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• Mosquitofish threatens endemic species 
globally. 

• A high versatility is crucial for estab-
lishment and spread. 

• Ecological versatility in microhabitat 
utilization increases invasiveness. 

• Understanding microhabitat versatility 
can aid management.  
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A B S T R A C T   

Non-native species can lead to severe impacts on invaded ecosystems, including the decline of ecosystem 
function through deleterious impacts on species diversity. The successful establishment of non-native species in 
new environments is the first barrier a species must overcome, ultimately depending on its ability to either cope 
with or adapt to local site-specific conditions. Despite the widespread distribution and ecological consequences of 
many freshwater invaders, site-specific and climatic preferences are often unknown. This is also the case of the 
Eastern mosquitofish Gambusia holbrooki, a global invader considered as a pervasive threat to endemic species. 
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Here, we determined the ecological features and preferred site-specific conditions of G. holbrooki in Türkiye, 
which spans a wide range of diverse biogeographically distinct ecosystems by surveying populations from 130 
localities in 2016 and 2017. Gambusia holbrooki were detected by hand-net in 48 of these sites (19 lotic, 29 
lentic). It showed a preference for shallow waters with medium sized rocks, and abundances differed spatially 
across a latitudinal gradient and was influenced predominantly by variations in pH. The only other factors 
predicting its presence were low current velocities and gravel substrate, highlighting its ecological versatility in 
utilising a wide range of microhabitats. Bioclimatic models suggest that G. holbrooki is found in areas with a wide 
average annual temperature ranging from 10 to 20 ◦C, but with temperature not being a limiting factor to its 
invasion. Gambusia holbrooki shows a preference for xeric freshwater ecosystems and endorheic basins, as well as 
temperate coastal rivers, temperate upland rivers, temperate floodplain rivers and wetlands, and tropical and 
subtropical coastal rivers. These results, particularly the wide occurrence with only few limiting factors, 
emphasise the invasion potential of mosquitofish and should substantiate the need for localised invasive species 
management and conservation efforts, particularly in smaller or insular areas where mosquitofish and endemic 
fish species co-exist.   

1. Introduction 

Freshwater habitats are increasingly threatened by a myriad of 
anthropogenic activities, such as pollution, over-exploitation, and the 
introduction of non-native species (Friberg et al., 2011; Olden et al., 
2022). Biological invasions, the intentional or accidental introductions 
of non-native species outside their natural bounds, often followed by 
their respective establishment and spread, threatens freshwater biodi-
versity through, for example, increased predation pressure and inter- 
specific competitive interactions (Gozlan et al., 2010; Tarkan et al., 
2015; Britton, 2023). 

To develop an invasive population in a new environment, an intro-
duced species must establish and, depending on definition, disperse 
and/or cause a measurable impact in the recipient ecosystem (Gozlan 
et al., 2010; Soto et al., 2024). Successful establishment is often 
accompanied by an adaptation to new environmental conditions that 
enable the exploitation of local resources (i.e. food, shelter; Fausch et al., 
2001; Guo, 2006). Understanding how non-native species adapt to site- 
specific microhabitat conditions (small areas of habitat that differ in 
characteristics from the surrounding habitat) in novel environments can 
indicate the extent of their ecological versatility (Top et al., 2016). 
However, assessing the ecological requirements of the species in new 
habitat areas is limited to regions with very large and diverse climatic 
structures. It is therefore crucial to utilize bioclimatic and environ-
mental data to determine the geographical areas where a potentially 
very harmful invasive species can occur (Elith et al., 2010; Pili et al., 
2020). 

Two of the most notorious invasive non-native species in freshwater 
ecosystems are the Eastern and Western mosquitofish Gambusia hol-
brooki and Gambusia affinis. These global invaders were originally 
introduced as biological control agents for mosquitoes in tropical and 
temperate areas, starting in the 1900s (Krumholz, 1948; Moyle, 2002; 
Walton et al., 2012), with negative consequences on native biodiversity 
reported (Pyke, 2008). Established populations of G. holbrooki are now 
present in at least 89 countries, with their invasion success generally 
attributed to high ecological and niche versatility, although these are 
rarely described (Feder et al., 1984; Kurtul et al., 2022). Mosquitofish 
invasions are often characterised by the formation of highly abundant 
populations early in the invasion process (Pyke, 2008), which impact the 
native fish fauna through asymmetric competitive interactions, preda-
tion of eggs and larvae, and aggressive interactions (i.e. fin-nipping) 
(Yoğurtçuoğlu and Ekmekçi, 2014; Yoğurtçuoğlu et al., 2020). Early 
studies indicated these invasive populations had trophic and habitat 
interactions with native fish species of the families Cyprinidae, Cypri-
nidontidae, and Gobiidae, which are all characterised by small body 
sizes and include a high number of endemic species (Howe et al., 1997; 
Ivantsoff and Aarn, 1999). However, a recent study by Santi et al. (2020) 
on wild-caught G. holbrooki from several European countries revealed a 
homogenous genetic structure, indicating a single introduction and 
showing genetic impoverishment compared to their native counterparts 

and phenotypic versatility. Accordingly, G. holbrooki is considered one 
of the ‘100 worst invasive species of the world’ (Lowe et al., 2000; ISSG, 
2013). 

Across the invaded range, populations of G. holbrooki have estab-
lished in lakes, ponds, lowland rivers, and swamps (Pyke, 2005). Within 
these differing ecosystems, they often occur in high abundances in the 
littoral zone, especially where there is dense vegetation (Lee and 
Burgess, 1980), as this provides refugia and foraging areas (Zarev, 
2012). Their limnophilic characteristics mean populations are rarely 
found in high river flows (Meffe, 1984). They are however tolerant to 
low levels of oxygen (Cech et al., 1985), high salinity levels (Alcaraz and 
García-Berthou, 2007; Ruiz-Navarro et al., 2011), a wide pH gradient 
(Walton et al., 2012), and a broad range of water temperatures (4 to 
42 ◦C; optimum between 31 and 35 ◦C; Pyke, 2005). In the Iberian 
Peninsula, temperature, elevation, and accumulated flow most strongly 
influenced G. holbrooki distribution, with the fish being more abundant 
downstream in warmer waters (Murphy et al., 2015). The progression of 
its invasions post-establishment (i.e. invasion dynamics in terms of 
abundance growth) were however strongly influenced by predomi-
nantly natural abiotic factors rather than biotic (e.g. predation pressure) 
and anthropogenic (e.g. exploitation) factors (Lloyd, 1987; Murphy 
et al., 2015). Species of the genus Gambusia sp. have been the subject of 
several past studies, including species distribution and ecological niche 
models (Jourdan et al., 2021). While the macro- and meso-habitat 
preferences of G. holbrooki have therefore been widely recognised (see 
Pyke, 2005), substantial knowledge gaps remain on their preferred site- 
specific conditions. Accordingly, understanding the relationship be-
tween microhabitat use (i.e. the use of a distinct, small-scale area of-
fering unique environmental conditions) and local spatial distribution 
could provide important insights into mosquitofish invasion ecology 
(Pyke, 2008). 

In Türkiye, G. holbrooki is considered as the first non-native fish 
intentionally introduced into freshwater ecosystems (Tarkan et al., 
2015). It has since spread to six distinct geographic areas in the country, 
including a wide range of water bodies (Kurtul et al., 2022). The first 
official introduction of G. holbrooki dates back to 1960 into the Çukurova 
basin (Bahadıroğlu and Büyükçapar, 1997), where their release was for 
biocontrol of malaria (Geldiay and Balık, 1996). Although the species is 
widely distributed, information on key drivers contributing to its inva-
sion success in Türkiye remain limited, including the species' micro-
habitat use and spatial distribution (e.g. Top et al., 2016). To fill this 
critical knowledge gap, we aimed to identify the microhabitat prefer-
ences and ecological niche models of G. holbrooki, using the diverse 
Turkish freshwaters as study area. Objectives were to (1) quantify the 
range of microhabitats used by G. holbrooki in Turkish freshwaters, (2) 
identify whether G. holbrooki expresses strong preferences for specific 
microhabitats, and (3) assess habitat characteristics that facilitate and 
inhibit the presence of G. holbrooki (4) determine the potential distri-
bution of G. holbrooki in current and future climatic conditions. We 
predict that G. holbrooki populations use a wide range of microhabitats 
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but show preferences for combinations of features while also demon-
strating high tolerance to environmental factors, which also explain its 
widespread geographical distribution. 

2. Materials and methods 

2.1. Study area and sampling 

Türkiye, a peninsula bordered by the sea on its north, west, and south 
sides, features xeric and endorheic basins. These basins supply fresh-
waters that include both lentic (such as ponds, lakes, and wetlands) and 
lotic (including temperate floodplain and coastal rivers) habitats (Tar-
kan et al., 2015). Gambusia holbrooki samples were collected across six 
geographical regions (Aegean, Mediterranean, Central Anatolia, Mar-
mara Region, Black Sea Region, Southeastern Anatolia), covering all 11 
ecoregions in Türkiye (Abell et al., 2008) (Table S1; Fig. 1). 

Between April 2016 and November 2017, G. holbrooki was sampled 
from 130 sites across Türkiye. These sites were specifically chosen for 
their potential to reflect the primary water resources in the country and 
were identified based on their susceptibility to Gambusia invasions, as 
outlined by Kurtul (2018). The selection process aimed to cover all 
pertinent water resources and ecoregions comprehensively. For the 
sampling, a point abundance sampling (PAS) method was employed. 
This technique involves estimating species distribution and abundance 
by counting individuals at predetermined points (Nelva et al., 1979). 
Sampling was conducted using a micro-mesh hand-net, characterised by 
a net opening of 1.2 m^2 and a mesh size of 500 μ. Each site visit 
included multiple sweeps to ensure thorough sampling, varying between 
16 and 20 sweeps, with the exception of one location (Berdan River) 
where only 12 sweeps were used, with similar sweeping times in each (i. 
e. 15–20 s; Table S1). This method was considered to provide 

reproducible and quantifiable samples of G. holbrooki and was efficient 
at capturing specimens across the species' entire size range (Copp, 
1989). The sampled areas were located in the littoral zone, approxi-
mately 3 m from the bank in the case of lakes and covered a 300-m 
stretch in streams. Sampling was conducted in habitats accessible and 
shallower than 1.5 m in depth due to their accessibility. This is 
congruent with the known habitat use of G. holbrooki (Pyke, 2008) but 
may have influenced the study's results by preventing the sampling of 
deeper water habitats. 

At each site, the following microhabitat variables were measured 
using a portable measuring device (WTW Multiparameter): water tem-
perature (to 0.1 ◦C), dissolved oxygen (to 0.1 mg/L), pH, salinity (to 0.1 
‰) and conductivity (to 0.001 μS/cm). Additionally, the following 
physical characteristics were measured following Beyer et al. (2007) and 
Top et al. (2016, 2019): Depth (nearest cm), measured using a scaled 
pole; substratum composition (silt <0.06 cm, sand 0.06–0.2 cm, gravel 
>0.2–4 cm, gravel >4–6.4 cm, rock >6.4–10 cm, rock >10 cm); distance 
from the bank (DFB, nearest cm); distance from the nearest vegetation 
(DNV, nearest cm); percentage of woody structure (WM, ligneous ma-
terial and roots), submerged aquatic vegetation (SAV); current velocity 
(measured using a pole as: no current when no ripple effect around the 
pole was visible; medium (0–5cms− 1) if a gentle ripple effect around the 
pole was visible; fast (5–10cms− 1) if an elevated ripple effect around the 
pole was visible); turbidity (assessed visually as: low, medium, high); 
light intensity (at the surface of water: shade or sun) (Table S2a, b). 

In the laboratory, juvenile specimens were distinguished from adults 
by checking the gonopodium (Kurtul et al., 2022). All captured adults 
were euthanized (anaesthetic overdose: phenoxyethanol) (Misawa et al., 
2014) and fixed in 4 % formaldehyde. Gambusia holbrooki was distin-
guished from its congener G. affinis by the species-specific characteristic 
of the former, involving the serration of the posterior edge of the joints 

Fig. 1. Locations of sampling sites in this study where Gambusia holbrooki had been found (red squares) in Türkiye.  
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of the first elongate anal fin rays in males (Berg, 1965; Rauchenberger, 
1989; Özuluğ et al., 2005). 

2.2. Data analyses 

2.2.1. Identifying patterns 
The adult data from PAS were used in two subsequent ways: (i) as 

adult catch per unit effort (CPUE; number of adult G. holbrooki captured 
per cumulative fishing time; Table S3); and (ii) as presence/absence of 
adult G. holbrooki. We visually examined the distribution of CPUE values 
by generating a histogram, allowing assessments of the distribution 
pattern, revealing that the CPUE data for adult G. holbrooki was normally 
distributed, confirming the suitability of the statistical analyses. For (i), 
initial analyses tested the association between G. holbrooki CPUE and the 
environmental data (water temperature, pH, salinity, conductivity, 
dissolved oxygen) in a Permutational Multivariate Analysis of Variance 
(PERMANOVA; with 9999 permutations). In the analysis, G. holbrooki 
CPUE was the fixed factor, and the six environmental variables were 
independent variables using a Bray-Curtis dissimilarity measure. We 
then used a canonical discriminant analysis of the principal coordinates 
(CAP) using the capscale function in conjunction with environmental 
fitting relying on the envfit function of the vegan R package (Oksanen, 
2012) to visualise particular patterns of spatial variation (based on each 
site's coordinates) in environmental variables. Based on a Spearman 
rank correlation coefficient with the first CAP axis (where r > 0.3) we 
then applied a PERMANOVA to test for significance. 

For testing the presence/ absence of G. holbrooki (ii), the random 
forest algorithm of the rfsrc function of the randomForestSRC R package 
(Ishwaran et al., 2022) and a Generalized Additive Models (GAMs) using 
the gam function of the MASS R package was used (Ripley et al., 2013). 
The response variable was G. holbrooki presence/absence, with the 
predictor variables the same as for CPUE (excluding altitude, longitude, 
and latitude as these cannot predict microhabitat preference). Those 
predictors identified as most informative were then included in the 
GAMs using a binomial family (with logit link), with GAMs used as they 
allow the modelling of complex, non-linear relationships between 
environmental variables and species behaviour, so providing a more 
accurate representation of the underlying ecological processes at play 
(Wood et al., 2017). All analyses were performed in R version 4.2.3 (R 
Core Team, 2023). 

2.2.2. Drivers of changes in CPUE 
To identify the most important drivers of the Catch Per Unit Effort 

(CPUE), we ran a random forest using the rfsrc function of random-
ForestSRC R package. Variable importance in a Random Forest (RF) is 
determined by measuring the decrease in prediction accuracy when a 
particular variable is randomly permuted while keeping other variables 
unchanged (i.e. the higher the decrease in accuracy, the more important 
the variable that is considered). Here, we used a total of 2000 decision 
trees and five nodes. The out-of-bag (a measure of the goodness of fit of 
the model) reported a value of 0.1, while the out-of-bag performance 
error as measure of the model's predictive accuracy was 2.59. 

To identify relevant predictors and to describe their effect on the 
occurrence of G. holbrooki, we considered the following variables: ve-
locity, altitude, submerged aquatic vegetation, pH, longitude, substrata, 
latitude, water temperature, salinity, dissolved oxygen saturated, 
turbidity, distance from the bank, reeds, shade/sun, distance to nearest 
vegetation, depth, dissolved oxygen, specific conductivity, and woody 
material. Including those predictors identified as most informative, we 
ran GLMMs using the glmmTMB function of the glmmTMB R package 
(Magnusson et al., 2017), using a negative binomial family as being the 
most suitable choice for count data. To account for overdispersion and 
for potential interactions between site:environment (i.e. repeated mea-
sures), we included ecosystem type (lotic vs. lentic) as random effect. 

2.2.3. Environmental variables and scenarios 
Climate data for 1981–2010 encompassed 19 bioclimatic (bio1–19, 

temperature, precipitation) variables downloaded from CHELSA version 
2.1 at a spatial resolution of 30 arc sec min (~1 km at the equator; 
Karger et al., 2017). Hydrological, physiographic, land cover and soil 
data were obtained from HYDROATLAS (Linke et al., 2019; Lehner et al., 
2022) using the ArcGIS version 10.8.2 conversion toll feature. For this, 
we used the artificial intelligence model (MaxEnt; Maximum Entropy) 
which generates habitat projections through scenarios based on existing 
data (Phillips et al., 2017). These projections are designed to simulate 
various possible scenarios, such as shared socio-economic pathways (e. 
g., SSPs), climate change scenarios, or shifting land use patterns. The 
modelling process incorporates these scenarios to capture a range of 
environmental and socio-economic factors that may affect species dis-
tributions. As a result, this approach allows for the examinations of the 
potential distribution patterns for species, thereby informing conserva-
tion and management strategies. 

Fig. 2. Ordination of environmental conditions at the sampled sites by region (a) and trends in environmental factors over space (b) (Me: Mediterranean Region, A: 
Aegean Region, CA: Central Anatolia Region, BS: Black Sea Region, M: Marmara Region). 
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We specifically created a hydroclimatic model to determine which 
environmental conditions affect the species distribution. In the model, 
Türkiye was projected using the world distribution of the species, and it 
was aimed to determine the relationship between the environmental 
factors affecting the global distribution of the species and the micro-
habitat distribution in Türkiye. The study also calculated Levins' B1 
(inverse concentration) and B2 (uncertainty values) using ENMTools 
v1.3 (Warren et al., 2008). The Levins' B2 value ranges from 0 to 1, with 
values near 0 indicating narrow niches and near 1 indicating broader 
niches (Cai et al., 2021; Slatyer et al., 2013; Evans and Jacquemyn, 
2022). 

3. Results 

Out of 130 sampling sites, G. holbrooki was recorded from 48 sites 
using hand-net sampling (CPUE: 0.33–8.1; Table S1). The maximum 
number of females sampled (as cumulative number across all sampled 
points) was 95 individuals in Kocacay River (CPUE: 8.1). The maximum 
total number of males sampled in a water body was 67 in Kocacay River 
(CPUE: 8.1). No males were captured in 9 water bodies (Table S1). No 
adults were found in Lake Kocagöl (Muğla), Sarıçay River, Söke-Milas 
water resources, and Bakırçay River. The minimum length of females 

was 13.67 mm (Sarısu River) and maximum length 57.21 mm (Pınarbaşı 
water resources), whereas for males, minimum length was 16.64 mm 
(Güllük Lagoon) and maximum length 32.94 mm (Gebekirse Lake). 
CPUE (individual/net sweep) ranged from 0.33 (ind./net) (Berdan 
River) to 5.95 (ind./net) (Miliç River) (Table S1). 

3.1. Identifying patterns 

Although we found no considerable spatial divergence between 
abundance values when separated by region (Fig. 2a), we found a 
considerable gradient in water temperatures (8.0–32.7 ◦C), pH 
(6.75–9.00), salinity (0.0–25.7 ‰), and conductivity (202–40,300 μS/ 
cm) across the sites (Figs. 2b; S1). Although the performed CAP did not 
find any significant differences in predictors across regions or ecosystem 
types (both p > 0.05; Fig. 2a), it indicated a weak correlation (rsp ≤ 0.7) 
between all predictors over space (i.e. the first axis), suggesting spatially 
differentiating trends (Table S4a). The CAP also identified temperature 
and pH as significant factors in shaping the ordination (p < 0.05; 
Table S4b, c). The applied PERMANOVA identified that only pH differed 
significantly across samples (F = 1.37, p < 0.05; Table S4d). 

Fig. 3. Relative variable importance assessed by the applied random forest for site-specific conditions' relevant variables (a) and their influence on the CPUE for 
Gambusia holbrooki abundances (b), affecting the presence of G. holbrooki. The considered variables include velocity, altitude, submerged aquatic vegetation, pH, 
longitude, substrata, latitude, water temperature, salinity, dissolved oxygen saturation, turbidity, distance from the bank, reeds, shade/sun, distance to nearest 
vegetation, depth, dissolved oxygen, specific conductivity, and woody material. Purple indicates positive effects, while red indicates negative effects. 
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3.2. Microhabitat conditions 

The random forest identified that velocity, submerged aquatic 
vegetation, pH, and substrate type substrata were the most important 
variables in predicting the presence of G. holbrooki (Fig. 3a). Based on 
our GAMs, velocity 1 (i.e. stagnant, low current, high current) and 
substrata 5 (depending on the size of the particles in the ground struc-
ture: >6.4 cm = large stones) had a significant effect on the presence of 
G. holbrooki, meaning that higher currents and large stones lead to a 
decrease in its presence (Fig. 4; Table S5). 

3.3. Drivers of changes in CPUE 

The variables that best explained changes in the CPUE of G. holbrooki 
and so used in Generalized Linear Mixed Models (GLMMs) were dis-
solved oxygen, distance from the bank, latitude, water temperature, 
water depth, and woody material (Fig. 3a). The applied GLMM identi-
fied that only latitude was a significant predictor, having a positive ef-
fect on CPUE values (p < 0.001; Fig. 5a; Table S6). All other included 
predictors (woody material, water temperature, depth, distance from 
the bank, dissolved oxygen; Fig. 5b–f) were not significant predictors of 
CPUE values. 

3.4. Ecological niche model 

Modelling results indicate that G. holbrooki occurs in regions with an 

average annual temperature of 10–20 ◦C and average temperature of the 
wettest quarter of 10 ◦C. Among the lithological classes, G. holbrooki 
prefers regions with unconsolidated sediments (SU) and carbonate 
sedimentary rocks (SC). It prefers xeric freshwater ecosystems and 
endorheic basins, temperate coastal rivers, temperate upland rivers, 
temperate floodplain rivers and wetlands, and tropical and subtropical 
coastal rivers. Gambusia holbrooki's occurrence across different habitats 
in Türkiye was comparable to its versatile occurrence in its native region 
or globally (Table S7). The suitability (niche breadth) of possible habi-
tats for the species in Türkiye (B1 = 0.57 and B2 = 0.96) is considerably 
higher than globally (B1 = 0.13 and B2 = 0.90). 

The GLMM testing the microhabitat preferences of G. holbrooki 
indicated that across the sampling sites, “rock substrata > 6.4-10 cm” 
and “fast velocity: elevated ripple effect around the pole -5 - 10cms− 1” 
negatively affected the presence of G. holbrooki (p < 0.05, Table S7). 
Comparing the data collected in this study with the as suitable identified 
area indicated that occurrences (Fig. 6a) fell well within the as suitable 
identified areas covering almost the entirety of Türkiye (Fig. 6a), with 
higher abundances also overlapping with highly suitable regions 
(Fig. 6b). 

4. Discussion 

Non-native fish species are known for their adverse effects on 
invaded ecosystems (Pyke, 2008). Gambusia holbrooki, arguably among 
the most infamous invasive fish species (ISSG, 2013), is known for its 

Fig. 4. Model response of GAMs for each of the variables identified in the Random Forest Dashed (velocity; (a); substrate, (b); submerged aquatic vegetation, (c); pH, 
(d)). Dashed lines indicate non-significant trends. Grey area denotes confidence intervals. 
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remarkable capacity to thrive in different environments due to their 
ability to tolerate a wide range of environmental parameters and express 
high behavioural versatility that, in entirety, facilitate its invasiveness 
(Arthington, 1991; Pen et al., 1993). Investigating the factors (i.e. site- 
specific conditions) affecting its presence and abundance here 
revealed that the environmental tolerances of G. holbrooki were mainly 
influenced by low current velocities and substrate as determinants of its 
establishment, with higher pH and water temperatures being pre-
requisites for higher abundances. These findings are congruent with all 
our predictions, revealing important insights into the ecology of this 
global invader. 

Understanding a species' invasion risk and factors determining the 
possibility of an invader to establish is of utmost importance for miti-
gating its potential impacts (Britton et al., 2011). Our study results also 

support previous research on G. holbrooki, highlighting its high ecolog-
ical versatility and niche variability. Previous studies highlighted 
considerable phenotypic plasticity in response to habitat change (e.g. 
embryo fat content was found to increase in competitive habitats and 
body shape differed across habitats; Santi et al., 2020) and reported 
G. holbrooki's preference for warm and slow-flowing freshwater envi-
ronments with abundant aquatic vegetation (Casterlin and Reynolds, 
1977; Pen and Potter, 1991). Other studies (e.g. Marshall and Elliot, 
1998; Pires et al., 1999; Vlach et al., 2005) identified substrate type 
(except for rock >6.4–10 cm) as a strong variable determining the 
habitat preferences of G. holbrooki, while a recent study indicated the 
importance of plastic phenotypes (Santi et al., 2020). Our microhabitat 
analyses similarly revealed that G. holbrooki were predominantly found 
in stagnant water bodies with gravel substrates. This unexpected finding 

Fig. 5. Model response of GLMM for each of the variables identified in the Random Forest (latitude, (a); woody material (b); water temperature, (c); depth, (d); 
distance from the bank, (e); dissolved oxygen saturated, (f)). Dashed lines indicate non-significant trends, while the solid line indicates a significant effect of the 
predictor. Grey area denotes confidence intervals. 
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may be explained by localised environmental modifications or unique 
ecological characteristics of the sampled sites (Kurtul, 2018), where 
gravel substrate has been introduced or naturally occurs in ways not 
typically associated with stagnant water bodies, potentially affecting the 
habitat preferences of G. holbrooki. 

Current velocity and substrate type are crucial determinants for the 
establishment of non-native fish species (Caiola et al., 2014), as they 
influence habitat suitability, feeding opportunities, competitive advan-
tage, predator avoidance, reproductive success, physiological adapta-
tions, and the potential for successful colonisation or invasion in a new 
environment. Climate change effects, such as warmer temperatures and 
reduced river flows resulting from drought, thereby contribute to the 
expansion into increasingly suitable habitats, thus facilitating the in-
vasion of G. holbrooki (Murphy et al., 2015). Although our analysis 
accounted for water temperature as a variable, recognizing its potential 
influence on the distribution of invasive fish species (Kurtul and Sarı, 
2019), our results suggest that temperature alone may not be a facili-
tating factor for the future distribution of G. holbrooki in Türkiye, indi-
cating a notable tolerance of the species to higher temperatures (Pyke, 
2008). The significant determinant of higher abundances was found to 
be an increase in latitude, specifically populations situated in the North 
of Türkiye. This latitude effect might not solely reflect climatic condi-
tions, such as temperature, but could also represent other underlying 
factors. For instance, higher latitudes may be associated with greater 

local propagule pressure due to variations in habitat connectivity or 
freshwater ecosystem types that favour G. holbrooki's proliferation 
(Xiong et al., 2019). Additionally, latitude could be indicative of 
regional differences in economic activities, urbanisation, and human 
presence, which might influence habitat suitability through mechanisms 
such as increased nutrient runoff or habitat modifications (Gosselin and 
Callois, 2018). These findings underscore the complex interplay be-
tween various environmental and anthropogenic factors in shaping the 
distribution and spread of invasive populations of species like 
G. holbrooki amidst climate change (Hulme, 2017). The ongoing rise in 
temperatures and the impacts of drought conditions on river flows 
further complicate this dynamic, potentially making more areas suitable 
habitats for G. holbrooki (Carosi et al., 2021; Ramírez et al., 2018). 

We also found that pH was a potential factor – albeit being non- 
significant – influencing the relative presence/absence of G. holbrooki, 
which was corroborated by ecological niche modelling suggesting that 
Unconsolidated Sediments (SU) and Carbonate Sedimentary Rocks (SC) 
rocks were also relevant factors. This suggests that G. holbrooki pop-
ulations may be influenced by variations in pH levels within their hab-
itats, with a higher pH being a barrier. Changes in pH can occur 
naturally but also because of human activities, such as pollution or 
runoff from agricultural practices (Wang et al., 2017). Acidic or alkaline 
conditions can directly affect the physiology, behaviour, and repro-
ductive success of aquatic organisms, including fish species (Novo et al., 

Fig. 6. Density map of the abundance of G. holbrooki in Türkiye, where red zones indicate higher abundance and blue zones indicate lower abundance (a). Ecological 
niche model for Türkiye, where red indicates areas of high suitability and blue indicates areas of low suitability (b). 
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2015). The specific reasons behind the relationship between pH and 
abundances of G. holbrooki in our study may require further investiga-
tion. It is, however, possible that G. holbrooki has a certain tolerance 
range for pH levels and thrive under specific conditions (Walton et al., 
2012). Alternatively, G. holbrooki might adapt to certain pH ranges (pH 
range: 6.75 to 10.85), contributing to their invasion success through 
successful establishment and higher relative abundance in certain 
habitats. 

The applied ecological niche model revealed significant suitable 
habitats extending beyond the regions and sites where samples were 
collected across Türkiye. This expansive range suggests that the species 
may have the potential for wider distribution within the country. 
Furthermore, the ecological niche model corroborated earlier models, 
highlighting that current velocity and substrate composition are pivotal 
determinants of habitat suitability for the species. Given that these 
environmental conditions are prevalent throughout Türkiye, it raises 
concerns about the species' propensity to spread. The findings under-
score the importance of monitoring and implementing measures to 
manage potential expansion. 

4.1. Global distribution 

Due to the wide tolerance and its diverse habitat use, G. holbrooki is 
able to occur across wide environmental gradients (Kurtul et al., 2022). 
The spatial expansion of G. holbrooki poses a challenge for native species 
and ecosystems, as their competitive prowess and potential disruption 
threaten to upset the ecological balance of native fish populations (Pyke, 
2008). Concomitantly, this invasion by G. holbrooki is unlikely to be 
hindered by minimal differences in microhabitat characteristics. Glob-
ally and especially in Türkiye, G. holbrooki demonstrates remarkable 
ecological versatility, establishing populations in a wide range of 
freshwater habitats (Santi et al., 2020). In Türkiye, our findings indicate 
that suitable habitats for G. holbrooki are widespread across the country, 
with a notable preference for xeric freshwater ecosystems, endorheic 
basins, and various riverine and wetland environments. This pattern 
echoes the species' versatility in habitat selection, similarly, observed in 
its native range in North America (Matthews and Marsh-Matthews, 
2011). 

In its native North American habitat, G. holbrooki, along with other 
species of mosquitofish (Rauchenberger, 1989; Scharpf, 2008), exhibits 
a broad ecological range that spans from the southern tropical swamps 
to the temperate regions of New Jersey (Vidal et al., 2010). This 
extensive distribution highlights the species' ability to thrive in diverse 
environmental conditions, from warm, subtropical waters to cooler, 
temperate ecosystems. The versatility of G. holbrooki is further under-
scored by its presence in varied aquatic environments including, but not 
limited to, stagnant and flowing waters, environments with varying 
degrees of salinity, and habitats with diverse substrate compositions. 
The wide-ranging adaptability of G. holbrooki even suggests a high level 
of ecological plasticity, which likely contributes to its establishment in 
non-native regions. This, coupled with its aggressive breeding and 
competitive behaviour (Rupp, 1996; Pyke, 2008; Ember, 2023), has 
facilitated its spread across different continents, including their notable 
presence in Türkiye. While future studies should investigate the niche 
conservatism in G. holbrooki (Wiens et al., 2010), the comparison be-
tween the habitats favoured by G. holbrooki in Türkiye and its broad 
ecological niche in North America and other invaded ranges underlines 
the species' global adaptability and the potential for similar ecological 
impacts in invaded regions. 

CRediT authorship contribution statement 

Irmak Kurtul: Writing – review & editing, Writing – original draft, 
Investigation, Formal analysis, Conceptualization. Ali Serhan Tarkan: 
Writing – review & editing, Supervision, Investigation, Conceptualiza-
tion. Hasan Musa Sarı: Supervision, Resources, Investigation, Data 

curation. Phillip J. Haubrock: Writing – review & editing, Writing – 
original draft, Visualization, Methodology, Investigation, Formal anal-
ysis. Ismael Soto: Writing – review & editing, Writing – original draft, 
Visualization, Validation, Methodology, Investigation, Formal analysis, 
Data curation. Sadi Aksu: Visualization, Methodology, Investigation, 
Formal analysis. J. Robert Britton: Writing – review & editing, Vali-
dation, Supervision. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

We are grateful to the Republic Of Türkiye Ministry Of Agriculture 
And Forestry for the research legal permission. We would like to express 
our appreciation to the Ege University Scientific Research Project 
Commission, which supported this study (BAP-Project No: 2015/SÜF/ 
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