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Abstract

Environmental enrichment is increasingly used in aquaculture to improve growth, reduce
stress, and promote natural behaviors. Structural (or physical) enrichment is the addition
of structures to increase environmental heterogeneity and complexity or provide shelter. At
a production level, conventional structural enrichment strategies, such as adding materials
to a rearing unit, are often impractical because of the associated increase in labor, waste
accumulation, and elevated disease risks. However, structural enrichment techniques
have been recently developed that do not interfere with routine hatchery operations and
frequently increase fish growth. This review focuses on the relatively recent structural
enrichment techniques of non-submerged overhead cover and vertically-suspended
structure, and their effects on growth, health, and behavior in production-scale systems.
Additionally, key factors influencing enrichment effectiveness and practical considerations
for implementation are discussed. These methods of structural enrichment show promise
as economically-efficient tools to enhance fish rearing performance and welfare without
negatively impacting hatchery procedures.
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Introduction

Aquaculture is expanding worldwide because of the increasing
demand for food, recreation, ornamental trade, and ecosystem
restoration."* As such production intensifies, differences between
hatchery-reared and wild fish have become more apparent and
animal welfare concerns have been raised. In typical production
systems, fish are reared at high densities in barren environments
that differ significantly from natural habitats.>® Fish reared in these
conditions differ in behavior, morphology, and physiology from wild
conspecifics, potentially leading to issues if such fish are being reared
for recreational fisheries or species restoration.®!2

Environmental enrichment is a strategy to address the issues
associated with typically-barren hatchery rearing conditions by
increasing environmental complexity and introducing elements that
more closely resemble natural habitats.'>!* Environmental Enrichment
can improve fish welfare by enhancing physiological and behavioral
conditions.!®!>1® However, its implementation is often constrained
by economic considerations, including labor requirements, material
costs, and compatibility with routine hatchery operations. Despite
these limitations, some forms of environmental enrichment have cost-
effectively provided both welfare and production benefits.®!31417:18

Environmental enrichment is often categorized into five
types: Physical (structural), social, nutritional, sensorial, and
occupational.'*17!? Particularly, physical enrichment is defined as
the addition of structure to provide shelter or increase environmental
heterogeneity and complexity.**!°2! Prior studies of physical
enrichment have added woody debris, substrate, or combinations of
these structures to fish rearing units.'>?>3° These techniques are often
impractical in production systems, because their placement in or at
the bottom of rearing units hinders routine fish culture activities, such
as tank cleaning, as well as increases the risk of potential disease

outbreaks by trapping food and feces.”’?!s2 However, other forms
of physical enrichment, such as non-submerged overhead cover and
vertically-suspended structure, have been identified as both beneficial
to fish and compatible with routine hatchery operations.**** This
review focuses on these two forms of environmental enrichment that
can safely and effectively be used in production fish hatcheries. It
will not examine other forms of physical enrichment that are used
in laboratory or experimental situations or those that cannot be used
effectively in production hatcheries.

Non-submerged overhead cover
Introduction

For this review, non-submerged overhead cover environmental
enrichment is defined as any structure or material that provides shade
or concealment above or at the top of the water surface of a rearing unit.
This cover can either partially (Figure 1) or near-completely (Figure
2) cover the rearing unit. The primary function of non-submerged
overhead cover is to provide a refuge area, reduce light intensity,
or offer shelter while not being submerged under the water surface
of the rearing unit, be it a tank, raceway, trough, or pond. Overhead
cover is widely recognized as an essential element of natural aquatic
environments.>*3° Its presence can reduce stress, improve growth,
provide refuge, and mitigate light exposure.'*#>1-53 Despite these
benefits, hatchery rearing units are often left completely uncovered to
allow for periodic tank cleaning and observations that are considered
critical for monitoring fish health and rearing performance.*+5¢
However, the use of overhead cover can improve hatchery economics
by enhancing fish growth and improving fish behavior and health,
making it a cost-effective mechanism for increasing production
efficiency.!®*5357 The post-stocking benefits of overhead cover in
hatchery-reared fish have also been documented. 3?23
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Figure | Photograph of a circular tank partially covered with a non-
submerged wooden structure. Note the location of the fish clustered under
the partial cover.

Figure 2 Photograph of a tank near-completely covered with a non-
submerged structure made of corrugated plastic.

A wide variety of materials have been used to make overhead
cover, including wood, plastic, saran cloth, and netting.!7-334%3:¢ Each
differs in functionality and suitability depending on the fish species
being reared and the rearing context.*535861-63 Coverage percentage,
position relative to the water surface (i.e. distance above or floating),
location and configuration of the rearing unit (i.e. indoor or outdoor,
circular or rectangular), and material type are all important variables
that influence the efficacy of overhead cover on fish rearing,'433-37:46:53.60

While the use of overhead cover in conjunction with a number of
different rearing unit types has been evaluated, the benefits appear
to be more pronounced in circular tanks than in rectangular units or
ponds' 14,33,49,63-65

Circular tanks

Overhead tank covers with circular tanks have consistently
improved growth and feed conversion in salmonids, although the
effectiveness of these results can depend on both species and trial
duration. Juvenile rainbow trout (Oncorhynchus mykiss) reared under
partial (29%) plywood covers exhibited significantly greater weight
gain and improved feed conversion compared to fish in uncovered
tanks*. However, these differences were only detected in longer trials
(55 days) and not in shorter 34-day experiments. Similar improvements
in growth and feed conversion were observed in juvenile brown trout
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(Salmo trutta) reared under the same partial cover configuration over a
51-day period.®* More recent studies in circular tanks using partial and
near-full overhead covers constructed with corrugated plastic report
comparable improvements in growth and feed efficiency for both
rainbow trout and brown trout in trials ranging from 63 to 84 days.”’¢
However, the effects, if any, of overhead cover may not be consistent
among different fish species. For example, channel catfish (Ictalurus
punctatus) reared in similar conditions to the rainbow trout and brown
trout that experienced positive effects from overhead cover®’° did not
show significant improvements in growth.®' Additionally, steelhead
trout (Oncorhynchus mykiss) reared in outdoor circular tanks under
partial, floating cover showed a significant increase in growth, but no
response was observed in rainbow trout and brown trout reared under
the same covers.*® Krebs et al.,’” did not observe any difference in
viscerosomatic index, hepatosomatic index, splenosomatic index, and
relative fin lengths in brown trout reared with or without overhead
cover. Similar results were reported by Walker et al.,*” who also did not
observe any difference in hematocrit between covered and uncovered
rainbow trout. These findings suggest that partial and near-full tank
covers can enhance the rearing performance of salmonids in circular
rearing systems, particularly when used for extended rearing periods,
but responses likely vary by species and experimental conditions.

Behavioral changes have been observed in fish reared with
overhead cover, although these appear to be species-specific and
potentially influenced by fish age and cover configuration. In response
to an external stimulus, rainbow trout reared in partial cover (66% and
33%) showed significant retreating behavior, whereas uncovered fish
tended to scatter.® Additionally, fish reared under partial covers were
more likely than those reared in uncovered tanks to seek cover when
introduced to a new environment with overhead cover.®® McCrimmon
and Kwain® reported that fish age influenced the behavioral response
to rearing in circular tanks under floating cover, with behavioral
changes only observed in trout at least a year old. Overhead cover
preferences appear to increase with the age of rainbow trout.®® In
contrast, Nile tilapia (Oreochromis niloticus) reared in tanks in
a recirculation aquaculture system under partial cover exhibited
significantly more distress behaviors than those fish reared under no
cover or full cover®. Full cover, however, significantly reduced stress
and aggression behaviors compared to no cover and partial cover.*
Based on the few studies available, the influence of overhead cover
during hatchery rearing on fish behavior appears to be species-specific
and life-stage specific.

While in general the use of overhead cover during fish rearing is
beneficial, expanding the percentage of the tank covered appears to
yield limited additional benefit. For example, rainbow trout reared in
33% and 66% overhead cover both exhibited improved retreat and
stress behavior compared to open tanks, yet the two partial cover
treatments did not significantly differ from one another.®® Similarly,
juvenile brown trout reared under 65% or 98% cover demonstrated
greater growth than fish in uncovered tanks, but growth did not
significantly differ between the two cover treatments.’” However,
juvenile rainbow showed significantly greater weight gain under
98% cover compared to 65%, although other measured variables did
not differ between treatments.®” Together, these findings suggest that
while the presence of overhead cover is beneficial, increasing the
percentage of coverage is not necessarily needed.

Rectangular units and ponds

In contrast to circular tanks, the use of overhead covers in
rectangular rearing units, like raceways, or rectangular or ovoid
ponds, appears to have no impact on fish growth. Rainbow trout
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reared in covered and uncovered concrete raceways showed no
significant differences in growth or feed conversion after 215 days.%
Similar results were observed in cutthroat trout (Oncorhynchus
clarkii) reared under similar conditions after 250 days.* Growth of
juvenile rainbow trout, Japanese sea bass (Lateolabrax japonicus),
and Asian sea bass (Lates calcarifer) in ponds was also unaffected by
the use of partial covers.®** In contrast, the use of covers in troughs
increased the growth and whole brain weights of lake trout (Salvelinus
namaycush).*® When tilapia (7ilapia rendalli) were reared in ponds
with under 80% overhead coverage, the results were mixed. Fish in
one trial grew significantly better with covers, but a subsequent trial
found no effect of overhead cover on growth.”” Although there have
been few studies, they suggest that the effects of overhead cover in
rectangular rearing units and ponds on fish growth are limited and
inconsistent.

In general, the use of overhead cover in raceways and ponds has
produced noticeable physiological and health benefits. For example,
cutthroat trout reared in raceways with overhead cover showed
an improvement in health and physiological indices. Further, Nile
tilapia reared in ponds under net cover resulted in hematological and
biochemical profiles that indicated reduced stress levels.*** However,
rainbow trout in raceways with overhead cover had similar health and
physiological indices as those reared in uncovered raceways.® The
use of overhead cover in ponds also eliminated sunburn in yearling
Atlantic salmon (Salmo salar)™ and its use in raceways reduced the
incidence of cataracts.”" The positive fish health and physiological
effects associated with the use of covers in raceways and ponds,
which have not been reported for cover use in circular tanks, is likely
because circular tanks are typically indoors, while raceways and
ponds are outside and subject to direct sunshine.

Fish reared in raceways and ponds with overhead cover have
notable behavioral changes. Silver carp (Hypophthalmichthys
molitrix) reared in ponds under a small percentage (approximately
0.5%) of overhead, floating cover, showed a distinct preference for
cover, reduced swimming activity, and less-coordinated schooling
behavior™. Similarly, lake trout reared in covered troughs had stronger
startle responses and reduced brain serotonin levels, indicating
increased behavioral reactivity.®® In addition, rainbow trout and
cutthroat trout previously reared under overhead cover in a raceway,
displayed significantly greater, yet temporary, improvements in a
predator model behavioral analysis study.®>#

Other considerations

Multiple studies also report that overhead cover causes little
disruption to regular tank cleanings and fish observations, suggesting
that it does not interfere with daily operations.***7¢* Wagner et al.*’
reported that raceways with cover were cleaner than those without
any cover. Overhead cover may also reduce avian predation risks
in outdoor rearing units such as raceways and ponds.**7! A major
benefit to almost completely covering the rearing unit, leaving just
enough space for an automatic feeder, is that fish are prevented from
jumping out of the tank.*’

Recommendations

The use of overhead cover, either partially or totally covering
the entire rearing unit surface, is recommended during the rearing of
various fish species at different life stages. 3746263667071 Fyrthermore,
covers should be constructed from mostly-inert and waterproof
materials, such as plastic, fiberglass, or fiberglass-reinforced plastic,
for ease of tank accessibility, material cleanliness, and durability.”” The
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cost of these materials is negligible in relation to the improvements
in fish growth and potential improvements in fish health, physiology,
and post-stocking survival.**%? Overall, overhead cover provides an
affordable and practical mechanism for enhancing fish production
without disrupting hatchery operations.

Vertically suspended structure
Introduction

For this review vertically-suspended environmental enrichment is
defined as any structure or material that is suspended from the top
of the rearing unit and does not touch the bottom of the tank (Figure
3). Within the tank, vertically-suspended environmental enrichment
increases the physical complexity, alters tank hydrodynamics,
and influences fish behavior and spatial distribution. Although
vertically-suspended structures differ from natural forms of structural
complexity, they provide environmental heterogeneity that is often
lacking in hatchery environments.>¢1%36.73-75

Figure 3 Vertically suspended structure types: (a) aluminum angles (80), (b)
conduit pipe (38; 100), (c) aluminum rods (78), (d) spheres (34), (e) rope and
netting (97; 99;96)

Vertically-suspended environmental enrichment was developed
because of difficulties with earlier forms of within-tank structural
enrichment that included the addition of woody debris, substrate
consisting of gravel, rock, or concrete, and natural or artificial
vegetation directly into the rearing unit.>2>? However, these
approaches often disrupt routine hatchery operations by impeding
hatchery staff tank cleaning, impeding the hydraulic self-cleaning
of circular tanks, increasing waste accumulation, and reducing tank
carrying capacities.!#?736387¢78 In contrast, vertically suspended
structures generally do not interfere with routine hatchery operations,
do not affect hydraulic self-cleaning (when appropriately configured),
and actually increase tank carrying capacities.’*”-2

Many different types and arrays of vertically-suspended structure
have been evaluated, including aluminum rods, strings of plastic
spheres, plastic conduit, and aluminum angles. The differences
in material, density, and configuration within the rearing unit can
influence the effectiveness of vertically-suspended environmental
enrichment by altering the fluid dynamics within the tank and fish
behavior'74.77,80—86
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Types of vertically-suspended structure in circular
tanks

Aluminum rods: Aluminum rods were the first type of vertically-
suspended structure evaluated. Kientz and Barnes* examined the
growth and condition of juvenile rainbow trout reared in nearly fully
covered circular tanks containing nine vertically oriented round
aluminum rods (compared with that of trout reared in almost fully
covered tanks with no rods (control) at two water velocities (2.0 body
length (BL)/s and 2.75 BL/s). After 51 days, total tank weight gain
was significantly higher in the structurally complex tanks than in the
control tanks, regardless of water velocity. The feed conversion ratio
of 1.25 in the structurally-complex tanks was also significantly better
than the feed conversion ratio of 1.66 observed in the unenriched
tanks. Kientz and Barnes*® also reported no significant differences in
hepatosomatic index, splenosomatic index, and viscerosomatic index
between the fish from the structurally complex and the control tanks.
Subsequent multiple studies rearing rainbow trout with an array of
nine or more aluminum rods indicated significant improvements in
grOWth.34'36’78’85'87

Some studies have not reported positive impacts on fish growth
from the use of vertically-suspended environmental enrichment,
however. Huysman et al.,* reported no difference in rainbow trout
growth between enriched and unenriched tanks but also indicated
that the extremely high rearing densities likely influenced the
results. Growth of landlocked fall Chinook salmon (Oncorhynchus
tshawytscha) and Atlantic salmon was not impacted by rearing with an
a suspended array of nine aluminum rods.* Matthew et al.*? reported
that bluegill (Lepomis macrochirus) growth was negatively impacted
by rearing with an array of thirty-two aluminum rods. These results
indicate that the effects of using aluminum rods as environmental
enrichment may be species, size, and rearing density specific.

Spheres: Only three studies have examined the use of vertically-
suspended strings of colored plastic spheres. During the rearing of
juvenile rainbow trout, Kientz et al.” evaluated spherical structures
comprised of seven colored plastic balls vertically-stacked and
suspended on a string from an overhead tank covers and reported
significantly improved weight gain and feed conversion ratios
relative to control tanks. Similar results were reported by Crank et
al.** and Voorhees et al.*® In a related study, the presence and density
of plastic spheres did not significantly alter rainbow trout predator
avoidance behavior, although limitations in experimental design may
have contributed to the lack of measurable results.®* While suspended
strings of plastic balls appear to be beneficial during trout rearing,
they are also difficult to clean, making them somewhat impractical for
routine hatchery use

Aluminum angles: Vertically-suspended arrays of aluminum angles
have been consistently associated with improved growth in salmonids.
Multiple studies have documented significantly greater growth in
rainbow trout reared with arrays of four aluminum angles.®*87901
Similar results have been reported using a suspended array of
aluminum angles during Chinook salmon rearing.*

In addition to the aluminum angle arrays themselves, several
studies have also investigated the influence of angle color on fish
growth. In comparison to silver (unpainted), red, and black angles,
the use of green angles significantly increased growth in Chinook
salmon.” However, there were no differences in rainbow trout or
Chinook salmon growth using either blue and silver vertically-
suspended angles,” as well as no differences in rainbow trout grown
with either red, blue, and green angles.” These inconsistent results
suggest that species-specific biological requirements and the visual
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environment likely mediate responses to color, rather than color alone
being the main contributing factor.”>%

In addition to improving growth, vertically-suspended angles may
influence fish behavior. Huysman et al.” reported that an array of four
angles significantly influenced spatial distribution of rainbow trout
within the rearing unit. However, a similar study found no differences
in location preference between rainbow trout with prior exposure to
angles and naive fish.

Conduit pipe: Vertically-suspended arrays of plastic conduit pipe in
circular tanks were evaluated in two studies. Growth was significantly
improved in rainbow trout and Chinook salmon reared with an array
of twenty conduit pipes in comparison to barren tanks.*

Similarly, Jones et al.,* used a vertically-suspended array of 20
plastic conduit pipes as enrichment in 3.63 m circular tanks during
Atlantic salmon rearing. They reported a significant improvement in
feed conversion ratio after 168 days of rearing and recommended the
use of vertically-suspended structures to improve the hatchery rearing
performance of Atlantic salmon in circular tanks.

Rope and string: Vertically- suspended rope and string structures
have not been shown to improve growth but generally improve fish
stress and behavior. Although growth was not affected, exposure
to an array of nine suspended ropes improved stress levels and
behavior in Gilthead seabream (Sparus aurata).”*®® Similarly, ropes
hanging across a rearing unit improved behavior European seabass
(Dicentrarchus labrax).”” However, in a much shorter duration study
with European seabass, suspended ropes had no impact on growth
or behavior.?”® Vertically-suspended netting improved exploratory
behavior in rock bream (Oplegnathus fasciatus) but did not impact
stress levels.” In contrast to other vertically suspended structures,
rainbow trout growth was unaffected by rearing with vertically-
suspended arrays of 28 rubber strings'® However, arrays of rubber
strings reduced rainbow trout stress and improved health responses.'®

Rectangular rearing units

Unlike circular rearing units, the use of vertically-suspended
structure has not been extensively studied in rectangular rearing units.
Rosburg et al.,'”" An array of five rods with six golf balls in semi-
square tanks significantly improved the growth of juvenile landlocked
fall Chinook salmon after 90 days of rearing. In contrast, juvenile
pikeperch and sterlet reared in square tanks under three arrays of
five conduit pipes had significantly improved survival, growth, and
morphological development compared to those reared in unenriched
tanks.'” The presence of structure also impacted pikeperch spatial
distribution, but did not change the frequency of abnormal behaviors
in sterlet, suggesting species-specific biological requirements.'??
Overall, these limited studies indicate that while vertically- suspended
structures in rectangular systems may enhance fish welfare, they
appear dependent on species and experimental design, and remain
difficult to interpret because of the small number of studies.

Practical considerations

The use of wvertically suspended structural environmental
enrichment in production systems requires consideration of its
effects on tank hydraulics, material properties, and operational
feasibility. Across studies, aluminum angles, aluminum rods,
PVC pipes, spherical structures, and rope structures do not
interfere with the hydraulic self-cleaning of circular tanks, do not
require additional cleaning, and generally do not interfere with
routine hatchery operations,3+36.3878.79.85-87.909 4,100 However,
structure density and configuration are critical, and if the arrays are
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excessive or poorly arranged, water flow can be disrupted and self-
cleaning reduced.’*”7#%8283 Combining different vertically-suspended
enrichment structures appears to produce outcomes similar to single
structure designs.**’8% Aluminum angles have become the preferred
form of vertically-suspended environmental enrichment in circular
tanks because they are easy and inexpensive to make, easy to clean and
maintain, have been shown to consistently improve fish growth, and
do not impact circular tank hydraulic self-cleaning dynamics.?>8087.9091
Overall, vertically suspended structures can be utilized without
disrupting routine hatchery operations with the correct density and
configuration, with aluminum angles most recommended due to their
effectiveness, minimal material use, and ease of maintenance.

Conclusion

Non-submerged overhead covers and vertically suspended
structures are practical and economically-efficient methods of physical
enrichment in hatchery systems. Both have documented benefits on
fish growth, behavior, and health, although fish physiological and
behavior responses with overhead cover more extensively studied.
The effectiveness of these techniques is dependent upon the rearing
unit, structure configuration, material type, duration, and species
being reared. Generally, most improvements have been observed
during salmonid rearing in circular tanks for longer durations. More
studies are needed with other species in other types of rearing units.

Acknowledgements

Thanks to Makenzee King for her assistance in manuscript
formatting.

Conflicts of interest

The authors declare that there are no conflicts of interest.

References

1. Bartley DM. World Aquaculture 2020: A brief overview. FAO Fisheries
and Aquaculture Circular. 2022.

2. Brander KM. Global fish production and climate change. Proc Natl Acad
Sci US A.2007;104(50):19709-19714.

3. Delgado CL, Wada N, Rosegrant MW, et al. Outlook for fish to 2020: A
2020 vision for food, agriculture, and the environment. International Food
Policy Research Institute; 2003.

4. OECD-FAO. Agricultural outlook 2014. OECD Publishing; 2014.

5. Brown C, Day RL. The future of stock enhancements: lessons for hatchery
practice from conservation biology. Fish Fish. 2002;3(2):79-94.

6. Johnsson JI, Brockmark S, Nislund J. Environmental effects on
behavioural development: consequences for fitness of captive-reared
fishes in the wild. J Fish Biol. 2014;85(6):1946-1971.

7. Kumar MR, Neppolian K. Improving domestic fish welfare in aquaculture
through environmental enrichment and social structure management. J
Anim Environ. 2025;17(2):340-350.

8. Weber ED, Fausch KD. Interactions between hatchery and wild salmonids
in streams: differences in biology and evidence for competition. Can J
Fish Aquat Sci. 2003;60:1018-1036.

9. Araki H, Berejikian BA, Ford MJ, et al. Fitness of hatchery-reared
salmonids in the wild. Evol Appl. 2008;1(2):342-355.

10. Chittenden CM, Biagi CA, Davidsen JG, et al. Genetic versus rearing-
environment effects on phenotype: hatchery and natural rearing effects
on hatchery- and wild-born coho salmon. PLoS One. 2010;5(8).12261

20.

21.

22.

23.

24.

25.

26.

27.

28.

Copyright:

©2026 Roduner etal. 116

. Marchetti MP, Nevitt GA. Effects of hatchery rearing on brain

structures of rainbow trout, Oncorhynchus mykiss. Environ Biol Fishes.
2003;66(1):9-14.

. Olla BL, Davis MW, Ryer CH. Behavioural deficits in hatchery-reared

fish: potential effects on survival following release. Aquac Fish Manag.
1994;25:19-34.

. Brouwer R, Ross A, Trepanier I, Tanasichuk RW. The effectiveness of

semi-natural rearing of coho salmon (Oncorhynchus kisutch) at the Nitinat
River Hatchery, British Columbia. Open Fish Sci J. 2014;7:23-28.

. Néslund J, Johnsson JI. Environmental enrichment for fish in captive

environments: effects of physical structures and substrates. Fish Fish.
2016;17(1):1-30.

. Fast DE, Neeley D, Lind DT, et al. Survival comparison of spring Chinook

salmon reared in a production hatchery under optimum conventional and
seminatural conditions. Trans Am Fish Soc. 2008;137:1507-1518.

. Watz J, Calles O, Carlsson N, et al. Wood addition in the hatchery and

river environments affects post-release performance of overwintering
brown trout. Freshw Biol. 2018;64(1):71-80.

. Gerber B, Stamer A, Stadtlander T. Environmental Enrichment and Its

Effects on Welfare in Fish. Research Institute of Organic Agriculture;
2015.

. Zhang Z, Gao L, Zhang X. Environmental enrichment increases aquatic

animal welfare: a systematic review and meta-analysis. Rev Aquac.
2022;14(3):1120-1135.

. Arechavala-Lopez P, Cabrera-Alvarez MJ, Maia CM, et al. Environmental

enrichment in fish aquaculture: a review of fundamental and practical
aspects. Rev Aquac. 2022;14:704-728.

Jones NAR, Webster MM, Salvanes AGV. Physical enrichment
research for captive fish: time to focus on the DETAILS. J Fish Biol.
2021;99(3):704-725.

Nislund J. Reared to become wild-like: addressing behavioral and
cognitive deficits in cultured aquatic animals destined for stocking into
natural environments—a critical review. Bull Mar Sci. 2021;97(4):489—
538.

Berejikian BA, Smith RJF, Tezak EP, et al. Chemical alarm signals
and complex hatchery rearing habitats affect antipredator behavior and
survival of Chinook salmon (Oncorhynchus tshawytscha) juveniles. Can
J Fish Aquat Sci. 1999;56(5):830-838.

Berejikian BA, Tezak EP, Flagg TA, et al. Social dominance, growth, and
habitat use of age-0 steelhead (Oncorhynchus mykiss) grown in enriched
and conventional hatchery rearing environments. Can J Fish Aquat Sci.
2000;57(3):628.

Brockmark S, Neregard L, Bohlin T, et al. Effects of rearing density and
structural complexity on the pre- and postrelease performance of Atlantic
salmon. Trans Am Fish Soc. 2007;136(5):1453-1462.

Brown C, Davidson T, Laland K. Environmental enrichment and prior
experience of live prey improve foraging behaviour in hatchery-reared
Atlantic salmon. J Fish Biol. 2003;63:187-196.

Hyvérinen P, Rodewald P. Enriched rearing improves survival of hatchery-
reared Atlantic salmon smolts during migration in the River Tornionjoki.
Can J Fish Aquat Sci. 2013;70(9):1386-1395.

Krebs J, Crank KM, Krebs E, et al. Use of bottom structure and tank
cover during rainbow trout rearing in circular tanks. J Fish Livest Prod.
2017;5(3).247

Maynard DJ, Flagg TA, Mahnken CVW. A review of innovative culture
strategies for enhancing the postrelease survival of anadromous salmonids.
In: Schramm HL Jr, Piper RG, eds. Uses and Effects of Cultured Fishes in
Aquatic Ecosystems. American Fisheries Society; 1995:307-314.

Citation: Roduner KA, Barnes ME. A review of physical environmental enrichment with a focus on overhead cover and vertically-suspended structures. | Aquac

Mar Biol. 2026;15(2):112—118. DOI: 10.15406/jamb.2026.15.00450


https://doi.org/10.15406/jamb.2026.15.00450
https://openknowledge.fao.org/items/185ee4aa-3c75-4627-894a-43314afd4ad5
https://openknowledge.fao.org/items/185ee4aa-3c75-4627-894a-43314afd4ad5
https://pubmed.ncbi.nlm.nih.gov/18077405/
https://pubmed.ncbi.nlm.nih.gov/18077405/
https://cgspace.cgiar.org/server/api/core/bitstreams/eab81747-8538-4890-b83a-8eda93d4abff/content
https://cgspace.cgiar.org/server/api/core/bitstreams/eab81747-8538-4890-b83a-8eda93d4abff/content
https://cgspace.cgiar.org/server/api/core/bitstreams/eab81747-8538-4890-b83a-8eda93d4abff/content
https://www.oecd.org/en/publications/2014/07/oecd-fao-agricultural-outlook-2014_g1g40d1f.html
https://onlinelibrary.wiley.com/doi/abs/10.1046/j.1467-2979.2002.00077.x
https://onlinelibrary.wiley.com/doi/abs/10.1046/j.1467-2979.2002.00077.x
https://pubmed.ncbi.nlm.nih.gov/25469953/
https://pubmed.ncbi.nlm.nih.gov/25469953/
https://pubmed.ncbi.nlm.nih.gov/25469953/
https://aejournals.org/index.php/AEJ/article/view/2059
https://aejournals.org/index.php/AEJ/article/view/2059
https://aejournals.org/index.php/AEJ/article/view/2059
https://www.noaa.gov/sites/default/files/legacy/document/2020/Oct/07354626295.pdf
https://www.noaa.gov/sites/default/files/legacy/document/2020/Oct/07354626295.pdf
https://www.noaa.gov/sites/default/files/legacy/document/2020/Oct/07354626295.pdf
https://pubmed.ncbi.nlm.nih.gov/25567636/
https://pubmed.ncbi.nlm.nih.gov/25567636/
https://pubmed.ncbi.nlm.nih.gov/20808853/
https://pubmed.ncbi.nlm.nih.gov/20808853/
https://pubmed.ncbi.nlm.nih.gov/20808853/
https://link.springer.com/article/10.1023/A:1023269221678
https://link.springer.com/article/10.1023/A:1023269221678
https://link.springer.com/article/10.1023/A:1023269221678
https://www.scirp.org/reference/referencespapers?referenceid=2670263
https://www.scirp.org/reference/referencespapers?referenceid=2670263
https://www.scirp.org/reference/referencespapers?referenceid=2670263
https://onlinelibrary.wiley.com/doi/abs/10.1111/faf.12088
https://onlinelibrary.wiley.com/doi/abs/10.1111/faf.12088
https://onlinelibrary.wiley.com/doi/abs/10.1111/faf.12088
https://www.scirp.org/reference/referencespapers?referenceid=2843876
https://www.scirp.org/reference/referencespapers?referenceid=2843876
https://www.scirp.org/reference/referencespapers?referenceid=2843876
https://onlinelibrary.wiley.com/doi/abs/10.1111/fwb.13195
https://onlinelibrary.wiley.com/doi/abs/10.1111/fwb.13195
https://onlinelibrary.wiley.com/doi/abs/10.1111/fwb.13195
https://www.scirp.org/reference/referencespapers?referenceid=2670235
https://www.scirp.org/reference/referencespapers?referenceid=2670235
https://www.scirp.org/reference/referencespapers?referenceid=2670235
https://onlinelibrary.wiley.com/doi/abs/10.1111/raq.12641
https://onlinelibrary.wiley.com/doi/abs/10.1111/raq.12641
https://onlinelibrary.wiley.com/doi/abs/10.1111/raq.12641
https://onlinelibrary.wiley.com/doi/abs/10.1111/raq.12620
https://onlinelibrary.wiley.com/doi/abs/10.1111/raq.12620
https://onlinelibrary.wiley.com/doi/abs/10.1111/raq.12620
https://pubmed.ncbi.nlm.nih.gov/33942889/
https://pubmed.ncbi.nlm.nih.gov/33942889/
https://pubmed.ncbi.nlm.nih.gov/33942889/
https://research.slu.se/en/publications/reared-to-become-wild-like-addressing-behavioral-and-cognitive-de/
https://research.slu.se/en/publications/reared-to-become-wild-like-addressing-behavioral-and-cognitive-de/
https://research.slu.se/en/publications/reared-to-become-wild-like-addressing-behavioral-and-cognitive-de/
https://research.slu.se/en/publications/reared-to-become-wild-like-addressing-behavioral-and-cognitive-de/
https://www.scirp.org/reference/referencespapers?referenceid=2843871
https://www.scirp.org/reference/referencespapers?referenceid=2843871
https://www.scirp.org/reference/referencespapers?referenceid=2843871
https://www.scirp.org/reference/referencespapers?referenceid=2843871
https://cdnsciencepub.com/doi/10.1139/f99-288
https://cdnsciencepub.com/doi/10.1139/f99-288
https://cdnsciencepub.com/doi/10.1139/f99-288
https://cdnsciencepub.com/doi/10.1139/f99-288
https://www.tandfonline.com/doi/abs/10.1577/T06-245.1
https://www.tandfonline.com/doi/abs/10.1577/T06-245.1
https://www.tandfonline.com/doi/abs/10.1577/T06-245.1
https://www.wellbeingintlstudiesrepository.org/cgi/viewcontent.cgi?params=/context/acwp_aff/article/1015/&path_info=Environmental_enrichment_and_prior_experience_of_live_prey_improve_foraging_behaviour_in_hatchery.pdf
https://www.wellbeingintlstudiesrepository.org/cgi/viewcontent.cgi?params=/context/acwp_aff/article/1015/&path_info=Environmental_enrichment_and_prior_experience_of_live_prey_improve_foraging_behaviour_in_hatchery.pdf
https://www.wellbeingintlstudiesrepository.org/cgi/viewcontent.cgi?params=/context/acwp_aff/article/1015/&path_info=Environmental_enrichment_and_prior_experience_of_live_prey_improve_foraging_behaviour_in_hatchery.pdf
https://cdnsciencepub.com/doi/abs/10.1139/cjfas-2013-0147?journalCode=cjfas
https://cdnsciencepub.com/doi/abs/10.1139/cjfas-2013-0147?journalCode=cjfas
https://cdnsciencepub.com/doi/abs/10.1139/cjfas-2013-0147?journalCode=cjfas
https://www.omicsonline.org/open-access/use-of-bottom-structure-and-tank-cover-during-rainbow-trout-rearing-in-circular-tanks-2332-2608-1000247-94316.html
https://www.omicsonline.org/open-access/use-of-bottom-structure-and-tank-cover-during-rainbow-trout-rearing-in-circular-tanks-2332-2608-1000247-94316.html
https://www.omicsonline.org/open-access/use-of-bottom-structure-and-tank-cover-during-rainbow-trout-rearing-in-circular-tanks-2332-2608-1000247-94316.html
https://www.webapps.nwfsc.noaa.gov/assets/11/6716_12142010_101043_Maynard.et.al.1994a-rev.pdf
https://www.webapps.nwfsc.noaa.gov/assets/11/6716_12142010_101043_Maynard.et.al.1994a-rev.pdf
https://www.webapps.nwfsc.noaa.gov/assets/11/6716_12142010_101043_Maynard.et.al.1994a-rev.pdf
https://www.webapps.nwfsc.noaa.gov/assets/11/6716_12142010_101043_Maynard.et.al.1994a-rev.pdf

A review of physical environmental enrichment with a focus on overhead cover and vertically-suspended

structures

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Nislund J, Rosengren M, Del Villar D, et al. Hatchery tank enrichment
affects cortisol levels and shelter-seeking in Atlantic salmon (Salmo
salar). Can J Fish Aquat Sci. 2013;70(4):585-590.

Roberts LJ, Taylor J, Garcia de Leaniz C. Environmental enrichment
reduces maladaptive risk-taking behavior in salmon reared for
conservation. Biol Conserv. 2011;144:1972-1979.

Baynes SM, Howell BR. Observation on the growth, survival and disease
resistance of juvenile common sole, Solea solea L. J Aquac Fish Manag.
1993;24(1):95-100.

Tuckey LM, Smith TI. Effects of photoperiod and substrate on larval
development and substrate preference of juvenile southern flounder,
Paralichthys lethostigma. J Appl Aquac. 2001;11(1-2):1-20.

Barnes ME, Durben DJ. Effects of partial tank covers on the growth
of juvenile feral rainbow trout during hatchery rearing. N Am J Aquac.
2003;65(4):344-348.

Crank K, Kientz JL, Barnes ME. An evaluation of vertically suspended
environmental enrichment structures during rainbow trout rearing. N Am
J Aquac. 2019;81(1):94-100.

Huysman N, Voorhees JM, Krebs E, et al. Vertically suspended
environmental enrichment improves growth of landlocked fall Chinook
salmon during initial hatchery rearing. Open J Appl Sci. 2020;10(11):725—
731.

Kientz JL, Barnes ME. Structural complexity improves the rearing
performance of rainbow trout in circular tanks. N Am J Aquac.
2016;78(3):203-207.

Krebs E, Barnes ME, Nero PA. Covering rearing tanks improves brown
trout growth and feed conversion. Agricultural Sciences. 2016;7(12):869—
878.

White SC, Krebs E, Huysman N, et al. Use of suspended plastic conduit
arrays during brown trout and rainbow trout rearing in circular tanks. N
Am J Aquac. 2019;81(1):101-106.

Bustard DR, Narver DW. Aspects of the winter ecology of juvenile coho
salmon (Oncorhynchus kisutch) and steelhead trout (Salmo gairdneri). J
Fish Res Board Can. 1975;32(5):667-680.

Butler RL, Hawthorne VM. The reactions of dominant trout to changes in
overhead artificial cover. Trans Am Fish Soc. 1968;97(1):37-41.

Crook DA, Robertson Al. Relationships between riverine fish and woody
debris: implications for lowland rivers. Mar Freshw Res. 1999;50(8):941—
953.

Hartzler JR. The effects of half-log covers on angler harvest and standing
crop of brown trout in McMichaels Creek, Pennsylvania. N Am J Fish
Manag. 1983;3(3):228-238.

Helfman GS. The advantage to fishes of hovering in shade. Copeia.
1981;1981(2):392-400.

Keith RM, Bjornn TC, Meehan WR, et al. Response of juvenile salmonids
to riparian and instream cover modifications in small streams flowing
through second-growth forests of Southeast Alaska. Trans Am Fish Soc.
1998;127(6):889-907.

Meehan WR, Brusven MA, Ward JF. Effects of artificial shading on
distribution and abundance of juvenile Chinook salmon (Oncorhynchus
tshawytscha). Great Basin Nat. 1987;47(1):22-31.

Pickering AD, Griffiths R, Pottinger TG. A comparison of the effects
of overhead cover on the growth, survival and haematology of juvenile
Atlantic salmon, Salmo salar L., brown trout, Salmo trutta L., and rainbow
trout, Salmo gairdneri Richardson. Aquaculture. 1987;66(2):109—124.

Smith RW, Griffith JS. Survival of rainbow trout during their first winter
in the Henrys Fork of the Snake River, Idaho. Trans Am Fish Soc.
1994;123(5):747-756.

48.

49.

50.

S1.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Copyright:

©2026 Roduner etal. 117

Swales S, Lauzier RB, Levings CD. Winter habitat preferences of
juvenile salmonids in two interior rivers in British Columbia. Can J Zool.
1986;64:1506-1514.

Wagner EJ, Ross DA, Routledge D, et al. Performance and behavior
of cutthroat trout (Oncorhynchus clarki) reared in covered raceways or
demand fed. Aquaculture. 1995.

Witzel LD, MacCrimmon HR. Redd-site selection by brook trout in
southwestern Ontario streams. Trans Am Fish Soc. 1983;112(6):760-771.

Kemp PS, Gessel MH, Williams JG. Seaward migrating subyearling
Chinook salmon avoid overhead cover. J Fish Biol. 2005;67(5):1381—
1391.

Molony B. Environmental Requirements and Tolerances of Rainbow
Trout (Oncorhynchus mykiss) and Brown Trout (Salmo trutta) With
Special Reference to Western Australia: A Review. Western Australia
Department of Fisheries; 2001.

Saraiva JL, Nogueirinha M, Teoddsio R, et al. The effect of tank cover on
welfare of farmed Nile tilapia. Appl Anim Behav Sci. 2021;241:105396.

Beitlich JH, Jennings BH, Lasee BA, et al. Introduction to Fish Health
Management. 2nd ed. US Fish and Wildlife Service; 1995.

Piper RG, McElwain IB, Orme LE, et al. Fish Hatchery Management. US
Fish and Wildlife Service; 1982.

Stevenson JP. Trout Farming Manual. Fishing News Books Ltd; 1980.

Kaunda EKW, Anderson JL, Kang>ombe J, et al. Effect of clear plastic
pond sheeting on water temperature and growth of Tilapia rendalli in
earthen ponds. Aquac Res. 2007;38(10):1113—1116.

Roadhouse S, Saari MJ, Roadhouse D. Behavioral and biochemical
correlates of hatchery rearing methods on lake trout. Prog Fish-Cult.
1986;48(1):38-42.

Roberts LI, Taylor J, Gough PJ, et al. Silver spoons in the rough: can
environmental enrichment improve survival of hatchery Atlantic salmon
Salmo salar in the wild? J Fish Biol. 2014;85(6):1972-1991.

Walker LM, Parker TM, Barnes ME. Full and partial overhead tank
cover improves rainbow trout rearing performance. N Am J Aquac.
2016;78(1):20-24.

Allen KO. Effect of overhead cover on growth and survival of channel
catfish in circular tanks. Prog Fish-Cult. 1973;35(4):213.

Barnes ME, Miller J, Durben DJ. Partial overhead tank cover use during
feral brown trout rearing. N Am J Aquac. 2005;67(4):319-323.

Tabor RA, Wurtsbaugh WA. Predation risk and importance of cover
for juvenile rainbow trout in lentic systems. Trans Am Fish Soc.
1991;120(6):728-738.

Lee YC, Kuo IP, Chung YT, et al. Effect of shading ratio on Japanese
sea bass (Lateolabrax japonicus) and Asian sea bass (Lates calcarifer)
aquaculture. Fishes. 2025;10(10).

Wagner EJ, Bosakowski T. Performance and behavior of rainbow trout
reared in covered raceways. Prog Fish-Cult. 1994;56:123—129.

Becket KH, Barnes ME. Rearing with overhead cover influences rainbow
trout behavior. Proc South Dakota Acad Sci. 2015;94.

McCrimmon H, Kwain W. Use of overhead cover by rainbow trout exposed
to a series of light intensities. J Fish Res Board Can. 1965;23(7):983-990

Kwain W, McCrimmon HR. Further observations on the response of
rainbow trout, Salmon gairdneri, to overhead light. J Fish Res Board Can.
1969;26(12):3233-3237.

Dayrit GB, Cruz EMYV, Rodkhum C, et al. Potential influence of shading
in freshwater ponds on the water quality parameters and the hematological
and biochemical profiles of Nile tilapia (Oreochromis niloticus Linnaeus,
1758). Fishes. 2023;8(6):322

Citation: Roduner KA, Barnes ME. A review of physical environmental enrichment with a focus on overhead cover and vertically-suspended structures. | Aquac
Mar Biol. 2026;15(2):112—118.DOI: 10.15406/jamb.2026.15.00450


https://doi.org/10.15406/jamb.2026.15.00450
https://orbit.dtu.dk/en/publications/hatchery-tank-enrichment-affects-cortisol-levels-and-shelter-seek/
https://orbit.dtu.dk/en/publications/hatchery-tank-enrichment-affects-cortisol-levels-and-shelter-seek/
https://orbit.dtu.dk/en/publications/hatchery-tank-enrichment-affects-cortisol-levels-and-shelter-seek/
https://www.cabidigitallibrary.org/doi/full/10.5555/20113223643
https://www.cabidigitallibrary.org/doi/full/10.5555/20113223643
https://www.cabidigitallibrary.org/doi/full/10.5555/20113223643
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2109.1993.tb00831.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2109.1993.tb00831.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2109.1993.tb00831.x
https://www.scirp.org/reference/referencespapers?referenceid=2451096
https://www.scirp.org/reference/referencespapers?referenceid=2451096
https://www.scirp.org/reference/referencespapers?referenceid=2451096
https://onlinelibrary.wiley.com/doi/10.1577/C03-002
https://onlinelibrary.wiley.com/doi/10.1577/C03-002
https://onlinelibrary.wiley.com/doi/10.1577/C03-002
https://onlinelibrary.wiley.com/doi/abs/10.1002/naaq.10064
https://onlinelibrary.wiley.com/doi/abs/10.1002/naaq.10064
https://onlinelibrary.wiley.com/doi/abs/10.1002/naaq.10064
https://www.scirp.org/journal/paperinformation?paperid=104316
https://www.scirp.org/journal/paperinformation?paperid=104316
https://www.scirp.org/journal/paperinformation?paperid=104316
https://www.scirp.org/journal/paperinformation?paperid=104316
https://www.tandfonline.com/doi/abs/10.1080/15222055.2016.1159629
https://www.tandfonline.com/doi/abs/10.1080/15222055.2016.1159629
https://www.tandfonline.com/doi/abs/10.1080/15222055.2016.1159629
https://www.scirp.org/journal/paperinformation?paperid=72958
https://www.scirp.org/journal/paperinformation?paperid=72958
https://www.scirp.org/journal/paperinformation?paperid=72958
https://onlinelibrary.wiley.com/doi/abs/10.1002/naaq.10076
https://onlinelibrary.wiley.com/doi/abs/10.1002/naaq.10076
https://onlinelibrary.wiley.com/doi/abs/10.1002/naaq.10076
https://www.scirp.org/reference/referencespapers?referenceid=1937580
https://www.scirp.org/reference/referencespapers?referenceid=1937580
https://www.scirp.org/reference/referencespapers?referenceid=1937580
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8659%281968%2997%5B37%3ATRODTT%5D2.0.CO%3B2
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8659%281968%2997%5B37%3ATRODTT%5D2.0.CO%3B2
https://connectsci.au/mf/article-abstract/50/8/941/145090/Relationships-between-riverine-fish-and-woody?redirectedFrom=fulltext
https://connectsci.au/mf/article-abstract/50/8/941/145090/Relationships-between-riverine-fish-and-woody?redirectedFrom=fulltext
https://connectsci.au/mf/article-abstract/50/8/941/145090/Relationships-between-riverine-fish-and-woody?redirectedFrom=fulltext
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8659(1983)3%3C228:TEOHCO%3E2.0.CO;2
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8659(1983)3%3C228:TEOHCO%3E2.0.CO;2
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8659(1983)3%3C228:TEOHCO%3E2.0.CO;2
https://www.jstor.org/stable/1444228
https://www.jstor.org/stable/1444228
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8659%281998%29127%3C0889%3AROJSTR%3E2.0.CO%3B2
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8659%281998%29127%3C0889%3AROJSTR%3E2.0.CO%3B2
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8659%281998%29127%3C0889%3AROJSTR%3E2.0.CO%3B2
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8659%281998%29127%3C0889%3AROJSTR%3E2.0.CO%3B2
https://scholarsarchive.byu.edu/cgi/viewcontent.cgi?article=3503&context=gbn
https://scholarsarchive.byu.edu/cgi/viewcontent.cgi?article=3503&context=gbn
https://scholarsarchive.byu.edu/cgi/viewcontent.cgi?article=3503&context=gbn
https://www.cabidigitallibrary.org/doi/full/10.5555/19882205082
https://www.cabidigitallibrary.org/doi/full/10.5555/19882205082
https://www.cabidigitallibrary.org/doi/full/10.5555/19882205082
https://www.cabidigitallibrary.org/doi/full/10.5555/19882205082
https://www.tandfonline.com/doi/pdf/10.1577/1548-8659%281994%29123%3C0747%3ASORTDT%3E2.3.CO%3B2
https://www.tandfonline.com/doi/pdf/10.1577/1548-8659%281994%29123%3C0747%3ASORTDT%3E2.3.CO%3B2
https://www.tandfonline.com/doi/pdf/10.1577/1548-8659%281994%29123%3C0747%3ASORTDT%3E2.3.CO%3B2
https://www.scirp.org/reference/referencespapers?referenceid=1937582
https://www.scirp.org/reference/referencespapers?referenceid=1937582
https://www.scirp.org/reference/referencespapers?referenceid=1937582
https://www.sciencedirect.com/science/article/abs/pii/0044848695010521
https://www.sciencedirect.com/science/article/abs/pii/0044848695010521
https://www.sciencedirect.com/science/article/abs/pii/0044848695010521
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8659%281983%29112%3C760%3ARSBBTA%3E2.0.CO%3B2
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8659%281983%29112%3C760%3ARSBBTA%3E2.0.CO%3B2
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.0022-1112.2005.00833.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.0022-1112.2005.00833.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.0022-1112.2005.00833.x
https://catalogue.nla.gov.au/catalog/2047438
https://catalogue.nla.gov.au/catalog/2047438
https://catalogue.nla.gov.au/catalog/2047438
https://catalogue.nla.gov.au/catalog/2047438
https://www.sciencedirect.com/science/article/abs/pii/S0168159121001830
https://www.sciencedirect.com/science/article/abs/pii/S0168159121001830
https://www.scirp.org/reference/referencespapers?referenceid=1937577
https://www.scirp.org/reference/referencespapers?referenceid=1937577
https://pubs.usgs.gov/publication/95209
https://pubs.usgs.gov/publication/95209
https://agris.fao.org/search/en/providers/122535/records/65ddff2c4c5aef494fd858a7
https://www.academia.edu/123029654/Effect_of_clear_plastic_pond_sheeting_on_water_temperature_and_growth_of_Tilapia_rendalli_in_earthen_ponds
https://www.academia.edu/123029654/Effect_of_clear_plastic_pond_sheeting_on_water_temperature_and_growth_of_Tilapia_rendalli_in_earthen_ponds
https://www.academia.edu/123029654/Effect_of_clear_plastic_pond_sheeting_on_water_temperature_and_growth_of_Tilapia_rendalli_in_earthen_ponds
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8640(1986)48%3C38:BABCOH%3E2.0.CO;2
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8640(1986)48%3C38:BABCOH%3E2.0.CO;2
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8640(1986)48%3C38:BABCOH%3E2.0.CO;2
https://onlinelibrary.wiley.com/doi/abs/10.1111/jfb.12544
https://onlinelibrary.wiley.com/doi/abs/10.1111/jfb.12544
https://onlinelibrary.wiley.com/doi/abs/10.1111/jfb.12544
https://www.tandfonline.com/doi/full/10.1080/15222055.2015.1090504
https://www.tandfonline.com/doi/full/10.1080/15222055.2015.1090504
https://www.tandfonline.com/doi/full/10.1080/15222055.2015.1090504
https://academic.oup.com/naja/article-abstract/35/4/213/7880689?redirectedFrom=fulltext
https://academic.oup.com/naja/article-abstract/35/4/213/7880689?redirectedFrom=fulltext
https://academic.oup.com/naja/article-abstract/67/4/319/7849110
https://academic.oup.com/naja/article-abstract/67/4/319/7849110
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8659(1991)120%3C0728:PRATIO%3E2.3.CO;2
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8659(1991)120%3C0728:PRATIO%3E2.3.CO;2
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8659(1991)120%3C0728:PRATIO%3E2.3.CO;2
https://www.mdpi.com/2410-3888/10/10/490
https://www.mdpi.com/2410-3888/10/10/490
https://www.mdpi.com/2410-3888/10/10/490
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8640(1994)056%3C0123:PABORT%3E2.3.CO;2
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-8640(1994)056%3C0123:PABORT%3E2.3.CO;2

A review of physical environmental enrichment with a focus on overhead cover and vertically-suspended

structures

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Corson BW, Brezosky PE. Hatchery production experiment designed to
prevent sunburn in landlocked salmon. Prog Fish-Cult. 1961;23(4):175—
178.

Steucke EW, Allison LH, Piper RG, et al. Effects of light and diet on
the incidence of cataract in hatchery-reared lake trout. Prog Fish-Cult.
1968;30(4):220-226.

Ribeiro HV, Acre MR, Faulkner JD, et al. Effects of shady environments
on fish collective behavior. Sci Rep. 2022;12(1):17873.

Salvanes AG, Moberg O, Ebbesson LO, et al. Environmental enrichment
promotes neural plasticity and cognitive ability in fish. Proc R Soc B Biol
Sci. 2013;280(1767):20131331.

Huysman N, Robidoux M, Morris B, et al. Behavioral response of
multiple rainbow trout to vertically suspended environmental enrichment.
Aquac J. 2022;2(2):180-185.

Zhang Z, Lin W, Li Y, et al. Physical enrichment for improving welfare
in fish aquaculture and fitness of stocking fish: a review of fundamentals,
mechanisms, and applications. Aquaculture. 2023;574:739651.

Bergendahl 1A, Salvanes AGV, Braithwaite VA. Determining the effects
of duration and recency of exposure to environmental enrichment. Appl!
Anim Behav Sci. 2016;176:163-169.

Caasi JMA, Barnes JM, Barnes ME. Impact of vertically-suspended
environmental enrichment and two densities of fish on circular tank
velocity profiles. Engineering. 2020;12(10):723-738.

Kientz JL, Crank KM, Barnes ME. Enrichment of circular tanks with
vertically suspended strings of colored balls improves rainbow trout
rearing performance. N Am J Aquac. 2018;80(2):162—-167.

Chapman A, Huysman N, Voorhees JM, et al. Color of vertically-
suspended environmental enrichment does not effect juvenile rainbow
trout growth during hatchery rearing. Int J Fish Aquat Stud. 2020;8(3):32—
36.

Huysman N, Krebs E, Voorhees JM, et al. Use of two vertically-suspended
environmental enrichment arrays during rainbow trout rearing in circular
tanks. Int J Innov Stud Aquat Biol Fish. 2019;5(1).25-30.

Matthew J, Treft CE, Voorhees JM, et al. Use of vertically-suspended
environmental enrichment during intensive rearing of juvenile bluegill.
Aquac Fish. 2025;9(1).

Muggli AM, Barnes JM, Barnes ME. Vertically-suspended environmental
enrichment alters the velocity profiles of circular fish rearing tanks. World
J Eng Technol. 2019;7(1):208-226.

Moine J, Barnes ME, Kientz J, et al. Flow patterns in circular rearing
tanks containing vertical structure. J Fish Livest Prod. 2016;4(4).

Morris B, Huysman N, Voorhees JM, et al. Rainbow trout locations in a
circular tank containing vertically-suspended environmental enrichment.
J Agric Res Aquat Sci. 2021;1(1):1-6.

Voorhees JM, Huysman N, Krebs E, et al. Influence of water velocity and
vertically-suspended structures on rainbow trout rearing performance.
Open J Anim Sci. 2020;10(1):152—-161.

Huysman N, Krebs E, Voorhees JM, et al. Use of a large vertically-
suspended rod array in circular tanks during juvenile rainbow trout
rearing. Int J Mar Biol Res. 2019;4(1):1-5.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

10

—_

102.

Copyright:

©2026 Roduner etal. 118

Krebs E, Huysman N, Voorhees JM, et al. Suspended arrays improve
rainbow trout growth during hatchery rearing in circular tanks. /nt J
Aquac Fish Sci. 2018:27-30.

White SC, Barnes ME, Krebs E, et al. Addition of vertical enrichment
structures does not improve growth of three salmonid species during
hatchery rearing. J Mar Biol Aquac. 2018;4(1):48-52.

Crank K, Voorhees JM, Barnes ME. Predator avoidance of rainbow trout
reared with environmental enrichment. J Fish Aquac Dev. 2019;3(1).

Morris B, Huysman N, Krebs E, et al. Use of vertically-suspended
environmental enrichment during early rainbow trout rearing. J Fish Sci.
2020;14(6):1-5.

. Voorhees JM, Huysman N, Krebs E, et al. Use of exercise and structure

during rainbow trout rearing. Open J Appl Sci. 2020;10(5):258-269.

Jones MD, Voorhees JM, Huysman N, et al. Use of different colours of
vertically-suspended structure during the hatchery rearing of juvenile
landlocked fall Chinook salmon (Oncorhynchus tshawytscha, Walbaum).
Int J Fish Aquac. 2020;12(2):21-25.

Robidoux MJ, Mauck T, Huysman N, et al. A comparison of blue and
silver vertically-suspended environmental enrichment during Chinook
salmon and rainbow trout rearing. /nt J Aquac Fish Sci. 2022;8(3):87-91.

Jones MD, Krebs E, Huysman N, et al. Rearing performance of Atlantic
salmon grown in circular tanks with vertically-suspended environmental
enrichment. Open J Anim Sci. 2019;9(2):249-257.

Cabrera-Alvarez MJ, Arechavala-Lopez P, Mignucci A, et al
Environmental enrichment reduces the effects of husbandry stressors in
gilthead seabream broodstock. Aquac Rep. 2024;37:102256.

Oliveira AR, Cabrera-Alvarez MJ, Soares F, et al. Structural enrichment
promotes natural behaviour and welfare of captive gilthead seabream
broodstock. Appl Anim Behav Sci. 2024;275:106289.

Arechavala-Lopez P, Nufiez-Velazquez S, Diaz-Gil C, et al. Suspended
structures reduce variability of group risk-taking responses of
Dicentrarchus labrax juvenile reared in tanks. Fishes. 2022;7(3):126

Arechavala-Lopez P, Diaz-Gil C, Saraiva JL, et al. Effects of structural
environmental enrichment on welfare of juvenile seabream (Sparus
aurata). Aquac Rep. 2019;15:100224.

Li Z, Zhou S, He J, et al. Environmental enrichment improves behaviors
rather than the growth and physiology of rock bream Oplegnathus
fasciatus. J Fish Biol. 2024;104(3):758-768.

Subramani PA, Gennaraki MA, Gabel M, et al. The immunomodulatory
effects of physical enrichment in rainbow trout (Oncorhynchus mykiss).
Aquac Res. 2025;2025(1).

. Rosburg AJ, Fletcher BL, Barnes ME, et al. Vertically-suspended

environmental enrichment structures improves the growth of juvenile
landlocked fall Chinook salmon. Int J Innov Stud Aquat Biol Fish.
2019;5(1):17-24.

Thomas M, Reynaud JG, Ledoré Y, et al. Enrichment in a fish polyculture:
does it affect fish behaviour and development of only one species or both?
Appl Sci. 2022;12(7):1-12.

Citation: Roduner KA, Barnes ME. A review of physical environmental enrichment with a focus on overhead cover and vertically-suspended structures. | Aquac
Mar Biol. 2026;15(2):112—118.DOI: 10.15406/jamb.2026.15.00450


https://doi.org/10.15406/jamb.2026.15.00450
https://academic.oup.com/naja/article-abstract/23/4/175/7880158?redirectedFrom=fulltext
https://academic.oup.com/naja/article-abstract/23/4/175/7880158?redirectedFrom=fulltext
https://academic.oup.com/naja/article-abstract/23/4/175/7880158?redirectedFrom=fulltext
https://www.tandfonline.com/doi/abs/10.1577/1548-8640%281968%2930%5B220%3AEOLADO%5D2.0.CO%3B2
https://www.tandfonline.com/doi/abs/10.1577/1548-8640%281968%2930%5B220%3AEOLADO%5D2.0.CO%3B2
https://www.tandfonline.com/doi/abs/10.1577/1548-8640%281968%2930%5B220%3AEOLADO%5D2.0.CO%3B2
https://www.nature.com/articles/s41598-022-22515-3
https://www.nature.com/articles/s41598-022-22515-3
https://pubmed.ncbi.nlm.nih.gov/23902903/
https://pubmed.ncbi.nlm.nih.gov/23902903/
https://pubmed.ncbi.nlm.nih.gov/23902903/
https://www.mdpi.com/2673-9496/2/2/9
https://www.mdpi.com/2673-9496/2/2/9
https://www.mdpi.com/2673-9496/2/2/9
https://www.sciencedirect.com/science/article/abs/pii/S0044848623004258
https://www.sciencedirect.com/science/article/abs/pii/S0044848623004258
https://www.sciencedirect.com/science/article/abs/pii/S0044848623004258
https://www.sciencedirect.com/science/article/abs/pii/S0168159115003068
https://www.sciencedirect.com/science/article/abs/pii/S0168159115003068
https://www.sciencedirect.com/science/article/abs/pii/S0168159115003068
https://www.scirp.org/journal/paperinformation?paperid=103542
https://www.scirp.org/journal/paperinformation?paperid=103542
https://www.scirp.org/journal/paperinformation?paperid=103542
https://onlinelibrary.wiley.com/doi/abs/10.1002/naaq.10017
https://onlinelibrary.wiley.com/doi/abs/10.1002/naaq.10017
https://onlinelibrary.wiley.com/doi/abs/10.1002/naaq.10017
https://www.fisheriesjournal.com/archives/2020/vol8issue3/PartA/8-2-18-576.pdf
https://www.fisheriesjournal.com/archives/2020/vol8issue3/PartA/8-2-18-576.pdf
https://www.fisheriesjournal.com/archives/2020/vol8issue3/PartA/8-2-18-576.pdf
https://www.fisheriesjournal.com/archives/2020/vol8issue3/PartA/8-2-18-576.pdf
https://arcjournals.org/article/2731
https://arcjournals.org/article/2731
https://arcjournals.org/article/2731
https://www.heraldopenaccess.us/openaccess/use-of-vertically-suspended-environmental-enrichment-during-intensive-rearing-of-juvenile-bluegill
https://www.heraldopenaccess.us/openaccess/use-of-vertically-suspended-environmental-enrichment-during-intensive-rearing-of-juvenile-bluegill
https://www.heraldopenaccess.us/openaccess/use-of-vertically-suspended-environmental-enrichment-during-intensive-rearing-of-juvenile-bluegill
https://www.scirp.org/journal/paperinformation?paperid=90504
https://www.scirp.org/journal/paperinformation?paperid=90504
https://www.scirp.org/journal/paperinformation?paperid=90504
https://www.omicsonline.org/peer-reviewed/flow-patterns-in-circular-rearing-tanks-containing-vertical-structurep-83594.html
https://www.omicsonline.org/peer-reviewed/flow-patterns-in-circular-rearing-tanks-containing-vertical-structurep-83594.html
https://www.scirp.org/journal/paperinformation?paperid=97940
https://www.scirp.org/journal/paperinformation?paperid=97940
https://www.scirp.org/journal/paperinformation?paperid=97940
https://symbiosisonlinepublishing.com/marine-biology-research/marine-biology-research32.pdf
https://symbiosisonlinepublishing.com/marine-biology-research/marine-biology-research32.pdf
https://symbiosisonlinepublishing.com/marine-biology-research/marine-biology-research32.pdf
https://www.agriscigroup.us/abstracts/IJAFS-4-140
https://www.agriscigroup.us/abstracts/IJAFS-4-140
https://www.agriscigroup.us/abstracts/IJAFS-4-140
https://www.gavinpublishers.com/article/view/predator-avoidance-of-rainbow-trout-reared-with-environmental-enrichment
https://www.gavinpublishers.com/article/view/predator-avoidance-of-rainbow-trout-reared-with-environmental-enrichment
https://www.itmedicalteam.pl/abstract/use-of-verticallysuspended-environmental-enrichment-during-early-rainbow-trout-rearing-105345.html?utm_source=chatgpt.com
https://www.itmedicalteam.pl/abstract/use-of-verticallysuspended-environmental-enrichment-during-early-rainbow-trout-rearing-105345.html?utm_source=chatgpt.com
https://www.itmedicalteam.pl/abstract/use-of-verticallysuspended-environmental-enrichment-during-early-rainbow-trout-rearing-105345.html?utm_source=chatgpt.com
https://www.scirp.org/html/6-2311187_100559.htm
https://www.scirp.org/html/6-2311187_100559.htm
https://academicjournals.org/journal/IJFA/article-full-text/E2D89AC64260
https://academicjournals.org/journal/IJFA/article-full-text/E2D89AC64260
https://academicjournals.org/journal/IJFA/article-full-text/E2D89AC64260
https://academicjournals.org/journal/IJFA/article-full-text/E2D89AC64260
https://www.agriscigroup.us/articles/IJAFS-8-182.pdf
https://www.agriscigroup.us/articles/IJAFS-8-182.pdf
https://www.agriscigroup.us/articles/IJAFS-8-182.pdf
https://www.scirp.org/html/8-1400765_91902.htm
https://www.scirp.org/html/8-1400765_91902.htm
https://www.scirp.org/html/8-1400765_91902.htm
https://www.sciencedirect.com/science/article/pii/S2352513424003442
https://www.sciencedirect.com/science/article/pii/S2352513424003442
https://www.sciencedirect.com/science/article/pii/S2352513424003442
https://www.sciencedirect.com/science/article/abs/pii/S0168159124001370
https://www.sciencedirect.com/science/article/abs/pii/S0168159124001370
https://www.sciencedirect.com/science/article/abs/pii/S0168159124001370
https://www.mdpi.com/2410-3888/7/3/126
https://www.mdpi.com/2410-3888/7/3/126
https://www.mdpi.com/2410-3888/7/3/126
https://www.sciencedirect.com/science/article/pii/S235251341930211X
https://www.sciencedirect.com/science/article/pii/S235251341930211X
https://www.sciencedirect.com/science/article/pii/S235251341930211X
https://onlinelibrary.wiley.com/doi/10.1111/jfb.15604
https://onlinelibrary.wiley.com/doi/10.1111/jfb.15604
https://onlinelibrary.wiley.com/doi/10.1111/jfb.15604
https://onlinelibrary.wiley.com/doi/10.1155/are/5548857
https://onlinelibrary.wiley.com/doi/10.1155/are/5548857
https://onlinelibrary.wiley.com/doi/10.1155/are/5548857
https://arcjournals.org/international-journal-of-innovative-studies-in-aquatic-biology-and-fisheries/volume-5-issue-1/4
https://arcjournals.org/international-journal-of-innovative-studies-in-aquatic-biology-and-fisheries/volume-5-issue-1/4
https://arcjournals.org/international-journal-of-innovative-studies-in-aquatic-biology-and-fisheries/volume-5-issue-1/4
https://arcjournals.org/international-journal-of-innovative-studies-in-aquatic-biology-and-fisheries/volume-5-issue-1/4
https://www.mdpi.com/2076-3417/12/7/3674
https://www.mdpi.com/2076-3417/12/7/3674
https://www.mdpi.com/2076-3417/12/7/3674

