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Introduction

Animals bred in captivity, be it for the laboratory, the

farm or human companionship, often have smaller

brains and behave differently than their wild coun-

terparts. Domesticated mammals, such as Norwegian

rats (Rattus norvegicus), pigs (Sus scrofa f. dom.), sheep

(Ovis aries), and cats (Felis catus) typically have brains

8–33% smaller than their wild congeners (when cor-

rected for body size), with the greatest reduction usu-

ally seen in the forebrain (Kruska 1988). Differences

in brain size have been attributed to genetic changes

resulting from selection over multiple generations in

the captive setting, inbreeding depression, pleiotropic

effects of artificial selection for traits such as docility

and increased rates of reproduction, and relaxed

selection pressure (Price 1999). A critical question,

though, is whether differences in brain size between

wild and captive animals are, at least in part, due to

plasticity, not just genetic changes. For instance, an

effect of plasticity is indicated by Kihslinger et al.

(2006) who found that, in salmon (Oncorhynchus

tshawytscha) from the same genetic stock and genera-

tion, hatchery-reared individuals had smaller brains

than wild-caught individuals. This contrasts with data

from feral animals; these domesticated strains of ani-

mals that have re-entered the wild tend to retain the

small brains of their domesticated predecessors (Kru-

ska 2005; O’Regan & Kitchener 2005). Thus, while

there is clear evidence for a genetic basis to domesti-

cation, what remains unknown is how quickly phe-

notypes can change when animals are brought into

captivity. Here, we address this issue by studying

whether brain size responds plastically to rearing

environment by comparing wild-caught Trinidadian

guppies (Poecilia reticulata) to first-generation guppies

reared in laboratory environments varying in size

and spatial complexity.
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Abstract

Animals bred for captivity often have smaller brains and behave differ-

ently than their wild counterparts. These differences in brain size have

been attributed to genetic changes resulting from, for example, inbreed-

ing depression and pleiotropic effects of artificial selection for traits such

as docility. A critical question, though, is whether these differences in

brain size are due to plastic responses to the environment, not just

genetic changes. We observed a large reduction in brain size in first gen-

eration, lab-reared female guppies compared with wild-caught ones

(19% smaller telencephalon, 17% smaller optic tectum). We then

reared first-generation, lab-born guppies in environments varying in

spatial complexity and size in an attempt to isolate factors that might

increase brain size and change temperament, but no significant differ-

ences in phenotype were observed. The results of these experiments

show that, although the environmental factors responsible for the effect

have not been found, even first generation lab-reared individuals can

have smaller brains than wild individuals.
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Brain morphology is plastic, as evidenced by stud-

ies on animals raised in the laboratory in environ-

ments varying in complexity. In general, animals that

developed in enriched environments tend to have

larger brain structures, greater rates of neurogenesis

and higher learning ability than those that developed

in un-enriched environments (reviewed in Rosen-

zweig & Bennett 1996; van Praag et al. 2000). What

makes an environment ‘enriched’ may be species-

specific, but can entail greater structural complexity,

more foraging opportunities, greater spatial area, or

more social interactions (Newberry 1995).

Only a few studies, though, have examined differ-

ences in brain size and behavior between wild ani-

mals and captive-bred animals from enriched and

un-enriched environments. The results vary. Kih-

slinger et al. (2006) compared brain sizes of wild chi-

nook salmon to individuals reared in conventional

(i.e. un-enriched) or enriched hatcheries and found

larger telencephalic lobes and olfactory bulbs in wild

fish, but no significant differences between the

hatchery treatments. Similarly, Kihslinger & Nevitt

(2006) compared brain sizes of wild, juvenile steel-

head salmon (Oncorhynchus mykiss) to fish from two

hatchery treatments, one with small stones on the

bottom and one without; wild fish had larger total

brain volumes than fish from both hatchery treat-

ments, but the cerebella was larger in the wild and

hatchery fish reared with small stones as substrate

when compared with fish raised without stones. On

the other hand, Stuermer & Wetzel (2006) found

that domesticated Mongolian gerbils (Meriones ungui-

culatus) had lower brain weights than wild gerbils,

but the first generation of wild gerbils bred in the

lab did not have lower brain weights than their

wild-caught kin. We cannot presently say whether

these differences between studies are due to, for

example, taxa-specific effects or differences in the

complexity and stimulation provided by laboratory

environments for fish vs. mammals.

Although there are often large differences in brain

size between wild and captive-reared animals, the

general repertoire of behaviors in domesticated ani-

mals appears qualitatively similar to their wild coun-

terparts (reviewed in Price 1999). For instance, the

types of movements used by hatchery and wild cod

to capture and handle live prey are similar (Steingr-

und & Ferno 1997). However, the probability or

rates at which some behaviors are performed can

differ between wild and domesticated fish; for exam-

ple, it has been reported that domesticated fish have

an increased propensity to approach novel objects

(trout: Sundstrom et al. 2004), lower courtship rates

(salmon: Fleming et al. 1996), and more rapid

resumption of behaviors after a predator encounter

(salmon: Einum & Fleming 1997) than their wild

counterparts. Fish bred in hatcheries typically also

show maladaptive responses to predators (e.g. higher

activity levels in the presence of a predator) when

compared with their wild counterparts (reviewed in

Huntingford 2004). Although it is well established

that, across species, brain region size is correlated

with sensory capabilities (primates: Barton 1998;

teleosts: Kotrschal et al. 1998; mammals: Krubitzer

1995) and ecology and behavior (fish: Brandstätter

& Kotrschal 1990; Huber et al. 1997; birds: de Kort

& Clayton 2006; Lefebvre et al. 1997; Lucas et al.

2004; primates: Reader & Laland 2002), whether

brain size differences cause the behavioral differ-

ences between wild and captive animals of the same

species is not known.

Lab environments are also known to affect the

temperament of animals [i.e. consistent individual

differences in behavior across time or context (Réale

et al. 2007)]. For instance, in studies looking at

movement around open areas and exploration of

novel objects, animals reared in enriched environ-

ments generally show less anxiety and fear-related

behavior than individuals reared in un-enriched

environments (mice: Benaroya-Milshtein et al. 2004;

pigs: Bolhuis et al. 2005; rabbits: Hansen & Berthel-

sen 2000; chickens: Jones & Waddington 1992).

In this study, we conducted comparisons of both

brain size and temperament of wild-caught and lab-

reared guppies (Poecilia reticulata). Guppies are a

model organism for the study of mate choice and

anti-predator behavior (Houde 1997; Magurran

2005) and thus it is important to know whether lab-

reared fish are representative of their wild counter-

parts. We first compared telencephalon and optic

tectum size and temperament of wild-caught guppies

with their first generation offspring. Then, in a sepa-

rate experiment with guppies from another popula-

tion, we reared guppies in five types of laboratory

environment that varied in size and spatial complex-

ity and again compared telencephalon and optic

tecta size and temperament. We studied these two

brain regions because they are involved in important

ecologically-relevant functions. For instance, the tel-

encephalon is implicated in spatial memory (Salas

et al. 1996; Portavella et al. 2002; Broglio et al.

2003) and the optic tectum in visual processing and

integration (Kotrschal et al. 1998; Broglio et al.

2003). We also measured exploratory behavior [i.e.

how an individual behaves in novel situations (Réale

et al. 2007)], a temperament trait that can affect
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fitness in the wild (Réale et al. 2007; Smith & Blum-

stein 2008) and is relevant to how animals behave

when subjected to novel experimental procedures

and apparatus.

Method

Part 1: Wild vs. Laboratory Rearing Environment

The phenotypes of wild-caught females were com-

pared with their lab-reared daughters. A total of 26

adult female guppies were captured in low-predation

sites of the Quare River in the Oropuche River

drainage (map grid reference: PS 969 810) in Trini-

dad in 2004 and 2005 and transported in sealed plas-

tic bags filled with conditioned water [containing

Stresscoat (Aquarium Pharmaceuticals, Chalfont, PA,

USA), AmQuel (Kordon, Hayward, CA, USA) and

Novaqua (Kordon)] and highly oxygenated air to the

University of Toronto. The predation regime in the

sites used in this study has been well-established by

numerous previous studies [reviewed in Magurran

(2005)]. The sites are small streams with multiple

pools separated by riffles and small waterfalls; they

change in volume and current during heavy rainfall.

Offspring from these wild-caught mothers were born

and reared in the lab. laboratory tank temperatures

were maintained at 25�C, within the range of tem-

peratures (24–26�C) typically observed in guppy

streams in Trinidad (Reznick & Endler 1982), and

were kept on a 12 h:12 h light–dark schedule. Fish

were fed flake food once per day every day of the

week and live brine shrimp nauplii once per day on

weekdays. Females were likely pregnant when cap-

tured in the wild, but were initially housed in group

tanks with other wild-caught fish from the same

population for a few days and may have also mated

while in captivity. Broods of wild female guppies are

typically sired by multiple males (Houde 1997; Kelly

et al. 1999), so it is unknown whether the offspring

of mothers in this study are full- or half-sibs.

The offspring were reared in similar spatial envi-

ronments in the 2004 and 2005 experiments, but in

different social environments in the 2 yr (Fig. 1). In

2004, 10 wild-caught females were isolated in small

tanks (12.5 cm wide · 30 cm long · 20 cm high,

water filled to 15 cm) with light colored gravel sub-

strate. To reduce the stress of isolation, the females

were in visual contact with guppies in other tanks.

Guppies are live-bearing fish, so offspring were born

live in the tank with their mother. In 2004, male

offspring were removed from the tank at maturity

but female offspring remained in the tank with their

mother present (guppies do not provide parental

care). In 2005, 16 wild-caught females were isolated

in small tanks (same size as above), and their off-

spring were removed from their mother’s tank

within 24 h of birth and placed in another small

tank with their siblings. A maximum of four off-

spring (range 1–4, average 3.0) were placed in each

tank in 2005, depending on the number of offspring

produced by a mother. Body length was measured

using uthscsa imagetool (version 3) from digital

photographs taken of fish anesthetized in MS222

(Canadian Council on Animal Care, 2005). We only

looked at females in this experiment to reduce

differences due to sex.

Wild mothers in both 2004 and 2005 were sacri-

ficed approx. Ten months after being captured as

adults in the wild. Their age at capture is unknown,

but the average age of maturation for guppies from

low-predation populations is 6 mo (Reznick et al.

1997), so, given their body lengths (standard length,

range: 21.0–31.5 mm), the mothers were likely 15 to

18-mo old when sacrificed. Daughters were sacri-

ficed at 12 to 16-mo old, when they were a similar

size to their mothers (size range: 21.9–30.3 mm).

Because we were unable to sacrifice the daughters at

both the same age and same body length as their

mothers (because the daughters grew more quickly

than their mothers), we chose size as the variable to

control because it was more readily measured. Body

length did not differ significantly between mothers

(a)

(b)

Fig. 1: Schematic of the rearing laboratory rearing environments. (a)

In the comparison of wild-caught mothers vs. their lab-reared daugh-

ters, the daughters were raised in un-enriched tanks, in 2004 with

their mother present (grey symbol) and in 2005 with their mother

absent. (b) In the enriched vs. un-enriched environment experiment,

guppies were reared in tanks varying in size and spatial complexity.

Tanks are drawn to scale.
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and daughters (two-tailed paired t-tests: mother

mean = 25.3 mm, daughter mean = 24.9 mm, df =

21, t = 0.68, p = 0.50). An additional 18 females

were captured in same manner from the same popu-

lations in 2006 and sacrificed within 3 wk of trans-

port to the laboratory to compare brain size in

recently caught wild fish with wild fish held in

captivity for longer periods.

Brain size

The procedure for measurement of the telencephalic

lobes and optic tecta (Fig. 2) was as follows. Fish

were euthanized by over-anesthetization in buffered

MS222 (Holloway et al. 2004; Canadian Council on

Animal Care 2005; Barreto et al. 2007) and photo-

graphs taken to determine body length. The fish was

then decapitated, and the brain removed and fixed

in 4% paraformaldehyde for 24 h. Using a micro-

scope-mounted digital camera (Leica DFC280 camera

on a Leica MZ6 dissecting microscope; Leica Micro-

systems, Wetzlar, Germany), a dorsal photograph of

the brain was taken and uthscsa imagetool used to

measure the length, width, and area of each region

from above. The right telencephalon and optic tec-

tum were measured except when they were dam-

aged during dissection, in which case the left

structure was measured. Each fish was coded so that

the person measuring the brain was blind to treat-

ment. To negate inter-observer variability, all mea-

surements were made by one person (JGB). Two

images were taken of a subset of the brains and area

measurements were highly repeatable between

images (Intraclass correlation: telencephalon; n = 14,

r = 0.99, p < 0.001; optic tectum, n = 14, r = 0.99,

p < 0.001). Photographs of mother and daughter

brains were randomly interspersed to reduce any

biases due to order of measurement. Between one

and four daughters from each mother were observed

and the average taken as the estimate for that

maternal line. For a subset of brains, lateral photo-

graphs were also taken to allow measurement of the

height and area of the region from the side. As vol-

ume (calculated as depth · length · width) was

highly correlated with the area calculated from the

dorsal photographs (n = 31, telencephalon: r = 0.90,

p < 0.001; optic tectum: r = 0.77, p < 0.001), dorsal

area was used as a surrogate for brain volume.

Activity level and exploratory behavior

An activity level test and three behavioral assays of

temperament were run in random order for wild-

caught mothers from 2005 and their lab-reared

daughters a few days prior to brain removal: open-

field test, emergence test, and novel-object test.

However, a separate study later showed that, while

the open-field test is a reliable test of exploratory

behavior, the emergence test and novel-object test

used in the present study were not valid tests of

boldness in guppies (Burns in press). The results from

the emergence tests and novel-object test are thus

not reported. Behaviors in the open-field test are not

correlated with general activity level (Burns in press).

Tests for mothers and offspring were run concur-

rently, so wild-caught mothers had been acclimated

in the laboratory for multiple months before testing.

One day prior to the beginning of testing, each fish

was isolated in a small 8 l tank with a white gravel

substrate to prevent visual contact with other fish or

the experimenter. Each fish was run in the open-

field test and activity level test in random order with

one day between tests to allow for recovery.

Between one and four daughters from each mother

were observed and the average taken as the estimate

for that maternal line.

The open-field test was used to measure explor-

atory behavior, which is how an individual responds

to novel environments, resources or objects (Réale

et al. 2007; Smith & Blumstein 2008). Two variables

were measured: the time the animal was motionless

and the swimming rate when not frozen. These two

variables (log-transformed) were entered in a princi-

pal components analysis and the first principal com-

ponent was extracted. Because this principal

component had a positive loading for swimming rate

and a negative loading for time frozen (Percent vari-

ation explained = 70.4%; eigenvalue = 1.41; load-

ings, time frozen = )0.839; swimming rate = 0.839),

we interpreted it as exploratory behavior.

Telencephalon

Optic tectum

1 mm

Fig. 2: Dorsal view of the brain of a guppy.
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The open-field apparatus was a green, plastic rect-

angular tub (33 cm · 28 cm, with 12 cm high sides).

Lines on the bottom divided it into 24 rectangles,

each 5.5 cm · 7 cm. Lighting was provided by two

30 W daylight spectrum fluorescent bulbs 1.5 m

above the open-field apparatus. A fish was netted in

the home isolation tank and quickly transferred to

the center of the open-field apparatus. To avoid dis-

turbing the fish during the test, the fish was viewed

on a television screen connected to a video camera

(Panasonic PV-GS35, Secamcus, NJ, USA) positioned

1.5 m above the apparatus. After a 60 s acclimation

period (to reduce the effects of any differences

between fish in the stress associated with netting),

time frozen, and swimming rate (number of rectan-

gles entered per time not frozen) were recorded for

180 s.

Activity level, which can affect survival in the wild

(e.g. Werner & Anholt 1993), was measured in the

home isolation tank and videotaped with the video

camera 1 m above the tank. A grid of 5 cm · 4 cm

rectangles was marked on the clear plastic tank lid

and the number of rectangles the fish swam through

during a 180 s period was counted. Activity level

was log-transformed before statistical analysis.

Statistical analysis

Because of the difficulties associated with comparing

the size of a morphological trait between individuals

of different body lengths, we chose to analyze differ-

ences in brain size between of mothers and daugh-

ters in two ways using anova. In the first case, the

dependent variable was absolute brain region size,

with treatment (mother vs. daughter) and year as

main effects, and maternal line as a random factor.

In the second case, the independent variables

remained the same but the dependent variable was

the residual brain region size from a log–log regres-

sion of brain region size vs. body length. Exploratory

behavior and activity level were also regressed on

log body length and the residuals analyzed with

anova with treatment as the main effect and

maternal line as a random factor.

Although previous research has sometimes used

brain region size relative to a control brain region

(e.g. Pravosudov et al. 2006), we could not use this

technique because an analyses of residual telenceph-

alon size (on body length) and residual optic tectum

size (on body length) revealed that fish with rela-

tively large telencephalons also tended to have rela-

tively large optic tectums (Pearson product moment

correlation: daughters, r = 0.52, p = 0.019; mothers,

r = 0.60, p = 0.005). As the area of the telencephalic

lobes and optic tecta did not vary independently,

optic tectum size could not be used as a control

brain structure to compare with telencephalon size.

Also, measurements of another potential reference

area, the cerebellum, were not repeatable because of

difficulties delineating the border of the structure in

the photographs. Thus, we used residual telencepha-

lon and residual optic tectum sizes rather than telen-

cephalon size relative to optic tectum size in our

analyses.

All of the fish in our study were sexually mature,

but we needed to know whether the relationship

between brain and body length was linear to con-

firm that our use of linear statistical models for brain

and body length was appropriate. We tested for line-

arity by comparing Akaike’s information criterion

(AIC; with lower scores indicating better goodness of

fit, considering the complexity of a model against

how well it fits the data) for linear vs. second-order

polynomial line fitting for telencephalon and optic

tectum size vs. body length in wild-caught and

lab-reared fish. A linear fit was better in each case

(telencephalon: linear fit R2 = 0.29, AIC = )162.3;

polynomial fit R2 = 0.30, AIC = )161.0; optic tec-

tum: R2 = 0.25, AIC = )169.7; polynomial fit

R2 = 0.25, AIC = 167.9). Thus, while there is often

an allometric relationship between brain size and

body length in fishes (Brandstätter & Kotrschal

1990) across a species’ entire size range, there was a

linear relationship over the size range we were

analyzing.

In our initial analyses, we evaluated the treatment

x year interaction but neither the interaction nor

the factor ‘year’ were ever significant (all p > 0.17)

in the full model, so year was removed from the

models for the analyses presented. Statistical tests

were conducted using spss 14.0.

Part 2: Enriched vs. Un-Enriched Rearing

Environments

In this experiment, the laboratory rearing environ-

ment was manipulated and the effects on brain size

and temperament were measured. The first four

treatments were based upon the independent mani-

pulation of two factors: tank size and spatial com-

plexity. The two tank sizes were: (1) small (12.5 cm

wide · 30 cm long · 20 cm high, filled to 15 cm:

volume = 5.6 l), the same as in the wild vs. labora-

tory experiment in Part 1, and (2) large (20 cm

wide · 40 cm long ·25 cm high, filled to 20 cm, vol-

ume = 16 l). Spatial complexity had two levels: (1)

Rearing Environment Affects the Brain Size of Guppies J. G. Burns et al.
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‘barren’, with no objects, and (2) ‘enriched’ with one

artificial plant (�12 cm high and 6 cm wide), one

snail shell (�5 cm diameter), and one black PVC

plumbing elbow (�4 cm diameter, �10 cm long).

The same numbers of objects were placed in both the

small and large enriched tanks, but the objects were

spaced further apart (but always in the same relative

position) in the large tanks.

A fifth ‘super-enriched’ treatment had a larger

tank size (31 cm wide · 59 cm long tank · 30 cm

high filled to 24 cm, volume = 43.9 l), greater spatial

complexity (double the number of objects as in

enriched treatment), and a learning opportunity.

Fish in super-enriched tanks were fed in the morn-

ing and afternoon in a specific corner of the tank.

The feeding corner for each feeding period was

changed every 2 wk. The purpose was to provide an

opportunity for the fish to learn an association

between time of day and feeding location, then to

change the association after 2 wk so that there were

new learning opportunities throughout the rearing

period. While this super-enriched treatment did not

allow isolation of the factors contributing to pheno-

typic differences between it and the other treat-

ments, the super-enriched treatment expanded the

range of levels of each factor and could indicate

future research directions.

The experimental subjects were 83 female and 85

male guppy fry taken from their mother’s isolation

tank on the day of their birth and transferred to one

of the five treatment tanks. After the large differ-

ences noted between mothers and daughters in the

wild vs. laboratory rearing environment experiment,

we decided to include males in this analysis. The

mothers were wild-caught fish from a high-preda-

tion population on the Oropuche River (map grid

reference: QS 042 787) in Trinidad. There were nine

tanks per treatment and four fish were placed in

each tank (36 fish per treatment). Subjects were

assigned to treatment tanks randomly, except that

offspring from the same mother were never put into

the same tank. The identity of the mothers that con-

tributed offspring to each tank was tracked, but the

mother of each fish in the tank was unknown (other

than being from one of four possible mothers). There

were 30 mothers, each of which contributed

between 1 and 10 offspring (mean = 5.6 offspring,

SD = 2.7); offspring were tested at 4–5 mo of age.

Fish were maintained in the same general condi-

tions as in the wild vs. laboratory experiments (Part

1), but the feeding regime was different. Fish were

fed flake food twice per day on weekdays and once

per day on weekends. The amount of food was dis-

seminated using measuring spoons specifically

designed to provide quantities of flakes appropriate

to the age of the guppies (as per Kolluru & Grether

2005). Thus, food amounts did not differ between

treatments.

One liter of water was replaced in each tank every

2 wk to minimize differences in water quality. Fish

in each treatment were thus disturbed to the same

extent during water changes. The proportion of

water changed was greater in the smaller tanks

because they are more likely to build up fish waste

products. Water quality was monitored once per

month using test strips (Jungle Laboratories Corp.,

Cibolo, TX, USA) for nitrate, nitrite, total hardness,

total alkalinity and pH. Water quality results were

tested with repeated measures anova using proc

GLM in sas 9.0, and contrast statements used to

delineate which treatments, if any, differed from one

another. There were some water quality differences

between treatments. Nitrate levels were higher in

small tanks (repeated measures anova: full model,

F4,40 = 7.25, p = 0.001; contrasts between small

tanks and other treatments, all p < 0.05; overall

means, small tanks = 27.6 ppm, other treatments:

12.5 ppm) and the super-enriched tank had higher

pH’s than the other treatments (repeated measures

anova: full model, F4,40 = 4.55, p = 0.004; contrasts

between super-enriched treatment and other treat-

ments, all p < 0.05; overall means, super-

enriched = 7.6, other treatments = 7.3). No other

differences were significant.

Brain size

Telencephalon and optic tectum sizes were measured

using the same protocol as in the wild vs. laboratory

experiment.

Exploratory behavior

The temperaments of fish in the enriched vs. un-

enriched experiment were measured in only the

open-field test. Fish were netted in their treatment

tank and immediately transferred to the open-field

apparatus for testing. The details of the test are

otherwise identical to the wild vs. laboratory experi-

ment. Time frozen and swimming rate were entered

in a principal components analysis and the first prin-

cipal component was extracted. As above, this prin-

cipal component scored positively for swimming rate

and negatively for time frozen (Males: percent varia-

tion explained = 58.8%; eigenvalue = 1.18; loadings,

time frozen = )0.766; swimming rate = 0.766;
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Females percent variation explained = 62.6%; eigen-

value = 1.25; loadings, time frozen = )0.791; swim-

ming rate = 0.791), we interpreted it as exploratory

behavior.

Statistical analysis

The effects of tank size and spatial complexity on tel-

encephalon size, optic tectum size, and exploratory

behavior were analyzed using anova with treatment

(small-barren, small-enriched, large-barren, large-

enriched, super-enriched) as the main factor and

tank (nested within treatment) as the other factor.

Brain region sizes were residuals of log brain regions

size to log body length regression. Absolute brain

regions sizes were not used because of differences in

body size between treatments (Males: anova, treat-

ment, F4,84 = 5.39, p = 0.001, tank(treatment),

F37,84 = 2.31, p = 0.004; Females, anova, treatment,

F4,81 = 29.0, p < 0.001, tank(treatment), F34,811 =

1.86, p = 0.027). In post hoc Tukey’s tests, males and

females from super-enriched tanks were larger than

fish from the other treatments. Also, males from the

large tanks were larger than males from the small

tanks and females from large-barren tanks were

larger than females from small tanks. Analyses were

run in spss 14.0.

The sexes were analyzed separately because the

range of overlap between male and female body

lengths was narrow. The regression of log brain

region size against log body size on both sexes com-

bined may not accurately represent the slope within

each sex, and anova has limited power to compare

slopes when there is little overlap in range because

as you move further from their means, the confi-

dence intervals of the slopes become larger. Thus

any interactions between sex and body length would

be difficult to detect, necessitating that the sexes be

analyzed separately.

Results

Part 1: Wild vs. Laboratory Rearing Environment

Brain size

In both types of analyses (i.e. with absolute brain

region area and log–log regression of brain area on

body length), mothers had larger telencephalic lobes

than their daughters [means (SE): mothers = 0.81

(0.02) mm2, daughters = 0.65 (0.01) mm2; anova-

absolute size: treatment, F1,19 = 43.76, p < 0.001;

maternal line, F19,19 = 1.24, p = 0.321; anova-log–

log residuals: treatment, F1,19 = 66.29, p < 0.001;

maternal line, F19,19 = 2.12, p = 0.055] (Fig. 3a).

This pattern also held for optic tecta [means (SE):

mothers = 1.19 (0.03) mm2, daughters = 0.99 (0.02)

mm2; anova-absolute size: treatment, F1,19 = 52.35,

p < 0.001; maternal line, F19,19 = 1.63, p = 0.148;

anova-log–log residuals: treatment, F1,19 = 93.86,

p < 0.001; maternal line, F19,19 = 3.3, p = 0.006)

(Fig. 3b). There were positive relationships between

mothers’ brain region sizes and daughters’ brain

region sizes (log-log residuals, Pearson product-

moment correlation: telencephalon, n = 20,

r = 0.455, p = 0.044; optic tectum, n = 20, r = 0.536,

p = 0.015). To determine whether the range and

variation of sizes of brain regions was greater for

wild-caught than lab-reared fish, we compared coef-

ficients of variation. The variances were not signifi-

cantly different for optic tectum size for mothers and

daughters (coefficients of variation: mothers = 7.7%,

daughters = 8.7%; F-test for unequal variance:

F19,19 = 1.06, p = 0.882), but there was greater vari-

ance in the mother’s telencephalon sizes than in the

daughter’s telencephalon sizes (coefficients of varia-

tion: mothers = 11.0%, daughters = 5.8%; F-test for

unequal variance: F19,19 = 5.17, p = 0.001).

Because teleosts have continuous brain growth

throughout life (Leyhausen et al. 1987; Brandstätter

(a) (b)

Fig. 3: Wild-caught mothers have relatively

larger telencephalic lobes and optic tecta than

their lab-reared daughters. Lines connect

mothers to the average phenotype of their

daughters.
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& Kotrschal 1990), it could be argued that the brain

sizes of the wild-caught fish were greater than their

lab-reared daughters’ because of age differences

rather than developmental environment differences.

If this were the case, we would expect older wild

fish to have larger brains than younger wild fish,

when controlling for body length. We tested the

effect of age on brain size by comparing the wild

females, used as mothers in the experiments

described above, to 18 females caught from the same

populations in 2006 that were sacrificed within 3 wk

of being caught. After regressing log brain regions

size on log body length, we used analyzed the effect

of age when sacrificed [time in lab: 3 wk (2006) vs.

10 mo (2004 and 2005)]. There was no significant

difference in telencephalon or optic tecta size [telen-

cephalon: mean (SE), younger = 0.77 (0.02) mm2,

older = 0.75 (0.02) mm2; anova: age: F1,36 = 0.25,

p = 0.876; optic tecta: (SE), younger = 1.20 (0.03)

mm2, older = 1.11 (0.03) mm2
anova: age:

F1,35 = 0.821, p = 0.371]. The 10 mo in captivity

appears to have had minimal effect on the relative

size of adult fishes’ telencephalic lobes. Therefore,

environmental conditions early in life appear to have

a larger effect on brain region size than experiences

later in life.

Exploratory behavior

There were no significant differences between wild-

caught mothers and their lab-reared daughters in

exploratory behavior [means PCA scores (SE): moth-

ers = )0.37 (0.41), daughters = )0.16 (0.16); anova:

treatment, F1,10 = 0.60, p = 0.457; maternal line,

F10,10 = 1.10, p = 0.441] or in activity level [means

(SE): mothers = 65.6 (17.8), daughters = 55.0 (10.6);

anova: treatment, F1,11, = 0.81, p = 0.387; maternal

line, F11,11 = 1.15, p = 0.409].

Part 2: Enriched vs. Un-Enriched Rearing

Environments

Brain size

There were no significant differences between treat-

ments in telencephalon size [Males: treatment,

F4,84 =1.84, p = 0.138, tank(treatment), F37,84 = 0.88,

p = 0.652; Females: treatment, F4,81 = 0.37,

p = 0.829, tank(treatment), F37,81 = 1.32, p = 0.192;

Fig. 4] or optic tectum size for either males or

females [Males: treatment, F4,84 = 1.30, p = 0.284,

tank(treatment), F37,84 = 1.17, p = 0.304; Females:

treatment, F4,81 = 1.14, p = 0.351, tank(treatment),

F37,81 = 0.92, p = 0.595; Fig. 4].

Exploratory behavior

There were no significant differences between treat-

ments in exploratory behavior for either males or

females [Males, anova, treatment, F4,84 = 0.37,

p = 0.829, tank(treatment), F37,84 = 0.60, p = 0.942;

Females, treatment, F4,81 = 0.85, p = 0.501, tank

(treatment), F37,81 = 1.30, p = 0.201; Fig. 4].

Discussion

We found that lab-reared offspring, compared with

their wild-caught mothers, showed a considerable

reduction in both telencephalon and optic tectum

size. In a separate experiment, laboratory rearing

conditions were manipulated in an attempt to iden-

tify environmental factors that might have caused

these changes in brain size and temperament, but

neither brain region size nor temperament were

observed to respond to the size or spatial complexity

of the laboratory rearing environment. Although the

first goal of the present study was to investigate the

effects of environment on brain size, our ultimate

goal is to reproduce natural temperaments in con-

junction with natural brain sizes in lab-reared ani-

mals. Unfortunately, it appears we are only at the

start of a long road towards attaining that goal. The

dramatic declines in the sizes of brain structures that

we found (telencephalon = 19.2%, optic tec-

tum = 17.8%) after only one generation in the labo-

ratory – levels comparable with the genetically-based

reductions in brain size observed in domesticated

animals and their counterparts – implies that aspects

of the environment that are critical to normal brain

development are missing in the laboratory. We do

not yet know the cognitive consequences of smaller

brains in guppies, but factors such as reduced brain

size and dendritic branching observed in laboratory

rodents reared in un-enriched environments are

associated with impaired problem-solving ability

(Rosenzweig & Bennett 1996).

There are some alternative explanations for our

results that should be considered. A potential prob-

lem with comparing traits of wild to lab-reared ani-

mals is that selective mortality in the wild may

reduce the range of phenotypes observed in wild

fish. If there was brain size-selective mortality in the

field, then variation in brain size would be smaller

in the wild-caught sample than in the lab-reared

sample. However, there was no significant difference

in the variances in optic tectum size of mothers and

daughters, and the mothers actually had a greater

variance in telencephalon size than their daughters.
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(a)

(b)

(c)

Fig. 4: There were no significant differences between treatments in the enriched vs. un-enriched experiments for (a) telencephalon size, (b) optic

tectum size, or (c) exploratory behavior. Residual values are from regressions on log body length.
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Another potential methodologic issue is that we

were unable to control for both age and body length

in wild-caught mothers and their lab-reared daugh-

ters because of the differences in growth rate

between guppies in the laboratory and the field.

Therefore, we chose to observe brain size when

mothers and daughters had similar body lengths

rather than when they were of similar age. Guppies

in the lab, unless they are on restricted diets, grow

more quickly than wild fish. Because teleost fish

brains continue to grow throughout life (Leyhausen

et al. 1987; Brandstätter & Kotrschal 1990; Ekstrom

et al. 2001), it is possible that mothers’ brains were

larger than their daughters’ because they were older

when sacrificed. However, it is likely, for the follow-

ing reasons that most of the differences in relative

brain size were caused by the rearing environment.

First, we showed that the wild mothers, who had

spent 10 mo in the lab, did not have larger brains

for their body length than wild female guppies that

had spent only 3 wk in captivity, and were, there-

fore, on average about 9 mo younger. Second, the

lab-reared fish probably received better nutrition

than their wild mothers. The wild-caught mothers

matured in small streams with low resource avail-

ability and very slow growth rates (Grether et al.

2001). The mothers may have even suffered malnu-

trition at some points during development or at least

food deprivation. Malnutrition has well known detri-

mental effects on mammalian neurologic develop-

ment and cognitive performance (Smart 1993;

Gordon 1997).

A potential criticism of our study is that we mea-

sured whole brain regions (Healy & Rowe 2007).

We could isolate specific brain areas that have

defined functions, such as the dorsolateral telen-

cephalon which is heavily responsible for spatial

memory in fish, in our photographs. We thus can-

not specifically denote whether, for instance, spatial

learning is likely to be affected by the smaller brain

sizes of lab-reared fish because we did not isolate

that functional area. However, the large effects of

rearing environment on both telencephalons and

optic tecta suggest that many functional areas may

be affected. As for data collection, although our

photographs of the dorsal area of the brain are

probably not as precise a measurement tool as cal-

culation of volume with serial sections, we did find

that dorsal area was highly correlated with area

from lateral photographs. Therefore, it is highly

unlikely that the large differences that we observed

between wild-caught and lab-reared fish are the

result of imprecision.

The plasticity of brain area size that we observed

has broad implications. There is increasing concern

for the survivorship of hatchery fish when released

to the wild, and also for the welfare of fish in cap-

tive settings and their capacity for suffering (Brai-

thwaite & Huntingford 2004; Huntingford et al.

2006). As well, fish are being used as a model sys-

tem for the study of senescence (Reznick 1997; Rez-

nick et al. 2002; Kishi et al. 2003; Genade et al.

2005). Because all of these areas of study are con-

cerned with cognitive difficulties, it is important that

we know whether the fish studied are cognitively

representative of wild fish. Therefore, there are mul-

tiple reasons to identify appropriate laboratory hous-

ing conditions to allow full neurologic and

behavioral development. This will clearly not be an

easy task, as, thus far, only cerebellum size has

responded to enriched habitats in fish (Kihslinger &

Nevitt 2006). Any deficiencies in brain size of lab-

reared fish may hinder our ability to understand the

basic mechanisms of cognition and how it has been

shaped by natural selection. Species-specific research

programs will be required to identify the factors or

combination of factors that drive the differences in

brain size and behavior observed when animals are

reared in captivity or the wild.
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