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Abstract

Invasive fish species are a major driver of freshwater native fish biodiversity loss and their
spread and impacts on the native fish are expected to increase within the current freshwater
salinization and global warming crisis. In the current study, the upper thermal and salinity
tolerance of the geographically range-restricted, threatened killifish Valencia robertae and
its alien competitor, the globally invasive Eastern mosquitofish Gambusia holbrooki are
compared in an experimental setting. Fish were exposed, after acclimation, to a continuous,
dynamic temperature or salinity increase until predefined sub-lethal end points (loss of
equilibrium and/or loss of buoyancy). The critical thermal and salinity maxima (CTMax
and CSMax) were then calculated as the arithmetic mean of the combined thermal or
salinity points at which the endpoint was attained. Finally, thermal and salinity safety
margins for the two species were also calculated using abiotic data. Mosquitofish (females
and males pooled) showed an average CTmax of 35.85 °C and the killifish 36.27 °C (sexes
pooled). Mosquitofish (male) showed an average CSmax of 40.25%. and (male) killifish
42.64%o (sexes also pooled). Killifish safety margins are much higher than those of the
mosquitofish. Future impacts of global warming and salinisation on these species and on
their interactions under current climate change scenarios are discussed.

Keywords: climate change; coastal freshwater salinisation; Gambusia holbrooki; Valencia
robertae; Mediterranean ecosystems; thermal safety

Key Contribution: Experimental trials revealed that both the threatened Peloponnese
killifish and the invasive Eastern mosquitofish tolerate high temperature and salinity
extremes. Climate change, coupled with habitat degradation, however, is likely to favour
the invasive mosquitofish, as natural killifish habitats, unlike those of the mosquitofish,
remain far below these tolerance thresholds.

1. Introduction

The global trend of salinisation of freshwater ecosystems due to anthropogenic activi-
ties is combined with and often accelerated by global warming [1]. Freshwater salinisation
and climate change have been identified as main drivers of freshwater biodiversity loss
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and of its related ecosystem services [2]. Elevated freshwater temperature and salin-
ity can lead to major shifts in freshwater biotic communities, including freshwater fish
communities [3-5]. Fish are ectothermic and osmoregulated organisms, and consequently,
their physiology is intricately linked to the ambient temperature and salinity of their en-
vironment, exerting a direct impact on their biological processes. Increased freshwater
temperatures and salinity can have profound effects on fish survival, growth, and reproduc-
tion, through impacts on their osmoregulation, biochemistry, and stress physiology [6-11].

These global environmental changes, however, are also expected to enhance the im-
pacts on freshwater ecosystems of invasive species, one of the leading causes of the decline,
range reduction, and, in some cases, extinction of the freshwater fish fauna globally [2,12].
Typically, invasive fish species have much wider environmental tolerances compared with
native species, often being able to thrive in degraded habitats [13]. Climate change is
expected to increase their colonisation of new habitats by removing current environmental
barriers to their expansion and establishment [14,15]. Furthermore, altered thermal and
salinity regimes are expected, among others, to alter /enhance the competitive dominance,
predation, and/or disease transmission/virulence impacts of invasive species on native
species [14,16].

In the current study, we focused on the recently described Peloponnese killifish Valencia
robertae, endemic to south-western Greece, encompassing the most southern populations of
the genus Valencia in Greece. Valencia robertae, though not yet assessed by IUCN, has been
proposed to be assessed as Critically Endangered, with an extent of occurrence smaller
than 100 km? and an area of occupancy less than 10 km? [17,18]. The Peloponnese killifish
has a very fragmented distribution with its southernmost populations extinct or near
extinction. The species had a global decline of 91% in the period 2005-2018 [19], attributed
to habitat degradation and the global invader, the alien Eastern mosquitofish Gambusia
holbrooki (Girard, 1859) that is found in association with the killifish in most of its lowland,
freshwater, and brackish habitats [20,21].

To test the hypothesis of elevated temperatures and salinity conferring a competitive
advantage on alien invasive fish compared to native fish species through enhanced survival,
the upper thermal and salinity tolerance of the threatened freshwater killifish V. robertae and
the alien, invasive Eastern mosquitofish G. holbrooki in controlled laboratory experiments
were tested as single stressors. Our working hypothesis was that the mosquitofish would
exhibit much higher thermal and salinity tolerance compared to the native killifish.

2. Materials and Methods
2.1. Fish Collection and Maintenance

Peloponnese killifish (Valencia robertae) were collected from a stream in Central
Greece (Mornos River delta) on 27 November 2018 (103 individuals, size range 1040 mm,
73 adults >17 mm, 40 females and 33 males) and on 10 October 2019 (39 individuals, size
range 17-35 mm, all adults, 16 females and 23 males) using a seine net. Adult Eastern
mosquitofish (Gambusia holbrooki) were collected from a small, natural pond near Athens,
Attica, with hand nets in September 2019 (60 individuals, 40 females and 20 males, size
range 2045 mm). In the field, water conductivity (uS/cm), pH, and temperature (°C) were
measured for the subsequent acclimation of the fish in the laboratory (Table A1).

Killifish were transferred to HCMR laboratories in individual 500 mL plastic contain-
ers with oxygen supply, while mosquitofish were transferred in a single 30 L container
with oxygen supply, due to the close proximity of the collection site. After arrival at the
laboratory, with zero mortalities recorded, and following acclimatisation, killifish and
mosquitofish were placed in separate 180 L tanks with water maintained at temperature
20 °C, pH 8.16, and conductivity 1000 uS/cm. These values are well within the range of
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water parameters found in both species’ natural habitats (see Table A1). Artificial lighting
with two T5 daylight 39 W, 3000 lux (at the surface) bulbs followed natural photoperiod.
Fish were provided with live Ceratophyllum sp. floating plants, while a thin layer of nat-
ural gravel was placed at the bottom of the tanks. Fish were fed with sera Vipagram
granules and sera Vipan fish flakes once a day ad libitum. All individuals were thus
acclimated under standardised laboratory conditions (temperature, salinity, diet, and pho-
toperiod) prior to the trials to minimise potential carry-over effects from pre-experimental
environmental history.

2.2. Thermal Exposures

Resistance to different temperatures in fish can be quantified in the laboratory in
three different ways: (a) the incipient lethal temperature (ILT) methodology, i.e., the
temperature lethal to 50% of a fish sample, (b) the chronic lethal maximum temperature
(CLM) methodology in which fish are exposed to very slow increases (°C/day) until
mortality occurs, and (c) the critical thermal maximum (CTMax) methodology, where
individual fish are subjected to a constant rate (°C/min) until physical disruption (e.g., loss
of equilibrium) but before mortality.

In the current study, the critical thermal maxima (CTMax) methodology was ap-
plied [22]. For thermal exposures, the same 12 1 tank (30 x 18.5 x 26 cm) was used,
equipped with an air supply (Sera air 275 R plus air pump Sera GmbH, Heinsberg, Ger-
many), which helped in the oxygenation and the continuous stirring of the water. All sides
of the tank, except the front, were covered with Styrofoam sheets for insulation and for min-
imising fish visual stress [23]. Prior to each thermal exposure, the experimental tank was
filled up to the 7.5 1 mark with 50% water from the respective species’ holding tank (water
temperature 20 £ 0.5 °C) and with 50% fresh dechlorinated water of the same temperature.

A titanium heater (300W, Schego Schemel & Goetz GmbH, Offenbach am Main, Ger-
many) was placed in the tank, which was divided into two sections by a plastic mesh
measuring 29 x 25 cm (with a mesh hole size of 0.5 x 0.5 cm) to separate the equipment at
the back (heater; air-stone) from the rest of the tank in order to prevent the fish from coming
into contact with the heater. The heater was regulated by a digital temperature controller
(STC-1000 controller) custom-programmed for a steady linear temperature increase of 1 °C
every 5 min (Figure la). A temperature recorder (Hobo Data Logger) was also placed in the
tank, obtaining one temperature measurement per minute for a more accurate measurement
of the temperature increase. During the experiments, oxygen saturation was almost 100%.

At each thermal exposure, two fish of the same species and sex (with the exception
of one thermal killifish experiment where one female and one male were used) were
placed in the tank (both species are highly social; thus, adding a companion fish in the
tank was expected to lower ambient stress from handling and introduction to a novel
environment). It should be noted that both species exhibit sexual dimorphism, thus
enabling sex identification. After a 20 min acclimatization period, fish were exposed
to the gradual temperature increase to determine upper temperature tolerance using
the critical thermal maximum methodology (CTMax: [24]). During each trial, fish were
continuously monitored visually through a webcam, and the behavioural endpoint (at
which the trial for each fish ended) was the loss of equilibrium (LOE, i.e., the fish losing
the ability to hold its upright position in the water column and typically taking a fully
horizontal position or tumbling), a common sub-lethal CTMax endpoint used to determine
ecological upper thermal tolerance [23,24]. The thermal ramping rate of 0.2 °C/min and
standardised endpoint of loss of equilibrium were based with modifications on [24-26].
This end point of the experiment was chosen to avoid mortalities; in this state, fish are
generally rendered incapable to avoid predation or other external threats, and can thus
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be considered moribund [27]. Once a fish experienced LOE, it was removed from the
experimental tank (removal temperature recorded) and placed in a small plastic container
filled % with holding tank water (at 20 °C) and % with experimental tank water (at removal
temperature). They were then weighted and photographed. After 20-30 min, there was
gradual water change with water from the holding water tank to reach a temperature of
20 °C. The fish were then transferred to the monitoring tank (with similar conditions with
holding tank). They were closely monitored for one week for any mortalities or signs of

health deterioration.
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Figure 1. Controlled thermal increase (a) and salinity increase (b) during the main experiments.
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A total of 32 thermal trials (with 21 male and 11 female V. robertae fish and 16 male
and 16 female G. holbrooki fish) were conducted in June 2020; all fish were naive; i.e., all fish
were used for a single thermal trial. Each experiment was recorded with a digital camera
(c270, Logitech Europe S.A., Ecublens, Swizerland) for later analysis.

2.3. Salinity Exposures

Upper salinity tolerance in each species using the critical salinity maxima methodology
was determined (CSMax, [7]). The same insulated tank, described above, equipped with
air supply was used for the salinity trials. Prior to each salinity exposure, the experimental
tank was filled with 50% water from the respective species” holding tank (salinity 0.7 %o in
the killifish tank and 0.4%o in the mosquitofish tank) and with 50% dechlorinated water
(salinity 0.2%0) at a 20 °C temperature. Saltwater was then prepared by dissolving natural
coarse sea salt in dechlorinated water to achieve a final concentration of 300 %o.

A custom-built dosing system, consisting of a peristaltic pump (12V DC, 5000 rpm
Shenzhen Qidike Technology Co., Ltd., Shenzhen, China) controlled by an Arduino board
(Uno R3, ATMEGAS328P chip) through an L298N motor driver module, was used for
gradually increasing the salinity with highly concentrated saltwater (300%.). The pump
infused 5 mL of saltwater per minute with a salinity increase rate of approx. 10%./h
(Figure 1b). Salinity was monitored during each experiment using a Salinity Refractometer
(RHSN-10ATC, Sinotec, Zhangzhou, China) with salinity range 0-100ppt and resolution
1%o. Conductivity/TDS and pH were monitored with a portable coducticity/pH tester
(HI98129 — EC range: 0 to 3999 uS/cm, Hanna Instruments Inc., Woonsocket, RI, USA.

At each salinity exposure, we placed two fish of the same species and sex in the tank
(with one exception due to the odd number of fish available); as both species are highly
social, adding a companion fish in the tank was expected to lower ambient stress from
handling and introduction to a novel environment. After a 20 min acclimatization period,
each fish pair was exposed to the gradual salinity increase and monitored for signs of
stress-related behaviour. The behavioural sub-lethal endpoints were loss of equilibrium
and loss of buoyancy [28,29]. When the ability to maintain their position in the water
was completely lost, fish were removed (removal salinity recorded), weighed, and pho-
tographed. They were then placed in a tank where there was aeration and the water had the
same temperature as the experimental tank but the salinity was at 15%o. After 20-30 min,
there was a gradual water change with water from the holding tank to reach the same value
of salinity. All the fish were transferred to a separate aquarium to monitor mortality, health
deterioration, stress, or loss of appetite for four weeks. The fish were then transferred to
the monitoring tank (with similar conditions with the holding tank).

A total of 12 salinity trials (with 11 male V. robertae fish and 12 male G. holbrooki fish)
were conducted between September 2020 and January 2021; all fish were naive; i.e., all fish
were used for a single salinity trial. Each experiment was recorded with a digital camera
(c270, Logitech Europe S.A., Ecublens, Switzerland) for later analysis.

During the experiments, pH ranged from 8.07 (at salinity 10%.) to 7.91 (at salinity
40%o), indicating that the behavioural changes observed during the experiments were due
to the increase in water salinity.

2.4. Pilot Experiments

Pilot experiments were initially carried out without fish to ensure a smooth increase
in temperature and salinity over time and to prevent mortalities. Prior to the thermal
exposure experiment, one pilot thermal experiment with the Peloponnese killifish (a pair
of males) and three pilots with mosquitofish (two pilots with pairs of females and one pilot
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with a pair of males) were conducted with no mortalities. Therefore, both male and female
fish were used in the main thermal experiments.

For the salinity exposure, again to prevent mortalities, three pilot trials were conducted
with three pairs of female mosquitofish; the first trial resulted in the death of both fish, and
the second and third trial resulted in the death of one of the two fish used per trial. One
pilot experiment with one male killifish, with no mortality, was also conducted. Therefore,
only male mosquitofish and male killifish were used in the main salinity experiment.

2.5. Thermal Safety Margins

Thermal safety margins (TSM), i.e., TSM = CTMax — Thabmax, were calculated for
the killifish and the mosquitofish to obtain an indication of the proximity of the maximum
habitat temperature (Thabmax) to their upper thermal limits (CTMax) in an experimental
setting. This indicates their susceptibility or capacity to adapt to climate change-induced
water temperature changes [23,30,31]. Based on the available literature, Thabmax for the
mosquitofish (G. affinis) is 44.5 °C [32,33], while for the killifish (V. letourneuxi) Thabmax is
22 °C [20], and thus these values were used for the calculation of TSMs.

2.6. Salinity Safety Margins

Salinity safety margins (SSM), i.e., SSM = SMax — Salmax, were calculated for the killi-
fish and the mosquitofish to obtain an indication of the proximity of their maximum habitat
salinity (Salmax) and their upper salinity limits in an experimental setting. This indicates
their susceptibility or capacity to adapt to climate change-induced water salinity changes
(Caparelli et al. 2022 with modifications) [31]. Based on the available literature, Salmax for
the mosquitofish is 41%o. (Pyke 2008) [33] and 7.5%. for the killifish (V. letourneuxi, [20]),
and thus these values were used for the calculation of SSMs.

2.7. Statistical Analyses

Data normality and homoscedasticity were assessed using Shapiro-Wilk’s and Lev-
ene’s tests, respectively, to examine whether ANOVA assumptions were met. Thermal
tolerance data were analysed by means of two-way ANOVA, followed by Tukey HSD post
hoc tests for group comparisons (species and sex groups). The relationship between body
mass and removal temperature was tested with Pearson’s correlation. Salinity tolerance
data were non-normal in the case of Gambusia group; thus, they were analysed using the
Kruskal-Wallis non-parametric test. The relationship between body mass and removal
salinity was tested with Spearman’s correlation. Tests were conducted with Stata 18 (Stata
Corp, College Station, TX, USA). Plots were created with Language R version 4.1.

3. Results
3.1. Thermal Exposures

Mean removal temperatures (mean CTMax values) were similar for all groups tested,
while body mass was much lower in male mosquitofish (Table 1).

Two-way ANOVA test revealed significant species effects (F= 5.07; p = 0.028) and
sex-by-species interaction effects (F = 9.73; p = 0.003), but no significant sex-specific ef-
fects. More specifically, mosquitofish (females and males pooled) showed average CTmax
35.85 £ 0.80 °C and the killifish 36.27 & 0.62 °C, (sexes pooled; Figure 2). Killifish removal
temperature (sexes pooled) was significantly higher (Tukey test, p < 0.05) than mosquitofish
removal temperature.

Male mosquitofish showed an average CTmax of 35.44 °C, male killifish 36.35 °C,
female killifish 36.11 °C, and female mosquitofish 36.26 °C (Figure 3); Tukey HSD analysis
showed statistically significant differences in removal temperature between male killifish
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and male mosquitofish (Tukey test, p < 0.05) and between female mosquitofish and male
mosquitofish (Tukey test, p < 0.05)

Table 1. Mean weight and mean removal temperatures of the killifish and the mosquitofish used in

the thermal trials.

Species (Sex) Removal Temperature (°C £ SD) Body Mass (g &= SD)
V. robertae & 36.35 + 0.50 0.64 + 0.28
V. robertae Q@ 36.11 £0.75 0.73 +0.23
G. holbrooki 35.44 + 0.65 0.31 £0.13
G. holbrooki @ 36.26 = 0.73 0.86 = 0.20
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There was no statistically significant correlation between fish weight and removal
temperature when tested with Pearson’s test (p > 0.05). No mortalities were observed either
during or after the thermal experiments.

3.2. Salinity Exposures

There were significant species-specific effects as the (male) mosquitofish average
CSmax (40.25%o0) differed significantly from the (male) killifish average CSmax (42.64 %o;
Kruskal-Wallis test H = 5.322; df 1; p < 0.05).

Also, Spearman’s test revealed a positive correlation between removal salinity and
body weight in male mosquitofish (Figure 4; Spearman’s r = 0.78; p = 0.01; n = 12). No
mortalities were observed either during or after the salinity experiments.

Mosquitofish
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Figure 4. Graph depicting the relationship between removal salinity and mosquitofish weight.

3.3. Thermal and Salinity Safety Margins

Based on the results, the TSM (TSM = CTMax — Thabmax) for the mosquitofish
is 8.65 °C (35.85 °C in experimental settings versus 44.5 °C in nature) and for the killi-
fish it is 13.27 °C (36.27 °C in experimental settings versus 22 °C in nature). The SSM
(SSM = SMax — Salmax) for the mosquitofish is 0.75%o (40.25%. in experimental settings
versus 41 %o in nature) and for the killifish it is 35.14 %o (42.64 %o in experimental settings

versus 7.5%o in nature).

4. Discussion

The original hypothesis was that the highly expansive mosquitofish would have
greater resistance to extreme temperatures and salinities in an experimental set-up. Con-
trary to initial assumptions, the results showed that the Greek killifish can also reach similar
thermal limits to the mosquitofish in the current experimental setting with a non-lethal
behavioural endpoint. The merits of the CTM and CSM approach, as opposed to the ILT
methodology, are obvious as we avoid mortalities, whereas the use of the CLM method-
ology is extremely time-consuming and logistically demanding. In short, CTM and CSM
strike a balance between ecological relevance, experimental feasibility, and animal welfare.
Nevertheless, whatever the method applied to quantify thermal and salinity resistance
in fish, it is recommended to clearly distinguish between acute and chronic exposures,
to apply ecologically realistic but well-controlled conditions, including solving practical
problems of chronic exposure experiments, such as fish feeding, and to standardise the
rates of change in temperature and salinity.
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While there is no bibliographical information on the thermal tolerance of members
of the Valenciidae family, there are studies with varying experimental set-ups providing
information on the thermal limits of poeciliids; for example, Pacher et al. (2024) [34], using
a set-up similar to that of the current study (with a heating rate of 0.4 °C min—Y, indicated
a CTMax for the related species Gambusia eurytstoma of 41.2 °C, close to the upper thermal
limits of other poecilids). Concerning salinity tolerance, Bianco and Nordlie (2008) [35], in
an experimental setting with a lethal endpoint, found that the related Corfu killifish Valencia
letourneuxi had an upper lethal limit of 46%., while Nordlie and Mlrandi (1996) [36], in an
experimental setting with 50% percent survival as the endpoint, indicated that the Eastern
mosquitofish had an upper salinity limit of 25%.. In contrast, Chervinski (1983) [37], using
a set-up of long adaptation and exposure periods, showed that the Western mosquitofish
can tolerate up to 39-58 %o, while Tumlison (2017) [38] showed that it can survive salinities
much exceeding 33 %.. The above indicate that it is very difficult to make any interspecies
comparisons of thermal and salinity tolerance, unless they are treated with exactly the same
experimental protocol, as in the frame of the current study:.

In contrast, both thermal and salinity safety margins of the mosquitofish are much
lower compared to the killifish. This indicates that the mosquitofish occupies habitats in
nature that approach the species critical thermal and salinity limits, while the killifish is
absent from habitats well within its thermal and salinity limits [20,33]. It is postulated that
there are environmental and/or physiological factors that prevent the Greek killifish from
occupying waters approaching its upper limits. More specifically, its absence from higher
temperature habitats may be due to their higher degradation and usual eutrophication,
mostly from agricultural pollution, as well as lower oxygen content; a recent study has
shown that eutrophication is a leading factor in the decline of the Greek killifish [19]. Thus,
the Peloponnese killifish is mostly found in karstic spring-fed, oligotrophic systems with
high dissolved oxygen concentration and relatively low and stable temperatures in the
summer [20]. Its absence from more saline habitats may be due to lower food availability
and diversity in these habitats, as indicated by comparative trophic studies of killifish
populations inhabiting freshwater and brackish systems [39]. Also, brackish waters are
at the lower section of the river drainage basins and thus characterised by higher water
pollution, limiting the colonisation by the killifish.

Current climate change scenarios predict higher average temperatures in Mediter-
ranean lowland areas, where the killifish and mosquitofish now co-exist and where maxi-
mum temperatures are around 20 °C. It is reasonable to assume that the gradual increase in
maximum temperature will confer an advantage to the mosquitofish, based on its ecology.
More specifically, in the Western mosquitofish, an increase in water temperature from
20 °C to 30 °C caused a decrease in mean age at first reproduction (from 191 to 56 days)
and an increase in brood size and mass of offspring [40]. Furthermore, Meffe (1992) [41]
showed that the Eastern mosquitofish grew faster and matured at a younger age and ata
smaller size when living at 32 °C compared to fish living at 25 °C. Climate change will also
cause milder winters in the Mediterranean that will probably also increase the reproductive
period and the growth period of the mosquitofish, which currently is limited to the summer
months [42,43].

Also, the viviparity of the mosquitofish [44] versus the oviparity of the killifish would
probably confer an additional advantage to the alien species in the case of a stochastic event,
involving a sudden increase in water temperature or even desiccation due to climate change.
Moreover, studies have shown that an increase in temperature increases the aggressiveness
of the mosquitofish [45].

Similarly, climate change scenarios also predict higher average salinities in Mediter-
ranean lowland areas, where the two species currently co-exist, and where now maximum
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salinities do not exceed 5%. [20]. However, an increase in salinity in their natural habi-
tats will impose a metabolic stress on both species, while the direct aggressive behaviour
of the mosquitofish towards heterospecifics will possibly decrease, as shown elsewhere
experimentally [45,46].

5. Conclusions

In conclusion, experimental data indicate that the Peloponnese killifish can tolerate
similar temperatures and salinities compared to the invasive Eastern mosquitofish. In
nature, however, the Peloponnese Kkillifish is not found at even remotely close to these
high temperature and salinity values, unlike the invasive Eastern mosquitofish which
has been found to survive very close to its maximum values. Thus, if the climate change
models are confirmed in the coming years with an increase in temperature and salinity in
lowland areas, exacerbated by increased degradation through pollution, this will favour
the mosquitofish at the expense of the Peloponnese killifish [47-51].
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Appendix A

Table Al. Water physicochemical characteristics at the collection sites and the holding facilities.

Hyd]raog%'aphic Conductivity pH Water Temperature
asin
Mornos (2018) 653 uS/cm 8.10 18.5°C
Mornos (2019) 633 uS/cm 6.95 17.5°C
Attica (2019) 1102 uS/cm 7.91 24°C
Holding tanks
Tank 1 1000 uS/cm 8.16 20 °C

Tank 2 1000 uS/cm 8.16 20 °C
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