857.x
https://doi.org/10.1111/j.1095-8649.2002.tb01857.x
https://doi.org/10.1111/raq.12232
https://doi.org/10.1111/raq.12232
https://doi.org/10.1111/j.1467-2679.2004.00163.x
https://doi.org/10.1111/j.1467-2679.2004.00163.x
https://doi.org/10.1093/iob/obab032
https://doi.org/10.1111/jfb.14653
https://doi.org/10.1016/j.ecss.2016.06.011


110 Fish and Fisheries, 2025

Biology of Fishes 101, no. 5: 723–733. https://​doi.​org/​10.​1007/​s1064​
1-​018-​0732-​4.

Comte, L., and J. D. Olden. 2017. “Climatic Vulnerability of the World's 
Freshwater and Marine Fishes.” Nature Climate Change 7, no. 10: 718–
722. https://​doi.​org/​10.​1038/​nclim​ate3382.

Crank, K. M., J. L. Kientz, and M. E. Barnes. 2019. “An Evaluation of 
Vertically Suspended Environmental Enrichment Structures During 
Rainbow Trout Rearing.” North American Journal of Aquaculture 81, 
no. 1: 94–100. https://​doi.​org/​10.​1002/​naaq.​10064​.

Davis, M. W. 2010. “Fish Stress and Mortality Can Be Predicted Using 
Reflex Impairment.” Fish and Fisheries 11, no. 1: 1–11. https://​doi.​org/​
10.​1111/j.​1467-​2979.​2009.​00331.​x.

Davis, M. W., and M. L. Ottmar. 2006. “Wounding and Reflex 
Impairment May Be Predictors for Mortality in Discarded or Escaped 
Fish.” Fisheries Research 82, no. 1: 1–6. https://​doi.​org/​10.​1016/j.​fishr​es.​
2006.​09.​004.

Dawkins, M. S. 1988. “Behavioural Deprivation: A Central Problem in 
Animal Welfare.” Applied Animal Behaviour Science 20, no. 3: 209–225. 
https://​doi.​org/​10.​1016/​0168-​1591(88)​90047​-​0.

Dawkins, M. S. 1998. “Evolution and Animal Welfare.” Quarterly 
Review of Biology 73, no. 3: 305–328. https://​doi.​org/​10.​1086/​420307.

Dawkins, M. S. 2017. “Animal Welfare With and Without Consciousness.” 
Journal of Zoology 301, no. 1: 1–10. https://​doi.​org/​10.​1111/​jzo.​12434​.

DePasquale, C., S. Fettrow, J. Sturgill, and V. A. Braithwaite. 2019. “The 
Impact of Flow and Physical Enrichment on Preferences in Zebrafish.” 
Applied Animal Behaviour Science 215: 77–81. https://​doi.​org/​10.​1016/j.​
appla​nim.​2019.​03.​015.

Ellis, T., I. Berrill, J. Lines, J. F. Turnbull, and T. G. Knowles. 2012. 
“Mortality and Fish Welfare.” Fish Physiology and Biochemistry 38, no. 
1: 189–199. https://​doi.​org/​10.​1007/​s1069​5-​011-​9547-​3.

Fabre, N., A. Vila-Gispert, C. Galobart, and D. Vinyoles. 2020. 
“Effect of Environmental Enrichment on the Body Shape of the 
Pumpkinseed.” Current Zoology 66, no. 5: 597–599. https://​doi.​org/​
10.​1093/​cz/​zoaa012.

Fazekas, G., T. Müller, J. Stanivuk, et al. 2023. “Evaluation of Applying 
Environmental Enrichment to Sterlets (Acipenser ruthenus L.) in Early 
Life Stages.” Applied Animal Behaviour Science 268: 106090. https://​doi.​
org/​10.​1016/j.​appla​nim.​2023.​106090.

Finstad, A. G., S. Einum, T. Forseth, and O. Ugedal. 2007. “Shelter 
Availability Affects Behaviour, Size-Dependent and Mean Growth of 
Juvenile Atlantic Salmon.” Freshwater Biology 52, no. 9: 1710–1718. 
https://​doi.​org/​10.​1111/j.​1365-​2427.​2007.​01799.​x.

Gauy, A. C. D. S., C. N. P. Boscolo, and E. Gonçalves-de-Freitas. 2018. 
“Less Water Renewal Reduces Effects on Social Aggression of the 
Cichlid Pterophyllum Scalare.” Applied Animal Behaviour Science 198: 
121–126. https://​doi.​org/​10.​1016/j.​appla​nim.​2017.​10.​003.

Georgopoulou, D. G., C. Vouidaskis, and N. Papandroulakis. 2024. 
“Swimming Behavior as a Potential Metric to Detect Satiation Levels 
of European Seabass in Marine Cages.” Frontiers in Marine Science 11. 
https://​doi.​org/​10.​3389/​fmars.​2024.​1350385.

Goulart, V. D., P. G. Azevedo, J. A. V. D. Schepop, et al. 2009. “GAPs 
in the Study of Zoo and Wild Animal Welfare.” Zoo Biology 28, no. 6: 
561–573.

Green, M. R., and W. T. Swaney. 2023. “Interacting Effects of 
Environmental Enrichment Across Multiple Generations on Early 
Life Phenotypes in Zebrafish.” Journal of Experimental Zoology Part B: 
Molecular and Developmental Evolution 340, no. 5: 354–365. https://​doi.​
org/​10.​1002/​jez.b.​23184​.

Guo, H., J. Zhai, M. Tian, et al. 2024. “Effects of Exercise Training on 
the External Morphology, Growth Performance, Swimming Ability, 
Body Composition and Metabolism of Juvenile Black Seabream 

Acanthopagrus schlegelii.” Aquaculture 587: 740878. https://​doi.​org/​10.​
1016/j.​aquac​ulture.​2024.​740878.

Harding, J. M., A. J. Burky, and C. M. Way. 1998. “Habitat Preferences 
of the Rainbow Darter, Etheostoma Caeruleum, With Regard to 
Microhabitat Velocity Shelters.” Copeia 1998, no. 4: 988–997. https://​doi.​
org/​10.​2307/​1447346.

Hart, P. J. B. 2003. “Habitat Use and Feeding Behaviour in Two Closely 
Related Fish Species, the Three-Spined and Nine-Spined Stickleback: 
An Experimental Analysis.” Journal of Animal Ecology 72, no. 5: 777–
783. https://​doi.​org/​10.​1046/j.​1365-​2656.​2003.​00747.​x.

Hart, P. J. B. 2023. “Exploring the Limits to Our Understanding of 
Whether Fish Feel Pain.” Journal of Fish Biology 102, no. 6: 1272–1280. 
https://​doi.​org/​10.​1111/​jfb.​15386​.

Huntingford, F. A., C. Adams, V. A. Braithwaite, et al. 2006. “Current 
Issues in Fish Welfare.” Journal of Fish Biology 68: 332–372.

Iffert, R. Q., and L. R. Stein. 2024. “Effects of Short- and Long-Term 
Enrichment on Brain and Behavior in Trinidadian Guppies.” Ethology 
130, no. 3: e13436. https://​doi.​org/​10.​1111/​eth.​13436​.

Jolles, J. W., B. Aaron Taylor, and A. Manica. 2016. “Recent Social 
Conditions Affect Boldness Repeatability in Individual Sticklebacks.” 
Animal Behaviour 112: 139–145. https://​doi.​org/​10.​1016/j.​anbeh​av.​2015.​
12.​010.

Jones, M., M. E. Alexander, S. Lightbody, et al. 2023. “Influence of Social 
Enrichment on Transport Stress in Fish: A Behavioural Approach.” 
Applied Animal Behaviour Science 262: 105920. https://​doi.​org/​10.​
1016/j.​appla​nim.​2023.​105920.

Jones, M., M. E. Alexander, D. Snellgrove, et  al. 2022. “How Should 
We Monitor Welfare in the Ornamental Fish Trade?” Reviews in 
Aquaculture 14, no. 2: 770–790. https://​doi.​org/​10.​1111/​raq.​12624​.

Jones, N. A. R., G. Gardella, and M. M. Webster. 2024. “Three-Spined 
Sticklebacks Show Dimension-Specific Preferences for Shelter.” Animal 
Behaviour 208: 41–49. https://​doi.​org/​10.​1016/j.​anbeh​av.​2023.​12.​004.

Jones, N. A. R., R. Spence, F. A. M. Jones, and H. C. Spence-Jones. 2019. 
“Shade as Enrichment: Testing Preferences for Shelter in Two Model 
Fish Species.” Journal of Fish Biology 95, no. 4: 1161–1165. https://​doi.​
org/​10.​1111/​jfb.​14129​.

Jones, N. A. R., M. M. Webster, and A. G. V. Salvanes. 2021. “Physical 
Enrichment Research for Captive Fish: Time to Focus on the DETAILS.” 
Journal of Fish Biology 99, no. 3: 704–725. https://​doi.​org/​10.​1111/​jfb.​
14773​.

Jones, R. C. 2013. “Science, Sentience, and Animal Welfare.” Biology 
& Philosophy 28, no. 1: 1–30. https://​doi.​org/​10.​1007/​s1053​9-​012-​9351-​1.

Josi, D., M. Taborsky, and J. G. Frommen. 2018. “Habitat Preferences 
Depend on Substrate Quality in a Cooperative Breeder.” Evolutionary 
Ecology Research 19: 517–527.

Kalleberg, H. 1958. “Observations in a Stream Tank of Territoriality and 
Competition in Juvenile Salmon and Trout.” Drott​ningholm.

Kegler, P., A. Kunzmann, S. Bröhl, and N. A. Herbert. 2013. “No 
Evidence of Shelter Providing a Metabolic Advantage to the False 
Clown Anemonefish Amphiprion ocellaris.” Journal of Fish Biology 82, 
no. 2: 708–713. https://​doi.​org/​10.​1111/​jfb.​12013​.

Kerry, J. T., and D. R. Bellwood. 2012. “The Effect of Coral Morphology 
on Shelter Selection by Coral Reef Fishes.” Coral Reefs 31, no. 2: 415–
424. https://​doi.​org/​10.​1007/​s0033​8-​011-​0859-​7.

Kerry, J. T., and D. R. Bellwood. 2015. “The Functional Role of 
Tabular Structures for Large Reef Fishes: Avoiding Predators or Solar 
Irradiance?” Coral Reefs 34, no. 2: 693–702. https://​doi.​org/​10.​1007/​
s0033​8-​015-​1275-​1.

Kessel, N. V., M. Dorenbosch, M. R. M. D. Boer, R. S. E. W. Leuven, and 
G. V. D. Velde. 2011. “Competition for Shelter Between Four Invasive 

 14672979, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/faf.12868 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [17/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s10641-018-0732-4
https://doi.org/10.1007/s10641-018-0732-4
https://doi.org/10.1038/nclimate3382
https://doi.org/10.1002/naaq.10064
https://doi.org/10.1111/j.1467-2979.2009.00331.x
https://doi.org/10.1111/j.1467-2979.2009.00331.x
https://doi.org/10.1016/j.fishres.2006.09.004
https://doi.org/10.1016/j.fishres.2006.09.004
https://doi.org/10.1016/0168-1591(88)90047-0
https://doi.org/10.1086/420307
https://doi.org/10.1111/jzo.12434
https://doi.org/10.1016/j.applanim.2019.03.015
https://doi.org/10.1016/j.applanim.2019.03.015
https://doi.org/10.1007/s10695-011-9547-3
https://doi.org/10.1093/cz/zoaa012
https://doi.org/10.1093/cz/zoaa012
https://doi.org/10.1016/j.applanim.2023.106090
https://doi.org/10.1016/j.applanim.2023.106090
https://doi.org/10.1111/j.1365-2427.2007.01799.x
https://doi.org/10.1016/j.applanim.2017.10.003
https://doi.org/10.3389/fmars.2024.1350385
https://doi.org/10.1002/jez.b.23184
https://doi.org/10.1002/jez.b.23184
https://doi.org/10.1016/j.aquaculture.2024.740878
https://doi.org/10.1016/j.aquaculture.2024.740878
https://doi.org/10.2307/1447346
https://doi.org/10.2307/1447346
https://doi.org/10.1046/j.1365-2656.2003.00747.x
https://doi.org/10.1111/jfb.15386
https://doi.org/10.1111/eth.13436
https://doi.org/10.1016/j.anbehav.2015.12.010
https://doi.org/10.1016/j.anbehav.2015.12.010
https://doi.org/10.1016/j.applanim.2023.105920
https://doi.org/10.1016/j.applanim.2023.105920
https://doi.org/10.1111/raq.12624
https://doi.org/10.1016/j.anbehav.2023.12.004
https://doi.org/10.1111/jfb.14129
https://doi.org/10.1111/jfb.14129
https://doi.org/10.1111/jfb.14773
https://doi.org/10.1111/jfb.14773
https://doi.org/10.1007/s10539-012-9351-1
http://drottningholm
https://doi.org/10.1111/jfb.12013
https://doi.org/10.1007/s00338-011-0859-7
https://doi.org/10.1007/s00338-015-1275-1
https://doi.org/10.1007/s00338-015-1275-1


111

Gobiids and Two Native Benthic Fish Species.” Current Zoology 57, no. 
6: 844–851. https://​doi.​org/​10.​1093/​czoolo/​57.6.​844.

Khan, J. A., C. H. R. Goatley, S. J. Brandl, S. B. Tebbett, and D. 
R. Bellwood. 2017. “Shelter Use by Large Reef Fishes: Long-Term 
Occupancy and the Impacts of Disturbance.” Coral Reefs 36, no. 4: 1123–
1132. https://​doi.​org/​10.​1007/​s0033​8-​017-​1604-​7.

Kientz, J. L., and M. E. Barnes. 2016. “Structural Complexity Improves 
the Rearing Performance of Rainbow Trout in Circular Tanks.” North 
American Journal of Aquaculture 78, no. 3: 203–207. https://​doi.​org/​10.​
1080/​15222​055.​2016.​1159629.

Kleiber, A., M. Stomp, M. Rouby, et  al. 2023. “Cognitive Enrichment 
to Increase Fish Welfare in Aquaculture: A Review.” Aquaculture 575: 
739654. https://​doi.​org/​10.​1016/j.​aquac​ulture.​2023.​739654.

Korte, S. M., B. Olivier, and J. M. Koolhaas. 2007. “A New Animal 
Welfare Concept Based on Allostasis.” Physiology & Behavior 92, no. 3: 
422–428. https://​doi.​org/​10.​1016/j.​physb​eh.​2006.​10.​018.

Lavery, J. M., and G. J. Mason. 2023. “Mirror, Mirror on the Wall… How 
Tank Material and the Presence of “Enrichments” Affect Competition 
and Agonism in Zebrafish (Danio rerio).” Applied Animal Behaviour 
Science 266: 106005. https://​doi.​org/​10.​1016/j.​appla​nim.​2023.​106005.

Lee, C. J., G. C. Paull, and C. R. Tyler. 2022. “Improving Zebrafish 
Laboratory Welfare and Scientific Research Through Understanding 
Their Natural History.” Biological Reviews 97, no. 3: 1038–1056. https://​
doi.​org/​10.​1111/​brv.​12831​.

Lee, C. J., C. R. Tyler, and G. C. Paull. 2018. “Can Simple Tank Changes 
Benefit the Welfare of Laboratory Zebrafish Danio rerio?” Journal of 
Fish Biology 92, no. 3: 653–659. https://​doi.​org/​10.​1111/​jfb.​13535​.

Li, W., J. Bao, C. Zhang, et  al. 2022. “Group Size Influences Light-
Emitting Diode Light Colour and Substrate Preference of David's 
Schizothoracin (Schizothorax davidi): Relevance for Design of Fish 
Passage Facilities.” River Research and Applications 38, no. 2: 280–292. 
https://​doi.​org/​10.​1002/​rra.​3897.

Love, M. S., D. M. Schroeder, B. Lenarz, and G. R. Cochrane. 2006. 
“Gimme Shelter: The Importance of Crevices to Some Fish Species 
Inhabiting a Deeper-Water Rocky Outcrop in Southern California.” 
California Cooperative Oceanic Fisheries Investigations Reports 47: 8.

Magnhagen, C., and F. Staffan. 2003. “Social Learning in Young-Of-
The-Year Perch Encountering a Novel Food Type.” Journal of Fish 
Biology 63, no. 3: 824–829. https://​doi.​org/​10.​1046/j.​1095-​8649.​2003.​
00189.​x.

Maia, C. M., J. L. Saraiva, and E. Gonçalves-de-Freitas. 2024. 
“Preference, Avoidance, Motivation and Their Importance to Fish 
Welfare.” Fish and Fisheries 25, no. 2: 362–379.

Matrai, E., H. Y. A. Chan, F. M. Leung, S. T. Kwok, X. Lin, and P. 
Martelli. 2023. “Point for Enrichment, Point for Welfare—Testing Use 
of a Laser Pointer With Arapaima Gigas.” Animals 13, no. 8. https://​doi.​
org/​10.​3390/​ani13​081370.

Ménard, A., K. Turgeon, D. G. Roche, S. A. Binning, and D. L. Kramer. 
2012. “Shelters and Their Use by Fishes on Fringing Coral Reefs.” PLoS 
One 7, no. 6: e38450. https://​doi.​org/​10.​1371/​journ​al.​pone.​0038450.

Mes, D., R.v. Os, M. Gorissen, et  al. 2019. “Effects of Environmental 
Enrichment on Forebrain Neural Plasticity and Survival Success of 
Stocked Atlantic Salmon.” Journal of Experimental Biology 222, no. 23. 
https://​doi.​org/​10.​1242/​jeb.​212258.

Meuthen, D., S. A. Baldauf, T. C. M. Bakker, and T. Thünken. 2011. 
“Substrate-Treated Water: A Method to Enhance Fish Activity in 
Laboratory Experiments.” Aquatic Biology 13, no. 1: 35–40.

Millidine, K. J., J. D. Armstrong, and N. B. Metcalfe. 2006. “Presence 
of Shelter Reduces Maintenance Metabolism of Juvenile Salmon.” 
Functional Ecology 20, no. 5: 839–845. https://​doi.​org/​10.​1111/j.​1365-​
2435.​2006.​01166.​x.

Näslund, J., and J. I. Johnsson. 2016. “Environmental Enrichment 
for Fish in Captive Environments: Effects of Physical Structures and 
Substrates.” Fish and Fisheries 17, no. 1: 1–30. https://​doi.​org/​10.​1111/​
faf.​12088​.

Näslund, J., M. Rosengren, D. Del Villar, et al. 2013. “Hatchery Tank 
Enrichment Affects Cortisol Levels and Shelter-Seeking in Atlantic 
Salmon (Salmo salar).” Canadian Journal of Fisheries and Aquatic 
Sciences 70, no. 4: 585–590. https://​doi.​org/​10.​1139/​cjfas​-​2012-​0302.

Newberry, R. C. 1995. “Environmental Enrichment: Increasing the 
Biological Relevance of Captive Environments.” Applied Animal 
Behaviour Science 44: 229–243.

Noga, E. J. 2000. “Skin Ulcers in Fish: Pfiesteria and Other Etiologies.” 
Toxicologic Pathology 28, no. 6: 807–823. https://​doi.​org/​10.​1177/​01926​
23300​02800607.

Oldfield, R. G., and P. E. Bonano. 2023. “Psychological and Social Well-
Being of Bony Fishes in Zoos and Aquariums.” Zoo Biology 42, no. 2: 
185–193. https://​doi.​org/​10.​1002/​zoo.​21729​.

Ostrander, G., ed. 2000. The Laboratory Fish. Cambridge, Massachusetts: 
Elsevier.

Pinsky, M. L., A. M. Eikeset, D. J. McCauley, J. L. Payne, and J. M. 
Sunday. 2019. “Greater Vulnerability to Warming of Marine Versus 
Terrestrial Ectotherms.” Nature 569, no. 7754: 108–111. https://​doi.​org/​
10.​1038/​s4158​6-​019-​1132-​4.

Reid, A. L., F. Seebacher, and A. J. W. Ward. 2010. “Learning to Hunt: 
The Role of Experience in Predator Success.” Behaviour 147, no. 2: 223–
233. https://​doi.​org/​10.​1163/​00057​9509X​12512​87138​6137.

Roberts, L. J., J. Taylor, and C. Garcia de Leaniz. 2011. “Environmental 
Enrichment Reduces Maladaptive Risk-Taking Behavior in Salmon 
Reared for Conservation.” Biological Conservation 144, no. 7: 1972–
1979. https://​doi.​org/​10.​1016/j.​biocon.​2011.​04.​017.

Robertson, A. 1919. “Hatching Fry in Gravel.” Transactions of the 
American Fisheries Society 48, no. 3: 146–156. https://​doi.​org/​10.​1577/​
1548-​8659(1918)​48[146:​HFIG]2.​0.​CO;​2.

Rosengren, M., E. Kvingedal, J. Näslund, J. I. Johnsson, and K. Sundell. 
2016. “Born to Be Wild: Effects of Rearing Density and Environmental 
Enrichment on Stress, Welfare, and Smolt Migration in Hatchery-
Reared Atlantic Salmon.” Canadian Journal of Fisheries and Aquatic 
Sciences 74, no. 3: 396–405. https://​doi.​org/​10.​1139/​cjfas​-​2015-​0515.

Ruberto, T., W. T. Swaney, and A. R. Reddon. 2024. “Submissive 
Behavior Is Affected by Territory Structure in a Social Fish.” Current 
Zoology: zoae014.

Salvanes, A. G. V., O. Moberg, L. O. E. Ebbesson, T. O. Nilsen, K. H. 
Jensen, and V. A. Braithwaite. 2013. “Environmental Enrichment 
Promotes Neural Plasticity and Cognitive Ability in Fish.” Proceedings 
of the Royal Society B: Biological Sciences 280, no. 1767: 20131331. https://​
doi.​org/​10.​1098/​rspb.​2013.​1331.

Saraiva, J. L., and P. Arechavala-Lopez. 2019. “Welfare of Fish—No 
Longer the Elephant in the Room.” Fishes 4, no. 3. https://​doi.​org/​10.​
3390/​fishe​s4030039.

Saraiva, J. L., P. Arechavala-Lopez, M. F. Castanheira, J. Volstorf, and 
B. Heinzpeter Studer. 2019. “A Global Assessment of Welfare in Farmed 
Fishes: The FishEthoBase.” Fishes 4, no. 2. https://​doi.​org/​10.​3390/​fishe​
s4020030.

Saxby, A., L. Adams, D. Snellgrove, R. W. Wilson, and K. A. Sloman. 
2010. “The Effect of Group Size on the Behaviour and Welfare of Four 
Fish Species Commonly Kept in Home Aquaria.” Applied Animal 
Behaviour Science 125, no. 3: 195–205. https://​doi.​org/​10.​1016/j.​appla​
nim.​2010.​04.​008.

Sneddon, L. U., R. W. Elwood, S. A. Adamo, and M. C. Leach. 2014. 
“Defining and Assessing Animal Pain.” Animal Behaviour 97: 201–212. 
https://​doi.​org/​10.​1016/j.​anbeh​av.​2014.​09.​007.

 14672979, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/faf.12868 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [17/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1093/czoolo/57.6.844
https://doi.org/10.1007/s00338-017-1604-7
https://doi.org/10.1080/15222055.2016.1159629
https://doi.org/10.1080/15222055.2016.1159629
https://doi.org/10.1016/j.aquaculture.2023.739654
https://doi.org/10.1016/j.physbeh.2006.10.018
https://doi.org/10.1016/j.applanim.2023.106005
https://doi.org/10.1111/brv.12831
https://doi.org/10.1111/brv.12831
https://doi.org/10.1111/jfb.13535
https://doi.org/10.1002/rra.3897
https://doi.org/10.1046/j.1095-8649.2003.00189.x
https://doi.org/10.1046/j.1095-8649.2003.00189.x
https://doi.org/10.3390/ani13081370
https://doi.org/10.3390/ani13081370
https://doi.org/10.1371/journal.pone.0038450
https://doi.org/10.1242/jeb.212258
https://doi.org/10.1111/j.1365-2435.2006.01166.x
https://doi.org/10.1111/j.1365-2435.2006.01166.x
https://doi.org/10.1111/faf.12088
https://doi.org/10.1111/faf.12088
https://doi.org/10.1139/cjfas-2012-0302
https://doi.org/10.1177/019262330002800607
https://doi.org/10.1177/019262330002800607
https://doi.org/10.1002/zoo.21729
https://doi.org/10.1038/s41586-019-1132-4
https://doi.org/10.1038/s41586-019-1132-4
https://doi.org/10.1163/000579509X12512871386137
https://doi.org/10.1016/j.biocon.2011.04.017
https://doi.org/10.1577/1548-8659(1918)48%5B146:HFIG%5D2.0.CO;2
https://doi.org/10.1577/1548-8659(1918)48%5B146:HFIG%5D2.0.CO;2
https://doi.org/10.1139/cjfas-2015-0515
https://doi.org/10.1098/rspb.2013.1331
https://doi.org/10.1098/rspb.2013.1331
https://doi.org/10.3390/fishes4030039
https://doi.org/10.3390/fishes4030039
https://doi.org/10.3390/fishes4020030
https://doi.org/10.3390/fishes4020030
https://doi.org/10.1016/j.applanim.2010.04.008
https://doi.org/10.1016/j.applanim.2010.04.008
https://doi.org/10.1016/j.anbehav.2014.09.007


112 Fish and Fisheries, 2025

Solås, M. R., H. Skoglund, and A. G. V. Salvanes. 2019. “Can Structural 
Enrichment Reduce Predation Mortality and Increase Recaptures of 
Hatchery-Reared Atlantic Salmon Salmo salar L. Fry Released Into 
the Wild?” Journal of Fish Biology 95, no. 2: 575–588. https://​doi.​org/​
10.​1111/​jfb.​14004​.

Stevens, C. H., B. T. Reed, and P. Hawkins. 2021. “Enrichment for 
Laboratory Zebrafish—A Review of the Evidence and the Challenges.” 
Animals 11, no. 3: 698. https://​doi.​org/​10.​3390/​ani11​030698.

Thomas, M., J.-G. Reynaud, Y. Ledoré, A. Pasquet, and T. Lecocq. 2022. 
“Enrichment in a Fish Polyculture: Does It Affect Fish Behaviour and 
Development of Only One Species or Both?” Applied Sciences 12, no. 7: 
3674. https://​doi.​org/​10.​3390/​app12​073674.

Turnbull, J. F., and F. A. Huntingford. 2012. “Welfare and Aquaculture: 
Where Benefish Fits in.” Aquaculture Economics & Management 16, no. 
4: 433–440. https://​doi.​org/​10.​1080/​13657​305.​2012.​729249.

Turner, B., ed. 2012. Evolutionary Genetics of Fishes. USA: Springer 
Science & Business Media.

Valdimarsson, S. K., and N. B. Metcalfe. 1998. “Shelter Selection in 
Juvenile Atlantic Salmon, or Why Do Salmon Seek Shelter in Winter?” 
Journal of Fish Biology 52, no. 1: 42–49. https://​doi.​org/​10.​1111/j.​1095-​
8649.​1998.​tb015​51.​x.

Vanderzwalmen, M., P. Carey, D. Snellgrove, and K. A. Sloman. 2020. 
“Benefits of Enrichment on the Behaviour of Ornamental Fishes During 
Commercial Transport.” Aquaculture 526: 735360. https://​doi.​org/​10.​
1016/j.​aquac​ulture.​2020.​735360.

Vanderzwalmen, M., D. Sánchez Lacalle, P. Tamilselvan, et  al. 2022. 
“The Effect of Substrate on Water Quality in Ornamental Fish Tanks.” 
Animals 12, no. 19: 2679. https://​doi.​org/​10.​3390/​ani12​192679.

Varracchio, C., E. Gatto, C. Bertolucci, and T. Lucon-Xiccato. 2024. “Do 
Captive Fish Need Cognitive Enrichment? A Test With a Puzzle Feeder 
in Guppies.” Ethology 130, no. 5: e13442. https://​doi.​org/​10.​1111/​eth.​
13442​.

Villalba, A. M., Á. De la Llave-Propín, J. De la Fuente, et  al. 2024. 
“Using Underwater Currents as an Occupational Enrichment Method 
to Improve the Stress Status in Rainbow Trout.” Fish Physiology and 
Biochemistry 50, no. 2: 463–475. https://​doi.​org/​10.​1007/​s1069​5-​023-​
01277​-​3.

Voorhees, J. M., N. Huysman, E. Krebs, and M. E. Barnes. 2020. 
“Influence of Water Velocity and Vertically-Suspended Structures on 
Rainbow Trout Rearing Performance.” Open Journal of Animal Sciences 
10, no. 1: 152–161. https://​doi.​org/​10.​4236/​ojas.​2020.​101008.

Watt, A. M., A. I. Mokdad, and T. E. Pitcher. 2024. “Effect of Enrichment 
on Gamete Production, Gamete Quality, and Spawning Coloration 
in Hormonally Induced Redside Dace Clinostomus Elongatus.” 
Endangered Species Research 53: 395–407. https://​doi.​org/​10.​3354/​
esr01306.

Webster, M. M., and P. J. B. Hart. 2004. “Substrate Discrimination and 
Preference in Foraging Fish.” Animal Behaviour 68, no. 5: 1071–1077. 
https://​doi.​org/​10.​1016/j.​anbeh​av.​2004.​04.​003.

Webster, M. M., and P. J. B. Hart. 2006. “Subhabitat Selection by Foraging 
Threespine Stickleback (Gasterosteus aculeatus): Previous Experience 
and Social Conformity.” Behavioral Ecology and Sociobiology 60, no. 1: 
77–86. https://​doi.​org/​10.​1007/​s0026​5-​005-​0143-​3.

White, S. C., E. Krebs, N. Huysman, J. M. Voorhees, and M. E. Barnes. 
2019. “Use of Suspended Plastic Conduit Arrays During Brown Trout 
and Rainbow Trout Rearing in Circular Tanks.” North American 
Journal of Aquaculture 81, no. 1: 101–106. https://​doi.​org/​10.​1002/​naaq.​
10076​.

Williams, T. D., G. D. Readman, and S. F. Owen. 2009. “Key Issues 
Concerning Environmental Enrichment for Laboratory-Held Fish 
Species.” Lab Animal 43, no. 2: 107–120. https://​doi.​org/​10.​1258/​la.​
2007.​007023.

Wu, H., M. Li, R. Zeng, X. Liu, K. Yang, and Z. Song. 2020. “Substrate 
Type and Brightness Preference of Schizothorax wangchiachii and 
Percocypris Pingi Juveniles.” Aquaculture Research 51: 2790–2798. 
https://​doi.​org/​10.​1111/​are.​14618​.

Yue Cottee, S. 2012. “Are Fish the Victims of ‘Speciesism’? A Discussion 
About Fear, Pain and Animal Consciousness.” Fish Physiology and 
Biochemistry 38, no. 1: 5–15. https://​doi.​org/​10.​1007/​s1069​5-​010-​9449-​9.

Zhang, B., H. Wu, M. Li, et  al. 2022. “Effect of Predation-Risk and 
Foraging Opportunities on Substrate Choice and Strength of Brightness 
Preference in Schizothorax wangchiachii and Percocypris Pingi 
Juveniles.” Aquaculture Research 53, no. 4: 1218–1229. https://​doi.​org/​
10.​1111/​are.​15655​.

Zhang, Z., Y. Fu, H. Zhao, and X. Zhang. 2022. “Social Enrichment 
Affects Fish Growth and Aggression Depending on Fish Species: 
Applications for Aquaculture.” Frontiers in Marine Science 9. https://​
doi.​org/​10.​3389/​fmars.​2022.​1011780.

Zhang, Z., X. Zhang, Z. Li, and X. Zhang. 2019. “Effects of Different 
Levels of Environmental Enrichment on the Sheltering Behaviors, 
Brain Development and Cortisol Levels of Black Rockfish Sebastes 
schlegelii.” Applied Animal Behaviour Science 218: 104825. https://​doi.​
org/​10.​1016/j.​appla​nim.​2019.​06.​006.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

 14672979, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/faf.12868 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [17/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/jfb.14004
https://doi.org/10.1111/jfb.14004
https://doi.org/10.3390/ani11030698
https://doi.org/10.3390/app12073674
https://doi.org/10.1080/13657305.2012.729249
https://doi.org/10.1111/j.1095-8649.1998.tb01551.x
https://doi.org/10.1111/j.1095-8649.1998.tb01551.x
https://doi.org/10.1016/j.aquaculture.2020.735360
https://doi.org/10.1016/j.aquaculture.2020.735360
https://doi.org/10.3390/ani12192679
https://doi.org/10.1111/eth.13442
https://doi.org/10.1111/eth.13442
https://doi.org/10.1007/s10695-023-01277-3
https://doi.org/10.1007/s10695-023-01277-3
https://doi.org/10.4236/ojas.2020.101008
https://doi.org/10.3354/esr01306
https://doi.org/10.3354/esr01306
https://doi.org/10.1016/j.anbehav.2004.04.003
https://doi.org/10.1007/s00265-005-0143-3
https://doi.org/10.1002/naaq.10076
https://doi.org/10.1002/naaq.10076
https://doi.org/10.1258/la.2007.007023
https://doi.org/10.1258/la.2007.007023
https://doi.org/10.1111/are.14618
https://doi.org/10.1007/s10695-010-9449-9
https://doi.org/10.1111/are.15655
https://doi.org/10.1111/are.15655
https://doi.org/10.3389/fmars.2022.1011780
https://doi.org/10.3389/fmars.2022.1011780
https://doi.org/10.1016/j.applanim.2019.06.006
https://doi.org/10.1016/j.applanim.2019.06.006

	Closing the Gaps in Fish Welfare: The Case for More Fundamental Work Into Physical Enrichment
	ABSTRACT
	1   |   Introduction
	2   |   Aims
	3   |   Current Status Quo of Environmental Enrichment Research in Fishes
	4   |   Future Outlook and Suggestions
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


