
METHODS PAPER

The marbled goby, Pomatoschistus marmoratus, as a promising
species for experimental evolution studies

Lisa Locatello1 & Matteo Santon1,2
& Carlotta Mazzoldi1 & Maria B. Rasotto1

Received: 27 February 2017 /Accepted: 14 July 2017 /Published online: 28 July 2017
# Gesellschaft für Biologische Systematik 2017

Abstract Breeding and rearing the offspring through succes-
sive generations are mandatory in order to study evolutionary
responses to anthropogenic impact in marine organisms.
However, fish offer a limited number of marine model species
that allow performing multigenerational experimental ap-
proaches. Here, we propose a novel breeding and rearing ex-
perimental model based on the marbled goby Pomatoschistus
marmoratus (Risso 1810) which is representative of small (up
to 65 mm total length), benthic species with a short life cycle.
We devised a ‘full-sib/half-sib’ breeding design, and the
resulting offspring were reared in captivity using a complex
feeding protocol and a creative design of the tanks. Three
families survived up to 160 days post-hatching (dph); one
was reared at 24 °C and two at 18 °C. The families reared at
18 °C reached sexual maturity and spawned. The size range at
sexual maturity of individuals reared in captivity was consis-
tent with the one observed in nature. The possibility to com-
plete the entire life cycle, from hatching to sexual maturity and
spawning in P. marmoratus offers great perspectives for ex-
perimental evolution and quantitative genetics studies aimed
at understanding the role of evolutionary processes in re-
sponse to global changes.
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Introduction

Organisms’ genetic variation provides the basis for any evolu-
tionary change, and the study of genetic diversity is now be-
coming crucial to appreciate entirely the evolutionary conse-
quences of the anthropogenic impact on ecosystems and its
long-term effects on biodiversity (Pauls et al. 2013).
Considering the marine environment, the evolutionary perspec-
tive is emerging as crucial to investigate the effect of global
warming and acidification of oceans (Munday et al. 2013), as
well as of fishery (see Hutchings and Fraser 2008; Heino et al.
2015) and of other human-induced changes, such as eutrophi-
cation and noise (Engström-Öst and Candolin 2007; van der
Sluijs et al. 2011). Both phenotypic plasticity (i.e. a genotype
producing different phenotypes in response to different environ-
mental conditions, West-Eberhard 2003) and genetic adaptation
can modify the human-induced impact on marine organisms
(Munday et al. 2013; Crozier and Hutchings 2014); thus, stud-
ies combining both ecological and evolutionary processes are
essential to further progress (Munday et al. 2013).

The genetic adaptation of traits to changing environments
depends on their evolutionary potential that, in turn, depends
on their genetic variability. The heritable genetic variability
can be determined through quantitative genetics studies
(Lynch and Walsh 1998; Munday et al. 2013). Moreover, an
extended mutigenerational approach, through experimental
evolution and artificial selection, may allow one to test the
expected response to selection across generations, and may
also integrate the role of phenotypic plasticity when determin-
ing evolutionary responses to environmental changes (Lynch
andWalsh 1998; Munday et al. 2013). In assessing the impact
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of global changes, a further key aspect to be taken into account
is the transgenerational phenotypic plasticity (Salinas and
Munch 2012, Munday et al. 2013; Guillaume et al. 2015) that
occurs when an organism phenotypic plasticity depends not
only on factors experienced in its own lifetime but also on
those that have affected previous generations (Burgess and
Marshall 2011). Cross-generational experiments allow one
to test whether transgenerational plasticity arises and if it has
the potential to buffer organisms from the impacts of changes
(Donelson and Munday 2015; Guillaume et al. 2015). All
these evolutionary approaches require two essential method-
ological steps: drawing specific breeding designs and rearing
the offspring through successive generations. In this perspec-
tive, the increased availability of marine fish models for selec-
tion experiments will provide several advantages. Indeed, al-
though several fish species were used in quantitative genetics
studies and/or in artificial selection experiments, the large ma-
jority of these inhabit freshwater environments (e.g. zebrafish,
Amaral and Johnston 2012; guppy, Kotrschal et al. 2013;
mosquitofish, Buechel et al. 2016), whereas marine species
are limited to the Atlantic silverside (Malvezzi et al. 2015)
and the three-spined stickleback (Wegner et al. 2007).

Among small-sized marine fishes with a short life cycle, the
dominant families are Gobiidae and Blenniidae (Nelson 2006),
two among the most speciose marine fish families, with a world-
wide distribution, and encompassing a great range of variation in
ecology, behaviour and life histories (Helfman et al. 2009;
Patzner et al. 2009, 2011). Therefore, gobies and blennies poten-
tially represent excellent models to apply experimental evolu-
tionary studies under the most diverse experimental conditions.

Here, we propose a novel breeding and rearing protocol
using the small, benthic marbled goby Pomatoschistus
marmoratus (Risso 1810) (see detailed species description in
Supplementary S1). We already mastered the techniques for
the adults’ maintenance in captivity and breeding (Mazzoldi
et al. 2002). Instead, to successfully overcome the critical step
of fry first feeding (when larvae move from internal yolk store
to exogenous feeding) we took into account the indications
emerging from the study of larval feeding in other marine
teleosts (Holt and Holt 2000; Olivotto et al. 2004; Olivotto
et al. 2005). Importantly, the new method provided could be
easily applied to many other similar species, with benthic
habits and short lifespan, serving as a powerful tool to test
evolutionary responses to human impact on marine fishes.

Material and methods

Breeding

We designed a simple experimental breeding trial focusing on
the selection for two male traits: the body size and the area of
the blue spot on the first dorsal fin (Supplementary S1). We

applied a maternal ‘full-sib/half-sib’ breeding design in which
each female mated with two males differing in body size or in
dimension of the fin blue spot. This design allowed us to
create full-sibs from each male and half-sibs between males
mated with the same female, a classical approach in quantita-
tive genetic studies (Charmantier et al. 2014).

Ready to spawn females (exhibiting an enlarged belly) and
nesting males were collected in a shallow sandy area in the
southern Venetian Lagoon (45° 13′ 27″ N, 12° 16′ 22″ E) by
scuba diving, during the breeding season (April–June 2014).
Fish were transported in refrigerated tanks to the laboratory of
the U. D’Ancona Hydrobiological Station (Chioggia, Italy),
where they were anaesthetised in a water solution of MS 222
(tricaine sulphate; Sandoz) and individually photographed
alongside a reference rule. Digital images were then analysed
to obtain the individual total length (TL), and, for males, the
area of the first dorsal fin and the area of the blue spot on the fin.
Each spawning took place inside an experimental tank
(50 cm × 35 cm × 40 cm) divided by a sealed partition, in
two compartments, each one hosting a nesting male. Themale’s
nest consisted of a half round PVC tube, 7 cm long, 4 cm
diameter, and lined with an acetate sheet to permit, after
spawning, a simple and quantitative collection of eggs. The
female was first introduced inside the compartment of one of
the two males (randomly chosen by flipping a coin), and the
couple was constantly monitored to catch the beginning of the
spawning. When half of the period required to lay eggs ended,
the female was transferred with the secondmale to conclude the
spawning. Preliminary trials indicated that the total duration of a
spawning for different classes of female size was about 35 min
for females smaller than 50 mm, and about 50 min for females
larger than 50 mm. At the end of the second half of the
spawning, the female was released in nature while the two
males were kept in the aquaria to perform their paternal care.
Eggs were left with the father for the 4 days after spawning;
then, the acetate sheet was removed in order to let the hatching
to occur in a controlled tank. After hatching, 200 larvae from
each spawningwere collected to be reared, while parental males
and the remaining larvae were released at the site of collection.

Rearing system

Larvae were reared in a thermostatic, artificially illuminated
room in which temperature and photoperiod were strictly con-
trolled. Following the general aim of providing a method to
test the evolutionary reponses to environmental changes, we
reared families at two different temperatures: two families,
one selected for male body size and one selected for the blue
spot on male dorsal fin, were reared at 18 °C (i.e. the average
water temperature experienced by marbled goby during the
breeding season in the Venetian Lagoon); another family, se-
lected for male body size, was reared at 24 °C, (i.e. the max-
imum water temperature experienced during the breeding
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season) (see the data base: http://chioggia.scienze.unipd.it/
inglese/Parameters).

The water was drawn directly from the lagoon by a suction
pump; thus, chemo-physical parameters (salinity, pH, NO2

and NH3) followed natural fluctuations. The water was me-
chanically filtered in filtering cascade from Perlon wool
through a 50-, 25- and 5-μm maze, and it was sterilised with
a UV lamp. Then, marine water was decanted in two 150-l
tanks kept at 18 or 24 °C with aquarium heathers and distrib-
uted to the experimental rearing tanks. For the first 25 days
post-hatching (dph), the 200 larvae were kept in 15-l tanks
(see Olivotto et al. 2005) with closed bottom (Fig. 1a) and
contained in an underlying larger 40-l tank. Single heaters
(150W)were placed in the larger container tank of the warmer
rearing line, in order to maintain 24 °C. The water of the 15-l
rearing tank was completely renewed daily by carefully si-
phoning water and simultaneous replenishment. After
25 dph, larvae were moved from closed bottom tanks to 15-l
tanks equipped with an open bottom covered with crinoline
net (Fig. 1b), and contained in the larger 40-l tank. This system
allowed an easier daily cleaning, as food surplus and excre-
ments deposited on the bottom of the larger container and
passed through the crinoline net. At 100 dph, juveniles were
transferred to 40-l tanks with sandy bottom and empty mus-
sels to serve as shelters (Fig. 1c). At this point, the tanks were
cleaned daily by removing food surplus and excrements with a
hand net, and sand was completely renewed every 15 days.
Each tank was continuously supplied with individual air flow:
a very slow fine bubbling of 0.1 l/min during first feeding,
daily increased from 25 dph on up to 0.6 l/min.

Since 40–50 dph, corresponding to the period of the meta-
morphosis (i.e. larvae changed their habits from pelagic to
benthic), larvae were more easily collected and the same
clutch were split in more than one tank when necessary to
reach the same density of 20–30 individuals per tank.

In order to follow the seasonal trend of water temperature
registered in nature, the room temperature was gradually de-
creased during the winter period: for the colder rearing line
(18 °C), the temperature was set at 14 °C from October to half
of December, at 10 °C from half of December to half of
January and at 8 °C from half of January to the end of
February. The temperature of the warmer line (24 °C) follow-
ed the same trend but 6 °C higher. During March 2015, a
gradual re-increase of the temperature of 1 °C per week was
started. The dark-light cycle was also matched to the seasonal
changes in day length for the sampling location.

Feeding protocol

The larvae followed a complex feeding protocol that included,
depending on the growing phase, different types of zooplank-
ton, lobster eggs, small crustacean and mussels (Table 1).
Until 40–50 dph, i.e. until metamorphosis, food dosage was

calculated grossly per tank, basing on the starting number of
200 larvae per tank, while from 50 dph larvae were more
easily countable and thus the calculation of food dosage was
based on the exact number of individuals per tank. Food was
always supplied ad libitum (i.e. a minimum food surplus was
always found in the tank) to avoid any food limiting in tanks
with more numerous individuals during the first 50 dph, when
larvae were not easily countable, since dead bodies were rap-
idly cannibalised.

In particular, during the first 25 dph, larvae were fed with
ciliates of the genus Euplotes (average size 100 × 85 μm) and
rotifers: Brachionus plicatilis and Brachionus rotundiformis,
characterised by an average size of 239 and 160 μm,

Fig. 1 Rearing tanks. a 15-l tanks with closed bottom in which larvae
were maintained during the first 25 dph. b 15-l tanks, equipped with an
open bottom covered with crinoline net. Larvae were transferred in these
tanks at 100 dph. c 40-l tanks with sandy bottom in which larvae were
maintained from 100 dph onward
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respectively. The zooplankton was cultured in 10-l bins
(16 ind./l), with filtered and UV-sterilised seawater, air supply,
at a temperature of 25 °C and constant lightening by neon
lamps (250 lm). The cultures were fed twice a day with highly
concentrated marine microalgae of the genus Nannochloropsis
(Instant Algae Products, Reed Mariculture Inc.) in a dosage of
0.1 ml/l. Once a week, rotifers were cleaned by collection with
a 50-μm filter and re-suspension in clean bins. Zooplankton
was supplied to the larvae at the dose of 35,000 ind./tank
twice a day, far from the water renewal that usually oc-
curred at midday. Since 25 dph, we introduced in the
diet also Artemia sp. nauplii of the extra small type
(480 μm), rich in highly unsaturated fatty acid (HUFA
>15 mg/g dwt) (INVE Aquaculture). Artemia cysts were
cultured in 1-l cones (1.5 g/l) with filtered and UV-
sterilised seawater, air supply, at a temperature of 25 °C
and constant lightening by neon lamps (250 lm). The grad-
ual change in dosages of Artemia is detailed in Table 1.
Supply of rotifers was suspended at 35 dph, and at 50 dph,
we introduced commercial frozen food, starting from fro-
zen lobster eggs, followed by frozen Mysis sp. and frozen
chopped mussels (detailed dosage in Table 1). Both the

Artemia sp. and lobster eggs were suspended at 90 dph.
From 130 dph, we introduced also freshly chopped mus-
sels, three times per week. From 170 dph (end of
November), dosages were gradually reduced as during
the winter period; with lower temperature, the feeding ef-
fort of juveniles decreased. From the beginning of
March 2015, dosages were gradually increased (Table 1).

Sex assignation

Starting from the 100 dph, juveniles were periodically
photographed and measured from the digital pictures, to mon-
itor their growth rate and the eventual appearance of sexual
dimorphic characters. As soon as the first secondary sexual
character was visible (i.e. the black spot in females’ chin in our
case), we performed histological analyses on a subsample of
individuals, 10 assigned females (presence of black spot) (TL
range 21.9–32.0 mm; age range 93–127 dph) and 10 assigned
males (absence of black spot) (TL range 22.8–37.7; age range
93–133 dph). This allowed us to check for the matching be-
tween visual assignment and gonads’ differentiation and his-
tological analyses (see detail in Supplementary S1).

Table 1 Food type and doses
supplied to larvae during the
different growing periods

dph Food type Dose

0–25 Ciliates: Euplotes+ 35,000 twice daily

Rotifers: B. rotundiformis, B. plicatilis 35,000 twice daily

25 + Artemia sp. extra small 8000 twice daily

35 Stop rotifers, Artemia sp. extra small 16,000 twice daily

40–45 Artemia sp. extra small 20,000 twice daily

45–50 Artemia sp. extra small 700/ind. morning

+ Frozen lobster’s eggs 0.1 g/20–30 indiv. afternoon

50–60 Artemia sp. extra small 900/ind. morning

Frozen lobster eggs 0.1 g/20–30 indiv. afternoon

60–65 Artemia sp. extra small 1000/ind. morning

Frozen lobster eggs 0.2 g/20–30 ind. afternoon

65–70 + Frozen Mysis sp. 0.2 g/20–30 ind. afternoon

70–75 Artemia sp. extra small 1000/ind. morning

Frozen lobster eggs 0.3 g/20–30 ind. afternoon

Frozen Mysis sp. 0.3 g/20–30 ind. afternoon

75–58 Artemia sp. extra small 1000/ind. morning

Frozen lobster eggs 0.4 g/20–30 ind. afternoon

Frozen Mysis sp. 0.4 g/20–30 ind. afternoon

85–90 + Frozen chopped mussels 0.4 g/20–30 ind. afternoon

90–100 Stop artemia and lobster eggs

Frozen Mysis sp. 0.5 g/10–15 ind. daily

Froze chopped mussels 0.5 g/10–15 ind. daily

130 + Fresh chopped mussels 1 g/10–15 ind. 3 times/week

From 170 gradual reduction of food with temperature reduction (winter)

From 270 gradual increase of food with temperature increase (spring)

dph day post-hatching
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Results

Three offspring families survived up to 160 dph, one reared at
24 °C and two at 18 °C. The latter, one selected for male body
size and one for the area of the blue spot on the male dorsal fin,
reached sexual maturity and spawned in captivity.

At hatching, larvae showed an average size of 2.7 mm± 0.2
std. dev. (Fig. 2a, Fig. 3a). The growth rates show a general
trend of increase with lower rates during the winter period
(Fig. 2a) and a new boost at the following spring. Indeed, at
100 dph, larvae reached an average size of 30.2 mm ± 3.1 std.
dev. (Fig. 2a, Fig. 3b), and at the age of 360 dph and sexual
maturity, the individuals reached the average size of

40.2 mm ± 4.0 std. dev. (Fig. 2a, Fig. 3c) with a male size range
of 30.6–51.1 mm, (mean 40.8 ± 4.5 std. dev.) and a female size
range of 32.2–46.6 (mean 39.5mm± 3.3 std. dev.). As shown in
Fig. 2b, in both the colder rearing line (18 °C) and in the warmer
one (24 °C), larvae experienced a high mortality rate during the
first 40 dph, reaching 30% of survival in the best case and 8.5%
in the worst one. After 40–50 dph, corresponding to the meta-
morphosis from pelagic to benthic habits, the mortality rate de-
creased, and from 160 to 360 dph, it almost ceased (Fig. 2b). At
360 dph, a final survival of 14% in the more numerous family
and of 6% in the smaller one (Fig. 2b) were obtained.
Unfortunately, between 130 and 160 dph, the warmer rearing
line (24 °C) caused death of all individuals.

Fig. 2 Total length (a) and
survival probability (b) of the
marbled goby larvae at successive
dph. White bars represent a
family selected for the blue spot
on the male dorsal fin and reared
at 18 °C; black bars represent a
family selected for body size and
reared at 18 °C; grey bars
represent a family selected for
body size and reared in captivity
at 24 °C. The warmer line (24 °C)
was lost between 130 and
160 dph. Each family has
offspring from the same mother
and two different fathers (double
bars). Since survival and size
remained almost constant after
160 dph successive measures
between 160 and 360 dph are
omitted and only the final values
at 360 dph are reported. Error
bars in a represent the standard
error of the mean
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From 100 dph, whenwe started to regularly photograph the
larvae that had reached a length between 30 and 33 mm, the
black spot on females’ chin was clearly visible, whereas no
sign of blue spot on male dorsal fin was detectable. The his-
tological analyses on individuals near 100 dph revealed a
100% matching between visual assignment of male sex,
through absence of black spot on the chin, and gonads differ-
entiation. Nine out of the ten visually assigned females (pres-
ence of black spot on chin) were confirmed by histological
analyses, whereas one individual visually assigned as female
resulted to be a male from histological analyses.

Moreover, the histological analyses showed that around
100 dph (September–October, immediately before the in-
duced resting winter period), males were sexually mature, as
their testes contained mature sperm, while females were sex-
ually immature, as only immature oocytes were detectable in
the ovaries (Figure in Supplementary S1). At the beginning of
the successive spring (150–160 dph), males in tanks started to
exhibit sexual characters, i.e. the blue spot on the first dorsal
fin and the typical breeding behaviour (i.e. occupation of the

empty shells provided for nesting and courtship). At 290 dph,
females begun to show enlarged bellies and at 300 dph, we
recorded the first spawning event in the rearing tanks.We then
recorded spawning events in all the sibs (up to 5 spawnings
per tank), followed by male parental cares to fertilised eggs.

Discussion

We succeeded in rearing the small marbled goby from hatch-
ing to sexual maturity in one of the two proposed rearing
temperatures, 18 °C. A first crucial step with this rearing line
was reached by means of the complex and varied feeding
procedure with an accurate control of the food dosages, that
were supplied ad libitum but not in excess. Indeed, food res-
idues contaminate the tank water and require an accurate daily
cleaning and a constant sand renewal. Also, the step-by-step
increase in bites’ size and the introduction of fresh food after
130 dph may have had an effect on larval and juvenile condi-
tion. A further successful point is represented by the appropri-
ate design of the tanks (Fig. 1) that allowed us to maintain a
high-quality water and, at the same time, to avoid damaging
the fragile newly hatched larvae during cleaning procedures.
Undoubtedly, we observed a first critical bottleneck, in both
lines, at first feeding, when larvae change over from internal
yolk stores to exogenous feeds, as it commonly happens when
rearing small marine species (Cato and Brown 2003). Indeed,
although exact larvae counting in the first weeks after hatching
was difficult, we clearly observed a strong decrease in number
during the first day post-hatching. In the wild, newly hatched
marine larvae feed on a wide variety of marine micro-
zooplankton such as protozoans (ciliates, foraminiferans), di-
noflagellates, mollusc larvae and copepod eggs and nauplii
(Holt and Holt 2000; Olivotto et al. 2004). In our study, larvae
were fed, immediately after hatching, only with rotifers and
ciliates, as they are the most commonly used live preys in
marine fish aquaculture, due to the easy rearing and mainte-
nance. Ciliates may be closer to the natural food type, rotifers,
which are slightly larger in size, may be not always accepted
by all newly hatched larvae. Anyway, a strong initial mortality
has to be taken into account when setting up a rearing protocol
for small marine species (Cato and Brown 2003; Olivotto et al.
2005). Accordingly, we started the breeding plan by selecting
200 larvae per clutch. This plan lead, in the more successful
cases, to about 30 individuals, a reasonable number of off-
spring for experimental evolutionary studies with vertebrate
models (see Garland and Rose 2009).

With respect to the larvae maintained at 24 °C, we ascribe
the massive death observed between 130 and 160 dph to the
alteration of their metabolic activity consequent to the
prolonged exposure to the high temperature. Indeed, these
larvae continued to feed ad libitum but were slimmer than
those kept at 18 °C. This result suggests a more realistic

Fig. 3 Pictures of marbled gobies reared in captivity. Larvae at hatching
(a), juvenile at 100 dph (b) and adult at 360 dph (c)
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approach for future trials, in which temperature fluctuations
should be taken into account.

The growth rate of our reared individuals reflected the trend
expected for a temperate fish species, (Panfili et al. 2002):
increase during first spring and summer, lower rates during
the winter and a new boost at the following spring. Moreover,
also the size range of mature individuals were within the size
range of those observed in the field (Mazzoldi and Rasotto
2001; Mazzoldi et al. 2002). This result confirms the validity
of the present rearing protocol in mimicking natural condi-
tions. An additional interesting aspect is related to the sex
assignment that showed an almost complete matching be-
tween visual assignment and histological analyses on gonads.
This proves the validity of the estimation of sex also in juve-
niles by means of a non-invasive visual assignment.

The success in breeding and completing the entire life cy-
cle, from hatching to sexual maturity and spawning, of
P. marmoratus suggests great opportunities for quantitative
genetics, experimental evolution and artificial selection stud-
ies using this species, as well as other small benthic gobies and
blennies. Indeed, these approaches represent, by far, the most
direct and powerful methods to estimate the evolutionary po-
tential of the fish population, and offer the great opportunity to
integrate the role of evolution when studying the response of
marine organisms to global changes (Munday et al. 2013).
Moreover, multigenerational approaches applied to these spe-
cies would allow one to take into account also the role of
phenotypic plasticity, and of transgenerational phenotypic
plasticity in particular, when predicting evolutionary re-
sponses to global changes (Munday et al. 2013; Donelson
and Munday 2015; Guillaume et al. 2015).
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