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Synopsis

In this study, we contrast brain morphology from hatchery and wild reared stocks to examine the hypothesis that
in salmonid fishes, captive rearing produces changes in brain development. Using rainbow trout, Oncorhynchus
mykiss, as a model, we measured eight regions of the salmonid brain to examine differences between wild
and hatchery reared fish. We find using multiple analysis of covariance (MANCOVA), analysis of covariance
(ANCOVA) and discriminant function analysis (DFA) that the brains of hatchery reared fish are relatively
smaller in several critical measures than their wild counterparts. Our work may suggest a mechanistic basis
for the observed vulnerability of hatchery fish to predation and their general low survival upon release into the
wild. Our results are the first to highlight the effects of hatchery rearing on changes in brain development in
fishes.

Introduction

The majority of wild stocks of Pacific salmon are
exhibiting precipitous decline throughout their range
(Moyle & Cech 2000). This is particularly evident
in California where populations of three anadro-
mous salmonids (Chinook salmon – Oncorhynchus
tshawytscha, coho salmon – O. kisutch and steelhead
trout – O. mykiss) are currently listed as state or fed-
erally endangered species (Yoshiyama et al. 2000).
Some population declines have been quite dramatic.
For example, the overall abundance of Chinook salmon
in the Central Valley of California has decreased more
than 75% since the 1950s (Yoshiyama et al. 1998,
2000, Yoshiyama 1999). In order to support contin-
ued economic harvest of these species, millions of
dollars have been spent in rearing hatchery fish for
wild stock enhancement. Yet the use of hatcheries to
replace wild production of fishes has been widely crit-
icized by ecologists and evolutionary biologists, partly

because hatchery fish appear to be phenotypically
less fit for survival in natural systems than wild fish
(Brannon 1993).

Numerous studies have shown that brain struc-
tures often reflect the manner in which a species
has adapted to a particular environment or selection
regime (Masai et al. 1982, Brandstatter & Kotrschal
1990, Plognamm & Kruska 1990, Healy & Guilford
1990, Kotrschal & Palzenberger 1992, Huber &
Rylander 1992, Ebinger & Rohrs 1995, Huber et al.
1997, Kotrschal et al. 1998, Ishikawa et al. 1999).
Considerable progress has been made elucidating envi-
ronmental effects on brain development in a variety
of mammalian species, but few studies using animal
models have placed these questions in an applied con-
text. Fish brains are particularly amenable to rela-
tively crude investigation since processing of sensory
information occurs in large identifiable, anatomically
distinct structures. These structures can be easily mea-
sured in the intact fish brain, and patterns can be
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explored in relatively large data sets using multivariate
statistical techniques (Brandstatter & Kotrschal 1990,
Kotrschal & Palzenberger 1992, Huber & Rylander
1992, Huber et al. 1997, Kotrschal et al. 1998).

In this study, we adopted a simple ecomorphologi-
cal approach to screen for possible influences of hatch-
ery rearing practices on the brains of a rainbow trout,
Oncorhynchus mykiss. We compared brain morphol-
ogy from hatchery and wild reared stocks to examine
the hypothesis that in salmonid fishes, captive rearing
produces changes in brain development.

Methods

The study was conducted between October 1999 and
June 2000. All fish were brought to the laboratory (John
Muir Institute of Ecology at UC Davis) where they were
held for less than one day. Scale samples and otoliths
were removed for age identification of wild fish. Sex
and age were determined upon dissection.

Animal collection

To control for genetic variability (Ishikawa et al.
1999), we sampled a total of 99 brains from two
strains of hatchery fish and two geographically dis-
tant populations of wild fish. Whitney strain rainbow
trout (N = 35) were obtained from Nimbus Trout
Hatchery, Rancho Cordova, CA and Shasta strain
rainbow trout (N = 16) were obtained from Darrah
Springs State Fish Hatchery, Red Bluff, CA. Whitney
strain has been in production continuously since 1917,
whereas the Shasta strain has been propagated since the
early 1950s (Barngrover 1990). The strains are thus
considered to be genetically unique. Wild fish were
obtained by backpack electrofishing in two creeks in
Northern California, Big Valley Creek, Lake County,
CA (N = 37), and Little Chico Creek, Butte County,
CA (N = 11). The streams containing wild fish were
chosen because they had not been stocked with hatch-
ery fish according to regional experts (P. Moyle &
P. Maslin personal communication). Big Valley Creek
fish were collected between October and Decem-
ber 1999. Little Chico Creek fish were collected in
early March 2000. The hatchery fish from both sources
ranged in age from 1 to 2 years old, and the wild fish
ranged in age from 1 to 4 years old. Hatchery fish tended
to be larger (111–290 mm standard length) than wild
fish (95–215 mm standard length).

Tissue preparation

Each fish was deeply anesthetized (MS-222, buffered
3-Aminobenzoic acid ethyl ester), weighed (±0.01 g)
and measured (standard length, ±0.5 mm) prior to per-
fusion. Fish were perfused intracardially with chilled
heparinized PO4-buffered saline followed by Bouin’s
fixative. The brains were removed and postfixed in
Bouin’s for 24 h and then photographed dorsally
and ventrally using a Nikon HFX Microphotography
Unit mounted on a dissecting scope (Wild M5A).
Photographs were digitized and the linear dimensions
of four brain divisions (olfactory bulb, telencephalon,
optic tectum and cerebellum) were measured. As
an additional potential indicator of olfactory system
growth, we also measured the width of the olfactory
nerve.

Measurements were taken from dorsal view pho-
tographs to the nearest 0.01 mm at 26 times enlarge-
ment using Scion Image for Windows (Meyer
Instruments Inc. 1998, Houston, TX). The length of
the cerebellum was not included in any analyses due to
inabilities to produce accurate measurements from the
photos. To decrease measurement error, all measure-
ments were performed by a single person and measure-
ments were done in triplicate. The numerical average
of these three measurements was used for statistical
analysis.

Statistical analysis

Recognizing that allometric measures of brain size are
naturally correlated, we used a multiple analysis of
covariance model (MANCOVA) with standard length,
origin (hatchery or wild) and age to investigate dif-
ferences between brain measurements from wild and
hatchery reared fish.

For each of the eight independent brain measures, we
then employed an analysis of co-variance (ANCOVA)
model with standard length, origin (hatchery vs. wild),
age, standard length ∗ origin, and age ∗ origin. We
removed interaction terms that were not significant at
p ≥ 0.05. Data for the ANCOVA and MANCOVA
models were ln(x + 1) transformed prior to statistical
analysis.

We applied a discriminant function analysis (DFA)
to the full brain data set to ask how well we could
distinguish wild from hatchery fish based on the eight
brain measures alone. To control for differences in over-
all size, brain measures were standardized to the fish’s
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standard length. All statistical analyses were performed
using JMP for Windows (SAS Institute 1999).

Results

We found significant differences using all eight brain
measures in the MANCOVA model (whole model:
Wilks’ lambda approx. F = 9.11, p < 0.0001)
(Table 1). Least squares means from the ANCOVA’s
indicate in seven out of eight models that hatchery fish
have smaller values for a particular brain measure than
wild fish. For a graphical representation of the data,
we plotted individual brain measures versus standard
length and fitted linear regression lines separately for
the hatchery and wild fish (Figure 1).

Using a MANCOVA model, we found no signifi-
cant differences between the two strains of hatchery
fish (whole model: Wilks’ lambda approx. F = 0.94,
p = 0.504). We did, however, find a significant differ-
ence between the two wild populations (whole model:
Wilks’ lambda approx. F = 9.11, p < 0.0001). Here,
the Little Chico Creek population generally had larger
measures than the Big Canyon Creek populations, but
the direction of the difference from hatchery fish for
both strains was the same (Figure 1).

We then used a DFA to ask how well we could distin-
guish wild from hatchery fish based on the brain mea-
sures alone. For hatchery fish we correctly predicted
their origin in 28/30 fish (93%) and for wild fish we
correctly predicted 35/36 fish (97%).

Discussion

These data suggest that hatchery-rearing practices
influence the growth and development of brain struc-
tures to the extent that a different brain phenotype
can be detected, even by simple anatomical measures.
Brain structures that were most profoundly influenced
included the optic tectum and the telencephalon, areas
that are often linked to aggression, feeding behavior
and reproduction in fishes. Deficiencies in these areas
are consistent with the many behavioral and develop-
mental abnormalities that have been attributed to cap-
tive or hatchery rearing, including changes in predator
avoidance, growth and gaining access to appropriate
mates (Jonsson et al. 1991, Fleming & Gross 1993,
Unwin & Glova 1997, Jonsson 1997, Petersson &
Jarvi 1997, Berejikian et al. 1997, Fleming et al. 1997,
Gross 1998, Hard et al. 2000). Such differences have

been shown to arise through the selection of traits that
are specifically adapted for survival in the hatchery
environment (Gross 1998). Selection for such traits is
often unintentional, but occurs rapidly once wild fish
are placed in captivity (Gross 1998, Fleming & Einum
1997). Farm reared Atlantic salmon, Salmo salar, for
example, show measurable morphological and behav-
ioral differences in aggression and predator avoidance
in only seven generations (Fleming & Einum 1997).

While captivity and subsequent domestication may
alter brain phenotype over generations (Masai et al.
1982, Ishikawa et al. 1999), both classic (e.g., Wiesel
1982) and more recent studies in other animal models
suggest that the monotony of the hatchery environment
itself is likely to impact neural plasticity and devel-
opment more directly (Kempermann et al. 1997a,b,
Kempermann & Gage 1999, VanPraag et al. 1999,
Jacobs et al. 2000). The present study does not dis-
criminate between genetic and environmental effects.
However, environmental enrichment has recently been
shown to promote neural growth and proliferation in the
dentate-gyrus of the mouse hippocampus, while stress
apparently suppresses the rate of cell proliferation in
a number of mammalian species (reviewed by Jacobs
et al. 2000). Such processes may be even more exagger-
ated in fishes, where neurogenesis continues through-
out life, thus allowing experience and environmental
enrichment to play a more proximate role in shaping
brain phenotype (Kotrschal et al. 1998).

These issues are particularly important when endan-
gered fishes are taken out of the wild to be maintained
in captive rearing programs (Philippart 1995, Snyder
et al. 1996). The environmental landscape of a typical
fish hatchery is deprived of many of the natural sen-
sory inputs a wild fish would encounter. Standard cap-
tive rearing environments lack temporally and spatially
changing olfactory and visual cues; fish experience lit-
tle or no contact with living organisms other than con-
specifics or hatchery workers. There are no predators
to avoid or live prey to pursue. Such programs tend
to be designed to preserve genetic strains of fish with-
out regard to the critical role phenotypic plasticity may
play in the life history of the species (Shumway 1999),
or the potential impact of domestication when animals
must be maintained for several generations (Philippart
1995).

By illustrating phenotypic differences between
hatchery and wild reared fish in an organ as funda-
mental to behavior as the brain, the present study
adds to a growing body of literature in providing a
dramatic illustration for why such practices need to
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Figure 1. Eight separate brain measures [ln(x + 1) transformed measurements] are plotted relative to fish standard length. Fish origin
(hatchery or wild) and linear regressions are indicated for clarity. Wild fish are represented by triangles and solid lines: solid triangles = fish
from Big Valley Creek, empty triangles = fish from Little Chico Creek. Hatchery fish are represented by open circles and dashed
lines. Hatchery fish (N = 51) were obtained from two state run hatcheries in Northern California. Wild fish (N = 48) were obtained
by backpack electrofishing from two streams in Northern California. Due to statistical equivalency both hatchery strains are shown
together.

be revisited in conservation efforts to preserve wild
salmon. Understanding how environmental enrichment
or captive rearing practices influences neural prolifer-
ation and development may well be a topic of concern
for hatchery managers and conservation biologists of
the future.

Acknowledgements

We thank P. Swanson, M. Hoopes, P. Karieva,
J. Fordyce, J. Watters and S. Lema for thoughtfully

reviewing or discussing this manuscript. We are
grateful to Nimbus and Dara Springs California
Department of Fish and Game State Fish Hatcheries
for graciously supplying fish for the study and
for assistance from P. Maslin in collecting the
Little Chico Creek fish. All activities were con-
ducted under the guidelines dictated by the Com-
mittee on Animal Care and Use at UC Davis. This
work was supported by the Whitehall Foundation
(#J16-15) and an NIH First Award (#R29DC03174-04)
to GAN.



14

References cited

Barngrover, B.G. 1990. Rainbow trout strains in California state
hatcheries. California Fish and Game 76: 91–102.

Berejikian, B.A., E.P. Tezak, S.L. Schroder, C.M. Knudsen &
J.J. Hard. 1997. Reproductive behavioral interactions between
wild and captively reared coho salmon (Oncorhynchus kisutch).
ICES J. Mar. Sci. 54: 1040–1050.

Brandstatter, R. & K. Kortschal. 1990. Brain growth patterns in
four European cyprinid fish species (Cyprinidae, Teleostei),
roach (Rutilus rutilus), bream (Abramis brama), common carp
(Cyprinus carpio) and saber carp (Pelecus cultratus). Brain
Behav. Evol. 35: 195–211.

Brannon, E.L. 1993. The perpetual oversight of hatchery
programs. Fish. Res. (Amst.) 18: 19–27.

Ebinger, P. & M. Rohrs. 1995. Domestication and plasticity of
brain organization in mallards (Anas platyrhynchos). J. Brain
Res. 36: 219–228.

Fleming, I.A. & M.R. Gross. 1993. Breeding success of hatchery
and wild coho salmon (Oncorhynchus kisutch) in competition.
Ecol. App. 3: 230–245.

Fleming, I.A. & S. Einum. 1997. Experimental tests of genetic
divergence of farmed from wild Atlantic salmon due to domes-
tication. ICES J. Mar. Sci. 54: 1051–1063.

Fleming, I.A., A. Lamberg & B. Jonsson. 1997. Effects of
early experience on the reproductive performance of Atlantic
salmon. Behav. Evol. 8: 470–480.

Gross, M.R. 1998. One species with two biologies: Atlantic
salmon (Salmo salar) in the wild and in aquaculture. Can. J.
Fish. Aquat. Sci. 55(suppl.): 131–144.

Hard J.J., B.A. Berejikian, E.P. Tezak, S.L. Schroder,
C.M. Knudsen & L.T. Parker. 2000. Evidence for morphometric
differentiation of wild and captively reared adult coho salmon:
a geometric analysis. Env. Biol. Fish. 58: 61–73.

Healy, S. & T. Guilford. 1990. Olfactory bulb size and nocturnality
in birds. Evolution 44: 339–346.

Huber, R. & M.K. Rylander. 1992. Brain morphology and
turbidity preference in Notropis and related genera (Cyprinidae,
Teleosteii). Env. Biol. Fish. 33: 153–165.

Huber, R., M.J. Staaden, L.S. Kaufman & K.F. Liem. 1997.
Microhabitat use, trophic patterns and the evolution of brain
structures in African cichlids. Brain Behav. Evol. 50: 167–182.

Ishikawa, Y., M. Yoshimoto, N. Yamamoto & H. Ito. 1999.
Different brain morphologies from different genotypes in a sin-
gle teleost species, the medaka (Oryzias latipes). Brain Behav.
Evol. 53: 2–9.

Jacobs, B.L., H. VanPraag & F.H. Gage. 2000. Depression and
the birth and death of brain cells. Amer. Sci. 88: 340–345.

Jonsson, B. 1997. Review of ecological and behavioral interac-
tions between cultured and wild Atlantic salmon. ICES J. Mar.
Sci. 54: 1031–1039.

Jonsson, B., N. Jonsson & L.P. Hansen. 1991. Difference in life
history and migratory behavior between wild and hatchery
reared Atlantic salmon in nature. Aquaculture 98: 69–78.

Kempermann, G., H.G. Kuhn & F.H. Gage. 1997a. Genetic influ-
ence on neurogenesis in the dentate gyrus of adult mice. Proc.
Nat. Acad. Sci. 94: 10409–10414.

Kempermann, G., H.G. Kuhn & F.H. Gage. 1997b. More
hippocampal neurons in adult mice living in an enriched
environment. Nature 386: 493–495.

Kempermann, G. & F.H. Gage. 1999. New nerve cells for the
adult brain. Sci. Amer. May 48–53.

Kotrschal, K. & M. Palzenberger. 1992. Neuroecology of
cyprinids: comparative qualitative histology reveals diverse
brain patterns. Env. Biol. Fish. 33: 135–152.

Kotrschal, K., M.J. VanStaaden & R. Huber. 1998. Fish brains:
evolution and environmental relationships. Rev. Fish. Biol.
Fisheries 8: 373–408.

Masai, H., K. Takatsuji & Y. Sato. 1982. Morphological variabil-
ity of the brains under domestication from the crucian carp to
the goldfish. Z. Zool. Syst. Evol.-Forsch. 20: 112–118.

Moyle, P.B. & J.J. Cech. 2000. Fishes: an introduction to
ichthyology, 4th edn. Prentice Hall, Upper Saddle River.
612 pp.

Petersson, E. & T. Jarvi. 1997. Reproductive behavior of sea trout
(Salmo trutta) – the consequences of sea-ranching. Behavior
134: 1–22.

Philippart, J.C. 1995. Is captive breeding an effective solu-
tion for the preservation of endemic species? Biol. Cons. 72:
281–295.

Plognamm, P. & D. Kruska. 1990. Volumetric comparison of audi-
tory structures in the brains of European wild boars (Sus scrofa)
and domesticated pigs (Sus scrofa f.dom.). Brain Behav. Evol.
35: 146.

Shumway, C.A. 1999. A neglected science: applying behavior to
aquatic conservation. Env. Biol. Fish. 55: 183–201.

Snyder, N.R.F., S.R. Kerrickson, S.R. Bessinger, J.W. Wiley,
T.B. Smith, W.D. Toone & B. Miller. 1996. Limitations of cap-
tive breeding in endangered species recovery. Con. Biol. 10:
338–348.

Unwin, M.J. & G.J. Glova. 1997. Changes in life history
parameters in a naturally spawning population of Chinook
salmon (Oncorhynchus tshawytscha) associated with releases
of hatchery reared fish. Can. J. Fish. Aquat. Sci. 54: 1235–1245.

VanPraag, H., B.R. Christie, T.J. Sejnowski & F.H. Gage.
1999. Running enhances neurogenesis, learning and long-term
potentiation in mice. Proc. Nat. Acad. Sci. 96: 13427–13431.

Wiesel, T.N. 1982. The postnatal development of the visual cortex
and the influence of environment. Nature 299: 583–591.

Yoshiyama, R.M. 1999. A history of salmon and people in
the Central Valley Region of California. Rev. Fish. Sci. 7:
197–239.

Yoshiyama, R.M., F.W. Fisher & P.B. Moyle. 1998. Historical
abundance and decline of Chinook salmon in the Central Valley
region in California. N. Amer. J. Fish. Mang. 18: 487–521.

Yoshiyama R.M., E.R. Gerstung, F.W. Fisher & P.B. Moyle.
2000. Chinook salmon in the California Central Valley: an
assessment. Fisheries 25(2): 6–20.




