’: fishes m\py

Article
Sand Goby—An Ecologically Relevant Species for
Behavioural Ecotoxicology

Davide Asnicar 12, Giedré ASmonaité 2, Lina Birgersson 2 Charlotta Kvarnemo 23
Ola Svensson %34

7

and Joachim Sturve 2-*

1
2

Department of Biology, University of Padova, 35131 Padova, Italy; davide.asnicar@studenti.unipd.it
Department of Biological and Environmental Sciences, University of Gothenburg, Box 463,

SE-405 30 Goteborg, Sweden; giedre.asmonaite@bioenv.gu.se (G.A.); lina.birgersson@bioenv.gu.se (L.B.);
lotta.kvarnemo@bioenv.gu.se (C.K.); ola.svensson@sh.se (O.S.)

The Linnaeus Centre for Marine Evolutionary Biology, University of Gothenburg,

SE-405 30 Gothenburg, Sweden

School of Natural Sciences, Technology and Environmental Studies, Sodertérn University,

SE-141 89 Huddinge, Sweden

Correspondence: joachim.sturve@bioenv.gu.se; Tel.: +46-317-863-688

*

Received: 30 December 2017; Accepted: 14 February 2018; Published: 20 February 2018

Abstract: Locomotion-based behavioural endpoints have been suggested as suitable sublethal
endpoints for human and environmental hazard assessment, as well as for biomonitoring applications.
Larval stages of the sand goby (Pomatoschistus minutus) possess a number of attractive qualities
for experimental testing that make it a promising species in behavioural ecotoxicology. Here,
we present a study aimed at developing a toolkit for using the sand goby as novel species for
ecotoxicological studies and using locomotion as an alternative endpoint in toxicity testing. Exposure
to three contaminants (copper (Cu), di-butyl phthalate (DBP) and perfluorooctanoic acid (PFOA)
was tested in the early life stages of the sand goby and the locomotion patterns of the larvae were
quantified using an automatic tracking system. In a photo-motor test, sand goby larvae displayed
substantially higher activity in light than in dark cycles. Furthermore, all tested compounds exerted
behavioural alterations, such as hypo- and hyperactivity. Our experimental results show that sand
goby larvae produce robust and quantifiable locomotive responses, which could be used within
an ecotoxicological context for assessing the behavioural toxicity of environmental pollutants, with
particular relevance in the Nordic region. This study thus suggests that sand goby larvae have
potential as an environmentally relevant species for behavioural ecotoxicology, and as such offer
an alternative to standard model species.

Keywords: locomotion; Gobiidae; fish larvae; behaviour; ecotoxicology

1. Introduction

Chemical monitoring programs worldwide are documenting increasing levels of pollution in
aquatic ecosystems. Coastal environments are continuously subjected to diverse chemical pollution,
deriving from offshore oil spills, industrial and agricultural runoff, or domestic waste discharges.
It has been estimated that more than 100,000 potentially hazardous substances could be leaking into
the environment from anthropogenic activities [1]. With respect to increasing environmental pollution,
it is important to investigate the effects of complex chemical mixtures on aquatic organisms and assess
their overall impact on the health and functioning of ecosystems. Over the years, various biochemical
and physiological approaches have been developed and deployed for assessing pollution-induced
consequences on different aquatic organisms, and biomarkers have become an integral part of
biomonitoring programs worldwide [2-5]. The prevalence and diversification of anthropogenic
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pollution raises demand for development of new techniques and approaches for pollution assessment
and monitoring in the aquatic environment. The increased availability of OMICS (genomics,
transcriptomics, proteomics, and metabolomics) techniques has stimulated research and development
of novel molecular endpoints for toxicity assessment of various environmental pollutants [6-8].
Such techniques are well suited as early warning signs of exposure, are highly valuable for detecting
changes at molecular level and can provide mechanistic toxicological information, but do not implicitly
relate to adverse effects on individuals or at the population level [9]. Therefore, the development
of novel and robust tools, designed to detect sublethal effects of environmental contaminants at
individual and population level is needed.

Recently, behaviour has been proposed as a sensitive and integrative tool for sublethal toxicity
screening for various environmental chemicals [10-12]. Several studies have reported that analysis
of the swimming activity of larval stages of fish could provide predictions of mechanisms of
action of unknown or less known compounds [13-17]. Behavioural studies using automatic video
tracking systems have been shown to be successful for toxicity screening of different contaminants,
like endocrine disrupting chemicals (EDCs), nanoparticles and metals [18,19], including complex
mixtures [20-22]. Increasing recognition and use of behavioural endpoints in ecotoxicological studies
is promoting interest for inclusion of behavioural effects as an alternative for lethal endpoints in
environmental hazard assessment [12,23,24]. The use of locomotive characteristics for toxicological
applications in various animal models, such as fish, amphibians [25,26], crustaceans [27,28], insects [29],
nematodes [10] or mollusc larvae [30], has been described. This not only highlights the usefulness of
video tracking systems for ecotoxicological applications, but also reveals the versatility of locomotion
tracking tools and emphasizes the need for translatability and validation of behavioural assays across
different biological domains.

The early life stages of animals are known to be particularly susceptible to environmental stress
and are affected by both biological factors and physical factors such as water transparency, temperature
and salinity [31-34]. Animals at early developmental stages have been found to be more sensitive than
other stages to contaminants [35]. Toxicity tests using early life stages of fish are already extensively
used for regulatory purposes [36,37] and have proven useful for predicting long-term consequences on
organisms [38,39]. Besides the use of fish early life stages for chemical screening of single compounds,
this approach could potentially be used for assessing the effects of complex (environmental) mixtures
or employed for monitoring water quality [13,40-43].

The sand goby (Pomatoschistus minutus) is a small fish of the Gobiidae family with a widespread
distribution along European coasts [44]. The species inhabits soft or sandy bottoms, and can be found
across different temperature and salinity ranges from marine to brackish water [45-47]. Its reproductive
behaviour has been reviewed by Breder & Rosen [48] and Forsgren [49]. In short, spawning takes place
during spring and early summer (April to July on the Swedish west coast). During this season, male
sand gobies build nests by excavating a space underneath a bivalve shell, or similar hard substrate,
and covering the top with sand [50]. The male then tries to attract females to the nest by visual
and acoustic courtship, and, if accepted, the female will lay her eggs as a single layer on the inside
of the nest. The male fertilizes the eggs and exhibits parental care by tending to the eggs, fanning
and guarding them until they hatch [51-53]. Females may spawn with several partners over the
reproductive period and nests typically contain eggs from more than one female [54-56].

The sand goby is a valuable and ecologically relevant marine fish species for ecotoxicological
studies [57-64] and has even been proposed as a potential sentinel species for environmental
monitoring [65]. Disruption of adult behaviour after exposure to sewage effluent and xeno-estrogens
has been shown, together with gene expression measurements of common ecotoxicological markers
such as hepatic vitellogenin [59,62]. Because adult sand gobies display a number of well-documented
reproductive behaviours, including courtship, male competition and parental care, this species has
been a suitable species for studying endocrine disruptors that affect such behaviours [57,59,60,62,66].
In contrast to adult behaviour, the behaviour of sand goby larvae is still poorly understood. Because egg
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development is relatively slow, especially early in the breeding season when water temperatures are
low, a parental male will normally stay with his eggs for a considerable time (approximately 2—4 weeks
in 8-12 °C, 1-2 weeks in 12-18 °C; [67]). This means that both breeding males and developing embryos
are likely to be exposed to any pollution in the sediment or water column.

In light of increasing and diverse pollution, there is an urgent need for the development of
new approaches for monitoring environmental pollution in the aquatic environment and for the
establishment of new protective measures to ensure the health of aquatic ecosystems. The aim
of this study was to explore the potential of using early stages of sand goby as novel species for
ecotoxicological studies. Here, we specifically examine the possibility of using automatic locomotion
tracking methods for behavioural testing of sand goby larvae, which have been proven to be a sensitive
tool for toxicity screening for various environmental chemicals in model species. A pilot study focusing
on behavioural toxicity assessment of three common environmental pollutants (copper (Cu), di-butyl
phthalate (DBP) and perfluorooctanoic acid (PFOA)) on sand goby larvae was performed. Within the
scope of this project, we also assessed the feasibility of rearing the species under laboratory conditions
and attempted to develop a methodology suited for ecotoxicological testing.

2. Results

2.1. Photo-Motor Response of Sand Goby Larvae

The locomotion of sand goby larvae was quantified in a behavioural assay using alternating
light and darkness as a locomotion-inducing stimulus (Figure 1). Early larval stages of sand goby
(at 13-14 days post fertilization, dpf) showed repeatable locomotive patterns: relatively high activity
under light and low activity under dark conditions. In each light cycle (5 min), the swimming activity
of sand goby larvae consistently increased until the switch to darkness. After the onset of the dark
cycle, the activity quickly (1 min) stabilized to a baseline level (5-10 mm/min). Such locomotive
responses were consistently recorded in fish larvae, subjected to artificial light stimulation, for both
control and exposed larvae (Figure 1). To exemplify the differential locomotive responses of sand goby
larvae in a photo-motor test after toxicant exposure, a representation of swimming activity in five
light:dark cycles of Cu (1 pg/L) in exposed and control goby larvae is displayed (Figure 1).
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Figure 1. Photo-motor response of sand goby larvae exposed to copper (1 ug/L, n = 31) compared to
control larvae (n = 38), tested under five cycles of light (white) and dark (shaded) conditions.
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2.2. Locomotion-Based Behavioural Endpoints

Behavioural toxicity assessment consisted of analysis of three locomotion-based endpoints:
activity (measured as counts of movements), duration and distance travelled that were analysed
along the toxicant exposure gradient in light and dark cycles and compared to a control. All tested
xenobiotic compounds caused behavioural alterations, including hyper- and hypoactivity (Figures 2—4).
Detailed statistical information is provided in the Supplementary Materials (Table S1).

2.2.1. Number of Movements

Exposure to Cu, DBP and PFOA affected the locomotive activity (number of movements
performed) of sand goby larvae in both dark cycles and in light cycles (Figure 2). Statistically significant
differences (compared to control) were detected at the Cu concentrations 0.1, 1, 10 and 100 pg/L in dark
cycles, and 1, 10 and 100 ug/L in light cycles (Figure 2A). For DBP exposure, a significant effect was
found only at the highest concentration in the dark cycles (1000 ug/L), and at all five concentrations
tested in the light cycles (Figure 2B). PFOA seemed to affect sand goby larvae activity significantly
only in light cycles, in particular at 10 ug/L (Figure 2C). However, the post-hoc analysis did not reveal
any significant difference between the control and larvae treated with PFOA in terms of number of
movements in the dark cycles.

2.2.2. Duration of Movements

Exposure to Cu significantly affected the duration of larval movements (measured in seconds),
in both dark cycles and light cycles (Figure 3A). Statistical significances compared to control were
detected at the Cu concentrations 1 and 10 ug/L in dark cycles and in light cycles. Exposure to DBP
significantly increased duration of movement at 1 and 10 pg/L in dark cycles, and from 0.1 to 100 ug/L
in light cycles (Figure 3B). For the highest concentration of DBP (1000 pg/L) in light cycles, the duration
of movement was significantly lower than in the control. PFOA significantly increased the duration
of movement in the light cycles at 1 and 10 pug/L (Figure 3C). The post-hoc analysis did not reveal
any significant difference between the control and larvae treated with PFOA in terms of duration of
movements in dark cycles.

2.2.3. Total Distance Travelled

Results indicated that the distance parameter was also altered by toxicant exposure for all tested
compounds (Figure 4). For example, Cu exposure significantly affected the total distance the larvae
travelled, both in dark and light cycles (Figure 4A). Specifically, goby larvae exposed to 1 pg/L Cu
travelled longer distances than control individuals in both light and dark cycles, whereas larvae
exposed to 10 nug/L showed increased locomotion only in dark cycles. Moreover, after low DBP
exposure (0.1-1 pg/L) larvae seemed to be more active and swam further in light than unexposed
animals, whereas after exposure to the highest test concentration (1000 ng/L) the locomotive distance
was significantly lower (Figure 4B). This locomotion suppression persisted in both light and dark
cycles. Regarding PFOA exposure, statistically significant behavioural effects were detected only in
the dark cycles for exposure to concentrations of 1 and 10 ng/L (Figure 4C). There was also a tendency
for an increased activity in light at 10 pug/L.
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Figure 2. Locomotive activity (measured as number of movements) of sand goby larvae exposed to
copper (A), di-butyl phthalate (B), and perfluorooctanoic acid (C). Results presented as means £+ SEM
(standard error of the mean) for dark (left) and light (right) cycles. Statistically significant differences
(p < 0.05) between control and other treatments are indicated with asterisks (*), (n > 31).
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Figure 3. Duration of locomotive activity (measured as seconds) of sand goby larvae exposed to copper
(A), di-butyl phthalate (B), and perfluorooctanoic acid (C). Results presented as means &= SEM for dark
(left) and light (right) cycles. Statistically significant differences (p < 0.05) between control and other
treatments are indicated with asterisks (*), (n > 31).
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Figure 4. Locomotive distance (measured as distance travelled) of sand goby larvae exposed to copper
(A), di-butyl phthalate (B), and perfluorooctanoic acid (C). Results presented as means &= SEM for dark
(left) and light (right) cycles. Statistically significant differences (p < 0.05) between control and other
treatments are indicated with asterisks (*), (n > 31).

3. Discussion

Behavioural ecotoxicology is a growing discipline aimed at finding novel and sensitive
behavioural endpoints that could be used for sublethal toxicity screening of environmental
pollutants [11,68]. In the present study, we used sand goby larvae as an ecologically relevant species
for the Nordic region and explored whether its locomotive behaviour could be used for screening
environmental contaminants. This study is the first to describe the locomotive responses of sand goby
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larvae within a photo-motor test, thereby making use of a behavioural assay that is commonly used
for pharmaceutical testing and chemical screening [15,16,69,70]. We demonstrated that sand goby
larvae at 13-14 dpf are able to respond to light stimulation (19,000 lux) and display robust behavioural
patterns. At this early stage of development, the goby larvae were able to detect an external signal and
produce a consecutive response to the stimulation. The behavioural assay employed in the present
study was directly adapted from zebrafish studies, which have previously been shown to be able to
detect sublethal contaminant-induced behavioural changes [18,19].

For all three tested compounds, we were able to establish dose-response relationships between
each single locomotion variable and the toxicant exposure gradient. The observed behavioural
changes were in line with previously published sublethal toxicity margins [71-74]. The observed
toxicant-induced locomotive disturbances support the use of locomotion-based endpoints for sublethal
toxicity screening. Two of the tested compounds (DBP and PFOA) are well-known EDCs [75-78],
which may exert biological effects at low exposure levels and generate non-monotonic responses [79].
Interestingly, DBP demonstrated non-monotonic behavioural responses across the concentration
gradient for all tested locomotion variables (Figures 2B, 3B and 4B) with significant elevation of
locomotion parameters at low concentrations and decrease at the highest concentration. The locomotion
assay used in this study may be useful for toxicity screening of endocrine disruptors, which is in
agreement with previous studies that have suggested that behavioural endpoints are suitable for EDC
screening [80]. Furthermore, a clear increase in swimming activity (in light cycles) was observed in
sand goby larvae exposed to environmental levels of Cu (1 pg/L). A similar elevation in locomotive
responses was previously documented using the same photo-motor test in zebrafish exposed to Cu
ions [19]. On the basis of this comparison, we suggest that exposure to Cu induced similar behavioural
disturbances in two different fish species, which exemplifies the versatility of locomotion profiling
approach and supports its applicability beyond the standard laboratory species. Moreover, this finding
suggests that, despite the intrinsic differences in the behavioural repertoire of fish larvae from these
species, changes in locomotion (intensity and/or patterns) could potentially be used as a pragmatic
tool for toxicity screening.

It is generally assumed that animals subjected to toxicant exposure experience stress and can
enter new and potentially irreversible physiological states. According to the allostatic step-wise stress
theory [81,82], organisms exposed to low levels of a stressor (not necessarily toxicant-induced) are
capable of mediating the disturbances via homeostasis, while they may be irreversibly harmed when
the stressor persists or exceeds the organisms’ capacity to cope. Interestingly, we observed dual
behavioural modalities, indicating the presence of low-level stimulatory effects of toxicants in low
exposure concentrations, and suppressing (toxic) effects in high exposure levels (Figures 2B, 3B and 4B).
We could speculate that fish larvae exposed to low levels of toxicants (Figures 2—4) may have
experienced metabolic stress (e.g., due to increased physiological needs for detoxification), which
thereafter translated to hyperactivity and/or changes in susceptibility to light stimulation. For example,
Cu and DBP exposure have been linked with oxidative stress [83,84], either from a direct toxicant effect
or as a result of increased metabolism, which potentially causes observed behavioural disturbances.
On the other hand, even though the underlying mechanism(s) of stimulatory (behavioural) swimming
response remain largely unknown, a growing body of studies have documented toxicant-induced
hyperactivity in fish larvae [18,85,86]. Hypothetically, hyperactivity may reflect an adaptive larval
response originally evolved to allow avoidance of non-preferred micro-environments. However,
in the context of macro-environmental pollutants, such a response is arguably not likely to be
beneficial, and may even be harmful to the larvae. Furthermore, the use of high levels of solvents
(e.g., dimethyl sulfoxide (DMSO) 0.01-0.1%) has been shown to increase locomotion in several aquatic
model species [87], which should also be taken into consideration while designing experiments and
interpreting the results from behavioural experiments with toxicants dissolved in a carrier medium.
Then again, hypoactivity (reduced swimming capacity) may occur due to functional damage exerted on
the motoric system, or overall homeostatic arrest, and in such context could be viewed as a behavioural
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disability. That said, explanation of observed behavioural disturbances, e.g., using stepwise-stress
theory, validation of behavioural changes across contaminant exposure (concentration) gradients,
as well as explanation underlying mechanisms remain prospects for the future. In the broader context
of the newly emerging discipline of behavioural ecotoxicology, the interpretation of the adversity of
“behavioural effects”, as well as extrapolation of such effects on population level, are still subjects
for discussion.

Even though our study was limited to three contaminants that are prevalent in coastal
environments, we believe that this behavioural screening approach can extend beyond that.
For instance, a proposed behavioural toxicity testing strategy could be used for testing complex
environmental mixtures (e.g., solid phase extracts) for biomonitoring purposes. Furthermore,
the sand goby behavioural assessment using larval stages used here could be further upgraded
and potentially coupled with developmental toxicity assessment using traditional apical endpoints
(mortality, incidence of malformations, as described in the Fish Embryo Toxicity Test [37]) or with
various molecular techniques suited for obtaining comprehensive mechanistic insights of toxicity.
Collection of additional toxicological endpoints could undoubtedly support results of behavioural
assessment and could aid for data interpretation.

As pointed out above, the locomotion of sand goby larvae has been shown to be suitable for
sublethal toxicity screening of xenobiotics. Besides its robust photo-motor response, there are other
attractive features of the sand goby species suggesting its applicability in ecotoxicological sciences.
For example, a natural nest often contains 5000-10,000 eggs (2000-3000 eggs per female [44,88]),
spawned by 2-6 females per nest [55], which ensures easy collection of fish embryos or larvae sufficient
for execution of experiments. They also readily spawn in the laboratory. Notably, with experimental
designs that include single female—male breeding (Figure 5A), both intrapopulation variability (within
clutches) and interpopulation (between clutches) variability can be systematically controlled, which is
highly important for making laboratory-based behavioural studies more ecologically relevant. Also,
it is well known that offspring from fish sampled from populations in the field are expected to
have higher level of genetic diversity (low inbreeding potential) compared to lab-reared populations.
Sand goby larvae (10-14 dpf) that were used in the experiments did not initiate independent feeding,
and therefore technically could be considered an in vitro system (according to European legislation),
which represents another strength of using the species for toxicological exposures. Furthermore,
the applicability of the species for ecotoxicological studies stretches beyond its early life stages.
Previously, it has been shown that other life stages of the species possess certain attributes that make
them ecologically relevant in ecotoxicology. For example, the short generation time (1-2 years [89])
represents another advantage for the potential application of this species in transgenerational
ecotoxicological studies. Moreover, due to interesting reproductive behaviours, the sand goby has
been proven to be useful in studies assessing the impacts of compounds with an endocrine mode of
action (e.g., 17x-ethinyl estradiol in [57,58]).

However, the use of sand goby larvae as an alternative for behavioural ecotoxicology still
presents some challenges and there are several methodological considerations for using sand goby as
an ecologically relevant species for ecotoxicological experiments. In terms of practical prerequisites
for species husbandry and breeding, there are some apparent limitations associated with seasonality.
The sand goby normally has a breeding season that covers spring and early summer [49], and therefore
exposure of larvae is limited to this season. Even though there is the potential for keeping sand
goby and other species in the so-called sand goby group [90] in the laboratory and performing
routine breeding in an artificial setup, it unfortunately remains a great uncertainty. Although they
are unproblematic to keep in the laboratory all year around and they mature eggs and sperm in
spring [91], raising the pelagic larvae until settling has proven to be challenging [92]. Furthermore,
depending on water temperature, it takes 1-4 weeks for sand goby larvae to hatch [67], and this
period is considerably longer and more variable than for other standard laboratory species such as
zebrafish (72 h post fertilization, hpf) and fathead minnow (5 dpf) [93]. For the Japanese medaka,
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another fish species commonly used in ecotoxicological studies, it takes nine days until hatching is
completed [94]. The breeding and rearing conditions for the sand goby in the laboratory would need
to be carefully controlled to ensure that embryos hatch at the same time and that larvae are at the
same developmental stage at the onset of exposure. In addition, high baseline mortality was observed
during our experiments, and is a challenge for the use of the sand goby as a model of chemical
exposure. The mortality we observed varied between different clutches. Potential explanations for the
intrinsically high mortality rates could be insufficient oxygenation, high embryo density on the plastic
film, and handling stress (e.g., sensitivity due to transferring larvae). As the male would normally care
for the eggs until they hatch, removal of unfit eggs from the nest before hatching may also have an
effect on the mortality and quality of artificially reared clutches. Previous studies have also described
high mortality rates for the rearing of sand goby larvae [92].

The behavioural toxicity assessment was conducted using an assay designed for zebrafish,
and tracking parameters employed in the behavioural protocol may need further refinement to
be suitable for sand goby larvae. Optimization of movement differentiation thresholds, as well as
the selection of relevant lighting conditions (cycle length, acclimation duration, etc.), may be advised
in future studies. For example, the level of light intensity may play an important role in (observed)
behavioural responses. In the natural environment, the light intensity in the water column can vary
greatly depending on different biotic and abiotic factors. Adult sand gobies used in this study were
caught in shallow (0.5-1 m) coastal areas, with expected lower light intensity than in the experimental
setup. It has been previously shown that adult P. minutus display nocturnal activity under low light
conditions (high activity in darkness and low activity in light) [95]. However, this behaviour may well
be ontogenetically flexible or undergo changes during seasons, affected by changes in light intensity.
Overall, relatively little is known about the impact of light on sand goby activity patterns, especially
how it changes from the early life stages to adulthood. Taken together, even though a solid knowledge
base about the biology and behaviours of adults exists, information about the development and
ontology of behavioural repertoire of the larvae is still largely lacking (see [92]).

4. Materials and Methods

4.1. Sand Goby Husbandry

Adult sand gobies (P. minutus) were caught during May 2016 by hand trawling in a clean bay near
the Sven Lovén Center for Marine Infrastructure Kristineberg, University of Gothenburg, on the west
coast of Sweden (58°14'53.8" N 11°26/50.1"" E). Specimens were initially stored at the Kristineberg
facility and fed ad libitum with live mysid shrimps (Praunus flexuosus) and mussel meat (Mytilus sp.).
After three days the fish were moved to another aquarium facility, located in Gothenburg (Department
of Biological and Environmental Sciences, University of Gothenburg), and kept in artificial seawater at
28.4 % 1 practical salinity units (PSU) under 12:12 h light:dark cycle at 14 °C. Salinity was measured
twice per week. Fish were fed ad libitum three times per week with frozen Chironomidae mosquito
larvae (Imazo AB, Vara, Sweden). All fish were treated in accordance with the ethical practices defined
by the Swedish Board of Agriculture (Permit number 39-2014).

4.2. Breeding for Exposures

Prior to breeding, male and female fish were separated and kept in two separate tanks (200 L)
filled with artificial seawater and a sand layer on the bottom. For breeding trials, a closed flow-through
system equipped with mechanical, biological and ultra violet (UV) filters with smaller tanks containing
14 L water, an air stone and a 3 cm clean sand layer as substrate at the bottom was used. One male and
one female were placed in each smaller flow through tank, together with a halved clay pot (7 cm )
that the male could use as a nest site. The inside of the clay pot was covered with a plastic film, which
served as a substrate for the eggs. Once the females had laid eggs, they were removed from the tank
in order to avoid possible egg predation. Larval development was monitored by visual inspection.
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Shortly before hatching, when the eyes of embryos were visible (after approximately 10-11 days),
the plastic film with eggs was transferred from the clay pot to beakers with saline water and allowed
to hatch.

4.3. Chemicals and Exposure Design

Three compounds, Cu, DBP and PFOA, were selected based on a list of commonly found chemicals
from a sampling campaign in Swedish west coast waters [96] and were tested as single compounds.
Chemicals were purchased from Sigma Aldrich (Stockholm, Sweden). Exposure solutions were
prepared in artificial seawater (28.4 PSU) to five nominal concentrations in the range of 0.01-1000 ng/L
(PFOA) or 0.1-1000 pg/L (Cu and DBP). The lowest concentrations for DBP and PFOA were chosen
based on the mean environmental concentrations found by Gustavsson et al. [96] and the concentration
for Cuwas 1 pg/L. For PFOA, a stock solution in DMSO (100%) was first prepared, and then diluted
to final concentrations in artificial seawater containing a maximum of 0.1% DMSO, in compliance with
OECD recommendations [97]. In the control treatment, artificial seawater was used.

The larval exposure was static; for each treatment, a total of nine technical replicates from three
clutches (i.e., three per clutch) belonging to three different breeding pairs were used (Figure 5A).
Approximately 24 h after hatching, 30 healthy larvae from each clutch were randomly selected and
transferred to glass e-flasks with 90 mL exposure solution (for each compound and each concentration).
Larvae were incubated at 14°C with a 12:12 h light:dark cycle. After 48 h of exposure (72 h post
hatching), eight larvae per exposure condition were transferred to individual wells of 48-well plates
containing 700 puL exposure solution. Mortality was not recorded during the exposure, but was
estimated to be 20-40% prior to exposure. Natural, high baseline mortality for sand goby larvae has
previously been described [92].
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Figure 5. Breeding setup and experimental design for sand goby larvae exposures (A) and behavioural
toxicity assay utilizing alternating light and dark cycles (B). The locomotive response of unexposed
sand goby larvae is presented.
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4.4. Behavioural Toxicity Assay

Prior to assessing the behavioural toxicity of selected compounds, a pilot study was conducted
to investigate and describe baseline activity patterns of sand goby larvae in a photo-motor test
(Figure 5B). The swimming activity of unexposed goby larvae was quantified using a behavioural
assay previously developed for zebrafish larvae [18]. The behavioural protocol was adapted for sand
goby larvae with some minor adjustments. The locomotion of the sand goby larvae was quantified
using the locomotion tracking with rotation angles module in the automatic behaviour tracking system
ViewPoint (ViewPoint Life Science Inc., Montreal, QC, Canada). In order to artificially stress the
animal and see its behavioural response in stress conditions, a protocol composed of 10 alternating
light:dark cycles (5 min : 5 min) was used. Light saturation in light cycles was 100%, corresponding
to 19,000 lux. The larvae were acclimated in light for 15 minutes before initiation of the locomotion
assay. Three locomotion-based endpoints were assessed: (1) number of movements; (2) duration of
movements; and (3) total distance travelled. In this study we focused on the cumulative movement
responses of fish larvae (during behavioural trials), without disseminating information on structural
and dynamic components of locomotion. The positions of larvae within the 48 well-plate were
randomly assigned to avoid potential plate effects. Also, for each behavioural plate, fish larvae exposed
to all test concentrations for each single chemical exposure were included. Moreover, prepared plates
were kept for at least 10-40 min before behavioural tracking to eliminate the potential impact of stress
induced by handling. The temperature during behavioural experiments was kept constant (16 + 1 °C).
Behavioural experiments were consistently conducted between 08:30 and 18:30.

4.5. Data Analysis

For the statistical analysis, results for dark and light cycles from different technical and biological
replicates were averaged. Results are presented as mean values for the three different locomotion
endpoints + standard error of the mean (SEM). Asterisks represent the statistical significance
(i.e., p-value < 0.05) between the condition of exposure and the relative control within dark or light
cycles. From all the datasets, the values of the 3rd and the 20th min were deleted due to technical
problems, probably caused by tracking software issues. These problems were found in all the datasets,
without exception; therefore, it was decided to remove those data that could interfere with the further
analysis. Moreover, all the data from larvae where movement was not recorded were removed.

Data were checked for normal distribution with the Shapiro—-Wilk test and for homoscedasticity
with Levene’s test. If these two assumptions of analysis of variance (ANOVA) were matched in the
data, a one-way ANOVA was used, followed by pairwise t-test comparisons of each concentration
against the control. This was done as a planned comparison post hoc testing to assess the effect of
the tested compound on larval locomotion. Light and dark cycles were analysed separately. If the
homoscedasticity assumption was not matched, a Welch’'s ANOVA test with the Games-Howell
post-hoc test was used. If the normality assumption was not matched, a Kruskal-Wallis test
followed by a Nemenyi post-hoc test was used. Statistical analysis was performed with the software
R and RStudio [98].

5. Conclusions

The current study demonstrates that sand goby larvae can be used to screen for the behavioural
toxicity of chemicals present in the marine environment and that the sand goby larval locomotion
assay is a promising tool for single chemical hazard assessment on a species relevant for Nordic
marine ecosystems. We adapted a behavioural assay developed for zebrafish with the sand goby as
a more environmentally relevant species and were able to establish dose-response relationships for
measured behavioural endpoints after exposure to single compounds. The early developmental stages
of sand goby could also be used for more complex mixtures, as well as in future monitoring studies
of complex mixtures, extracts, and water or sediment samples. Furthermore, it could be adapted for
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other species of fish. We conclude that locomotion of fish larval stages can be used as an indicator of
sublethal effects of toxicants, and that sand goby larvae have potential for ecotoxicological behavioural
studies. However, there are several unresolved challenges, including optimization of behaviour
tracking, standardization, breeding limitations and embryo mortality, which should be addressed in
future studies.

Supplementary Materials: The following are available online at www.mdpi.com/2410-3888/3/1/13/s1, Table S1:
Statistical analysis on sand goby larvae exposed to the three different compounds in dark and light cycles.
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