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Seasonal plasticity in telencephalon mass of a benthic fish
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To gain a deeper understanding of how environmental conditions affect brain plasticity, brain size was
explored across different seasons using the invasive round goby Neogobius melanostomus. The results
show that N. melanostomus had heavier telencephalon in the spring compared to the autumn across the
two years of study. Furthermore, fish in reproductive condition had heavier telencephala, indicating
that tissue investment and brain plasticity may be related to reproductive needs in N. melanostomus.
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An organism’s relative investment in brain structures will be partially shaped by cognitive needs imposed by the ecological demands in their environment (e.g. avoiding
predation, dealing with spatial complexity and locating mates) (Dukas, 1998; Sherry,
2006). As brain tissue is energetically expensive to maintain (Mink et al., 1981;
Soengas & Aldegunde, 2002; Chittka & Niven, 2009), the functional benefits gained
from investing in larger brain structures should outweigh the associated metabolic
costs (Johnston, 1982; Kotrschal et al., 2013). Seasonal plasticity in brain size and
shape may then arise when the environmental conditions an organism faces are not
static, and for many species with seasonal foraging and mating patterns, the demands
on cognition and their associated neural investment should vary with season. Seasonal
plasticity in vertebrate brain morphology has provided an exciting avenue to further
understand how ecological factors shape brains and behaviour.
To date, research on seasonal plasticity has been primarily confined to mammal and
bird species, with heavy focus on songbirds (Tramontin & Brenowitz, 2000; Yaskin,
2011). For example, hippocampal size is known to vary seasonally with demands
for caching in food-storing bird species such as the black-capped chickadee Poecile
atricapillus and marsh tit Parus palustris (Smulders et al., 1995; Healy & Krebs,
1996; Sherry & Hoshooley, 2009). This relationship between hippocampal size and
variance in spatial demands across seasons has been similarly reported in mammals
(Lavenex et al., 2000; Pyter et al., 2005). Male rodents with large home ranges such
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as meadow voles Microtus pennsylvanicus and montane voles Microtus montanus
have larger hippocampi during the breeding season when compared to females that
hold much smaller territories, or when compared to the males of other closely related
species with smaller home ranges such as the pine vole Microtus pinetorum and prairie
vole Microtus ochrogaste (Jacobs, 1996). These studies have linked seasonal variation
in ecological demands on cognition to underlying neural structures and helped to show
how selection processes shape brain evolution. As far as is known, however, there are
no studies that have documented similar seasonal plasticity in brain size in teleosts.
Teleosts present an excellent opportunity to assess brain size variation. Unlike
mammal and avian species, fishes exhibit neurogenesis broadly across the brain as
adults (Kaslin et al., 2008; Zupanc, 2008), as well as indeterminate growth across their
lifetime (Sebens, 1987; Charnov & Berrigan, 1991). More recently, the relationship
between brain structures, the environment and cognitive abilities has been investigated
with specific focus on the forebrain and spatial abilities (Broglio et al., 2003; Salas
et al., 2006; Ebbesson & Braithwaite, 2012). Functionally, the teleost forebrain, or
telencephalon, is linked to spatial cognition, as fishes with ablations to this brain
area fail spatial learning and memory tasks (Salas et al., 1996a, b; Portavella et al.,
2002). From a neuroecological perspective, fish species foraging in spatially complex
environments have larger telencephalons compared to related species foraging in less
complex areas (Huber et al., 1997; Kotrschal et al., 1998; Pollen et al., 2007; Costa
et al., 2011). This has also been shown between different populations of the same
species in nine-spined sticklebacks Pungitius pungitius (L. 1758) (Gonda et al., 2009,
2011). Moreover, under controlled laboratory conditions, Atlantic salmon Salmo salar
L. 1758 (Näslund et al., 2012; Salvanes et al., 2013), coho salmon Oncorhynchus
kisutch (Walbaum 1792) (Kotrschal et al., 2012) and zebra fish Danio rerio (Hamilton
1822) (von Krogh et al., 2010) show increased neural plasticity in the telencephalon
when raised in spatially enriched v. barren environments; however, this relationship
was not found in guppies Poecilia reticulatus Peters 1859 when raised under similar
testing conditions (Burns et al., 2009). Fishes living in seasonal climates often exhibit
spatial migrations, and have demands on spatial cognition for foraging, reproduction
and predator avoidance that strongly vary across time. Although it is well established
that the teleost telencephalon underpins spatial cognition, few, if any studies have yet
addressed the potential for seasonal plasticity in this brain region in a migrating fish.
In this study, seasonal variation in telencephalon mass was assessed in the benthic
round goby Neogobius melanostomus (Pallas 1814) to provide an initial assessment of
possible plasticity in a seasonally migrating fish. Neogobius melanostomus vertically
migrate to and from deeper waters seasonally, inhabiting the shallow littoral zone in
the spring and summer breeding season (Charlebois et al., 1997; Sapota, 2004). When
N. melanostomus migrate to shallow water, they encounter not only many species of
piscivorous fishes (Dietrich et al., 2006; Reyjol et al., 2010; Taraborelli et al., 2010),
but also water snakes (King et al., 2006) and aquatic birds that hunt fishes near the
shore (Somers et al., 2003; Jakubas, 2004; Coleman et al., 2012), therefore, increasing
demands on spatial cognition to locate and remember sheltered locations. Moreover,
male N. melanostomus establish territories with nests where they guard offspring over
the breeding season, while females must horizontally navigate the breeding grounds to
assess potential mates and they will reproduce multiple times throughout spring and
summer breeding season (Charlebois et al., 1997; Corkum et al., 1998). As a result of
these expected spatial demands, telencephalon mass was expected to increase in the
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spring (the breeding season) compared to autumn in both sexes, while whole brain
mass (whole brain mass less the telencephalon mass) would remain unchanged across
seasons.
Neogobius melanostomus were collected using minnow traps across 2 years from
two locations in Hamilton Harbour, ON, Canada (La Salle Marina: 43∘ 18′ N; 79∘ 50′
W, and Pier 15: 43∘ 16′ N; 79∘ 50′ W). Spring samples were collected in June 2012
(n = 51; nmale = 29, nfemale = 22) and in June 2013 (n = 76; nmale = 41, nfemale = 35), and
autumn samples were collected in October 2011 (n = 47; nmale = 24, nfemale = 23) and
in October 2012 (n = 85; nmale = 72, nfemale = 13) [sampling procedures are given in
Marentette et al. (2009), Young et al. (2010) and Marentette & Balshine (2012)]. After
collection, fish were euthanized (benzocaine, Sigma Aldrich; www.sigmaaldrich.com)
and transported on ice to the laboratory at McMaster University. Fish were dissected
and the following morphological measurements were taken: standard length (LS , to
the nearest 0⋅01 cm, from the snout to the caudal peduncle), body and gonad mass
(to the nearest 0⋅001 g). Brains were exposed by removal of the top of the skull and
the entire skull was placed in a vial of 4% paraformaldehyde for 30 days. Brains
were then removed from the brain cavity, and the brain stem was cut precisely
2 mm from the base of the brain. Brains were carefully patted dry using a Kimwipe
(Kimberly-Clark; www.kimberly-clark.com) and immediately after the whole brain
mass was measured three times on a Metler AT20 Microbalance (Metler Toledo;
http://ca.mt.com/ca/en/home.html/) accurate to the nearest 0⋅0001 g. An average of the
three measurements was used in subsequent analyses. The telencephalon was removed
and weighed using a Metler AB204-SFact Microbalance (Metler Toledo) accurate to
the nearest 0⋅00001 g.
All statistical analyses were performed using R 0.97.248 (R Core Team 2012;
www.r-project.org). Quantile–quantile plots and residuals v. fitted plots were visually
inspected to test the assumptions of the models. To analyse the effect of season
of collection on telencephalon mass, a generalized least squares model (GLS) was
implemented using the nlme package in R (Pinheiro et al., 2014). In this model,
ln-transformed telencephalon mass was used as the response variable, ln-transformed
whole brain mass was the covariate and sampling season was the predictor variable
with four levels for each sampling period (i.e. autumn 2011, spring 2012, autumn 2012
and spring 2013). To control for any potential effects of sex and site of collection, these
variables were included in the model as fixed effects. Ln-transformed values were used
because of an allometric relationship between brain size and body size in the sample
(Schmidt-Nielsen, 1984). A GLS model was used because of uneven variances in the
response variable across seasons of collection, facilitating a weighting of the variance
by each season. The effect of season of collection on whole brain mass (where the
telencephalon mass was subtracted from the whole brain mass prior to transformation)
was analysed using the same statistical procedure mentioned above. Ln-transformed
adjusted whole brain mass (less the telencephalon mass) was used as the response
variable and ln-transformed body mass as the covariate. In both GLS models, any main
effects of season were followed with post hoc multiple comparison tests using Tukey’s
HSD. To assess whether telencephalon mass predicted reproductive status, a binomial
logistic regression was used. Gonad mass was used to calculate gonado-somatic index
(I G ) for each fish, where males with I G > 1% and females with an I G > 8% were considered to be in reproductive condition (Marentette & Corkum, 2008). Reproductive
status was used as the response variable (reproductive v. non-reproductive as given by
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Fig. 1. Residuals of ln-transformed telencephalon mass by ln-transformed whole brain mass plotted by season.
The box plot shows the median with first and third quartiles and the 95% c.i. around the mean. Different
lowercase letters indicate results of post hoc analyses at significance P < 0⋅001.

I G score), while the residuals of the relationship between ln-transformed telencephalon
mass and ln-transformed whole brain mass were used as predictors.
Neogobius melanostomus telencephalon mass varied with season (GLS: estimate ± s.e. = 0⋅130 ± 0⋅014, 𝜒 2 254 = 79⋅29, P < 0⋅001; Fig. 1), with heavier
telencephalons in both spring seasons compared to both autumn seasons (for all
comparisons, Tukey HSD: Z > 7⋅80, P < 0⋅001). There was no effect of sex (GLS:
estimate ± s.e. = 0⋅014 ± 0⋅024, 𝜒 2 254 = 0⋅36, P > 0⋅05) or collection site (GLS:
estimate ± s.e. = −0⋅004 ± 0⋅024, 𝜒 2 254 = 0⋅026, P > 0⋅05) on telencephalon mass.
Whole brain mass (less the telencephalon mass) also varied across time, but in contrast
did not systematically vary with season (GLS: estimate ± s.e. = −0⋅021 ± 0⋅006,
𝜒 2 254 = 10⋅05, P < 0⋅01); fish collected in the autumn of 2011 had heavier brains
compared to autumn of 2012 (Tukey HSD: Z = −2⋅93, P < 0⋅05) and to fish from the
spring of 2013 (Tukey HSD: Z = −4⋅24, P < 0⋅001). Also, fish collected in spring 2012
had heavier brains compared to the fish collected in the spring 2013 (Tukey HSD:
Z = −3⋅37, P < 0⋅01), suggesting that there was no effect of season. There was no
effect of sex (GLS: estimate ± s.e. = −0⋅020 ± 0⋅015, 𝜒 254 = 1⋅68, P > 0⋅05), but there
was an effect of collection site with fish from La Salle having heavier brains compared
to fish collected at Pier 15 (GLS: estimate ± s.e. = −0⋅030 ± 0⋅013, 𝜒 2 254 = 4⋅59,
P < 0⋅05). Finally, N. melanostomus with a larger telencephalon mass were more
likely to be in reproductive condition (binomial logistic regression: estimate ± s.e.
= 5⋅67 ± 1⋅05, Z 257 = 5⋅38, P < 0⋅001). The covariate, body mass, did not vary with
season (GLS: estimate ± s.e. = −0⋅17 ± 0⋅17, 𝜒 2 254 = 0⋅95, P > 0⋅05), but did vary
with sex, where males were heavier than females (GLS: estimate ± s.e. = 1⋅74 ± 0⋅38,
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𝜒 2 254 = 17⋅99, P < 0⋅001). Also, body mass varied with site, fish from La Salle
were heavier than fish from P15 (GLS: estimate ± s.e. = −1⋅12 ± 0⋅38, 𝜒 2 254 = 8⋅44,
P < 0⋅01).
The results of this study confirm that N. melanostomus telencephalon mass was
heavier in spring when compared to autumn, and are similar to previous findings of
brain plasticity in other seasonal migrating species (Tramontin & Brenowitz, 2000).
As the telencephalon is thought to orchestrate spatial cognition in fishes (Ebbesson &
Braithwaite, 2012), the increased investment in this structure may be related to greater
spatial demands experienced by N. melanostomus in the breeding season (e.g. needs
to avoid predators, forage, locate and defend shelters). Additionally, N. melanostomus
with larger telencephalon were more likely to be in reproductive condition, providing an initial link to reproductive physiology. Similar to plasticity in the song control
circuitry of songbirds (Brenowitz, 2004; Pfaff et al., 2007), changes in N. melanostomus telencephalon mass may be hormonally mediated. There was no difference in
telencephalon mass between the sexes, indicating that both sexes are investing similarly in this structure and may be experiencing equal demands on spatial cognition in
the breeding season. Males would need to locate a suitable nest and territory, while
females need to locate shelter and potential mates (Corkum et al., 1998). Both sexes
also need to forage and avoid predators.
Although whole brain mass (less telencephalon mass) was expected to remain
unchanged across seasons, there was variation in whole brain mass across collection
times, but no systematic seasonal variation was observed (i.e. spring v. autumn).
Moreover, to more rigorously explore variation in brain size across seasons, the analysis was restricted to a smaller sample of size-matched fish across seasons. After this,
telencephalon size still varied with season, while whole brain mass did not. Given the
large original sample size (n = 259) and the comparatively low effect size, the whole
brain mass differences may be driven by a factor not assessed in the present work.
Future analyses of how individual brain areas (e.g. the cerebellum, optic tectum and
olfactory bulbs) change separately, or in concert, with season would provide greater
resolution of what might be driving the differences in whole brain mass.
Seasonal variation in N. melanostomus telencephalon mass is probably associated
with demands on spatial cognition, reproductive needs or a combination of these factors. As the research presented here is correlative, however, it does not provide a functional explanation or direct link between spatial or reproductive behaviours and brain
plasticity. To better understand the relationship between seasonal changes in cognition and brain size in N. melanostomus, it would be advantageous to follow protocols
from other fish species (von Krogh et al., 2010; Salvanes et al., 2013) and assess spatial learning in fishes raised in enriched (spatially challenging) v. barren (structurally
simple) environments. Furthermore, it would be beneficial to assess hormone profiles
and reproductive behaviour (i.e. nest building and defence) in conjunction with brain
analyses to discern the link between brain size and reproductive condition. More precise neuroanatomical analyses should be employed to assess fine-scale fluctuations in
other brain regions such as the olfactory bulb and cerebellum. Although future work
is needed to disentangle the causal underpinnings of seasonal brain plasticity in N.
melanostomus, the present work provides an important first indication that ecological
factors that fluctuate with season appear to affect telencephalon size in N. melanostomus, and provides one of the first studies of seasonal plasticity in brain mass of a
teleost.
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