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Abstract 

As the number of invasive species continues to increase worldwide, knowledge of their 

evolutionary ecology is crucial. Chapter 1 reviews the current knowledge on biological 

invasions and what factors may promote them, with a particular focus on eastern mosquitofish 

(Gambusia holbrooki) ï a model system for studying freshwater invasions given their capacity 

to tolerate diverse environmental conditions. In Chapter 2, I examined variation in neonate dry 

mass, neonate fat content and maternal provisioning strategies (via the matrotrophy index and 

the novel fat index) in several native and invasive mosquitofish populations. I found extensive 

variation in all traits, partly driven by local environmental variables. Chapter 3 investigates 

female activity and mating preferences in Italian populations of invasive G. holbrooki and 

native Aphanius fasciatus. I found no preferences for large or non-parasitised males but 

mosquitofish activity significantly decreased at higher salinities whereas killifish exhibited an 

opposite pattern. Chapter 4 focuses on mosquitofish dietary patterns, and confirmed 

mosquitofish to be omnivores with a preference for cladocerans and detritus. Feeding patterns 

were population-specific, but they were not associated with several local environmental, 

geographic or climatic parameters. Chapter 5 is a meta-analysis examining invasive-native 

species differences in functional response ratio (FRR; i.e., ratio between predatorôs attack rate 

and handling time) and consumption rates. Invaders were more efficient consumers than 

natives, but did not show higher FRR. In Chapter 6, I investigated functional response (FR) 

and aggression, also in response to salinity, in multiple populations of invasive mosquitofish 

and native A. fasciatus. Mosquitofish showed a lower FR (i.e., lower attack rates and longer 

handling times), were less voracious but more aggressive than Aphanius; yet aggression 

significantly decreased at higher salinities. Finally, I discuss all results in Chapter 7 and 

provide suggestions for future work to better understand the mechanisms behind invasions of 

this (and other) species.  
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Covid-19 Pandemic impact on my PhD work 

The Covid-19 Pandemic has strongly affected my PhD research, because the original PhD 

project was heavily focused on fieldwork and conducting experiments in situ in the field (or in 

research stations close to field sites), with one large 4ï6-week field trip in each of the three 

years of my PhD. For my first year (2020), I planned to carry out gut-content analysis on 

specimens from invasive mosquitofish (Gambusia holbrooki) populations sampled in 2017 in 

Spain and Italy by my supervisor Rüdiger Riesch and his former PhD student Francesco Santi. 

Moreover, I planned to sample several G. holbrooki populations in the field across Italy, France 

and Spain to find the most suitable populations for experimental studies in years 2 and 3. I 

wanted to run some preliminary experiments to fine-tune experimental protocols on behaviour, 

competition and feeding efficiency, and conduct parasite dissections on fish from each 

population to investigate parasite diversity, prevalence, intensity and abundance across Europe. 

Furthermore, in May 2020, I planned to receive training in respirometry by Prof. Shaun Killen 

at Glasgow University, with the aim to incorporate respirometry into work in years 2 and 3. In 

year 2 (2021), I intended to investigate the effects of body size, familiarity, parasites (with the 

type of parasite being chosen based on the results of year 1), salinity and temperature on female 

and male mate choice in invasive G. holbrooki and the native Spanish killifishes Aphanius 

iberus and Valencia hispanica (at the aquatic research facility CIP El Palmar in Valencia, 

Spain). For these experiments, I planned to manually infect experimental subjects with 

ectoparasites and measure mate-choice as association time (for both sexes) but also male 

preference as the number of copulation attempts towards females when both sexes were free to 

swim in a tank. Additionally, I intended to investigate how temperature (i.e., 15 and 30°C), 

salinity (i.e., 15 and 30 ppt) and prey density (i.e., low vs high food density) influence inter-

specific and intra-specific competition between and within invasive mosquitofish and native 

killifish, and to examine within- and between-species variation in boldness and potential 

https://pubmed.ncbi.nlm.nih.gov/?term=Riesch+R&cauthor_id=33976817
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association with maximum metabolic rate (MMR), standard metabolic rate (SMR) and aerobic 

metabolic scope following protocols of Shaun Killenôs Lab. Year 3 would then have been 

focused on completing experimental studies started in 2021. However, as a result of the Covid-

19 Pandemic, respirometry training with Prof. Killen as well as fieldwork in 2020 and for most 

of 2021 was not possible. I was finally able to conduct two-months of fieldwork in Autumn 

2021. Due to continued uncertainties surrounding travel restrictions, this fieldwork took place 

not in Spain, but rather at IAS-CNR of Oristano, Sardinia, Italy. This collaboration had to be 

set up from scratch in early 2021 and meant working on a different killifish species (A. 

fasciatus) and under severe time and infrastructure constraints. To overcome the lack of 

fieldwork in 2020 and early 2021, two new chapters had to be added to my thesis (Chapter 2 

on maternal provisioning used existing data and Chapter 5 was a meta-analysis). With respect 

to Chapter 3 (mate-choice), I could only investigate the effects of male body size, parasitism 

and salinity on female mate-choice in mosquitofish and killifish, using computer-video 

animations instead of actual ectoparasites and without being able to run pilot-studies on 

Aphanius. Chapter 4, the dietary analyses, relied on fish collected in 2017, and was therefore 

unaffected. However, the scope for chapter 6 (competition) also had to be scaled down as I was 

not able to test intraspecific competition in my study species and had to exclude manipulating 

temperature.  
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Chapter 1- General Introduction 

1.1 Biological invasions  

Biological invasions are defined as the establishment of an organism beyond its natural range 

which causes economic and/or ecological damage in the new range (Williamson & Griffiths, 

1996; Poulin 2017; Cuthbert et al. 2022). They are considered one of the main threats to global 

biodiversity, ranking third to habitat fragmentation and habitat loss (UNEP 2007; Díez del 

Molino 2015). Despite control efforts to reduce the introduction of alien (i.e., non-native) 

species, biological invasions are of increasing biological and economical concern, and they are 

currently viewed as one of the major contributors to global change (Sakai et al. 2001; Novak 

2007; Gozlan et al. 2010; Díez del Molino 2015). 

        Biological invasions have been linked to economic growth, and congruently, there has 

been an increase in the number of invasive alien species (IAS) since the industrial revolution 

(Carmona-Catot 2013). In parallel with the increase in global trade and human mobility, the 

number of IAS introduced worldwide has almost doubled compared to estimates of three 

decades ago (Gozlan et al. 2010; Díez del Molino 2015; Hulme 2021). For instance, in the last 

four decades there has been an increase of over 76% in the number of IAS with now more than 

twelve thousand invasive alien species having been reported in Europe alone (Luque et al. 

2014). Moreover, Seebens et al. (2017), examining global invasion dynamics using a database 

of first records of 16,926 established alien species from several taxa, found that although in the 

last years there has been a substantial increase in the number of international and national 

regulations aiming to mitigate invasions, the rate of introductions has increased with no signs 

of saturation. The impact of IAS varies widely, with some species having relatively low impact, 

whereas others are having a high ecological and economic impact. IAS with a serious impact 

on biological diversity and/or human activities and that illustrate important issues surrounding 
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biological invasions are summarized by the IUCN (International Union for the Conservation of 

Nature) as the 100 most IAS of the world. Among the notorious species that are reported in the 

IUCN list of the ñ100 of the worldô most invasive alien speciesò are the eastern (Gambusia 

holbrooki) and the western mosquitofish (Gambusia affinis) are IAS that also belong to this list 

(Lowe et al. 2000).  

       The introduction of IAS can be damaging for several reasons. IAS may affect native species 

through predation, competition for resources and transmission of parasites (Gozlan et al. 2010; 

Sakai et al. 2001). Furthermore, the negative consequences of biological invasions often include 

the disruption of the organization and function of native communities and ecosystems, which 

can even lead to the extinction of native biota (Sanders et al. 2003; Carmona-Catot 2013; Díez 

del Molino 2015). The extinction of native species may happen, for example, as the result of a 

higher susceptibility to pathogens and parasites compared to non-native species (Sakai et al. 

2001). The extinction of the American chestnut (Castenea dentata) after the introduction of the 

non-native fungal pathogen Cryphonectria parasitica in the early 1920s in the eastern United 

States can be considered a prime example (Tobin 2018). In addition to the ecological impacts, 

invasions impose severe economic costs, which are estimated to range between millions and 

billions of US dollars annually (Pimentel et al. 2000; Kolar & Lodge, 2001; Sakai et al. 2001; 

Lovell et al. 2006). A global analysis of IAS economic costs (InvaCost database) carried out by 

Cuthbert et al. (2022) has revealed management for IAS costing at least $95.3 billion worldwide 

since 1960, with post-invasion management (i.e., eradication, containment and control) 

expenditure being 25-times higher than pre-invasion management (e.g., risk-assessment and 

quarantine protocols) investments. However, despite the negative economic and ecological 

consequences on invaded territories, non-native species can also provide some economic and 

social benefits (Gozlan et al. 2010; Boltovskoy et al. 2022), particularly for the aquaculture 

sector where they contribute about 17% to global finfish production (Gozlan et al. 2010). In 
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recent years, as the number of IAS has increased as a result of globalization, so has research to 

understand the ecological consequences and the mechanisms underpinning biological invasions 

(Kolar & Lodge, 2001). Nonetheless, most of the effects of biological invasions as well as their 

underlying mechanisms remain to be investigated (Díez del Molino 2015).  

1.1.1 The invasion process  

To become established and successfully invade outside its native range, a species must pass 

through a series of steps known as the ñinvasion processò (Novak 2007; Keller et al. 2011; 

Lockwood et al. 2013; I conceptualized this in Figure 1.1). The first stage of this process is the 

ñtransport phaseò where species are transferred from their natural range to a new environment 

(Keller et al. 2011; Lockwood et al. 2013). The transport can occur naturally or through direct 

or accidental human intervention (Keller et al. 2011; Lockwood et al. 2013). Plant dispersal 

through oceanic and river currents is an example of a mechanism contributing to natural 

introduction, and it can often facilitate the spread of species such as mangroves (Carlton 2003). 

Species can also be introduced accidentally into non-native regions (e.g., aquatic non-native 

species via water-based transport). For example, the zebra mussel (Dreissena polymorpha) has 

been unintentionally introduced from its European native range into the North American Great 

Lakes, potentially with ship ballast water (Ram & McMahon, 1996). Moreover, non-native 

species are also intentionally introduced into a new habitat, for purposes such as agriculture or 

for biological control of mosquitoes and the human diseases they carry; the introduction of 

mosquitofishes (Gambusia spp.) is a good example of the latter (Pyke 2008). During the 

transport phase, individuals usually experience high mortality rates (Lockwood et al. 2013). 

Therefore, only a small fraction of species survive transit to arrive in the new environment, and, 

if they can then reproduce without human intervention, become established (ñestablishment 

phaseò; Keller et al. 2011). Next, the now established population can either remain relatively 

localized around the introduction point, which is referred to as non-invasive, or increase in 
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abundance and expand its geographic range (ñspread phaseò; D²ez del Molino 2015). Finally, 

depending on the ability of individuals to reproduce and survive in the new range, the 

population becomes highly dispersive causing economic, environmental and human health 

damage (ñimpact phaseò). Individuals that undergo the last phase are named invasive (Díez del 

Molino 2015; Keller et al. 2011; Novak 2007). Invasive species like mosquitofishes (Gambusia 

spp.), for example, likely transition immediately into the impact phase, because they are 

characterized by high fecundity, aggressiveness and easy spread (Pink et al. 2011). 

Invasions in marine, freshwater and terrestrial ecosystems all follow the stages 

mentioned above. Freshwater ecosystems are deemed particularly susceptible to the 

establishment of invading species (Cheng et al. 2018). However, the susceptibility of an 

ecosystem to biological invasions may vary depending on which species is invading (Pantel et 

al. 2017). Although there is still an ongoing debate regarding the influence of species richness 

on the susceptibility of an ecosystem to invasions, perturbed systems with low diversity are 

usually thought to be more vulnerable to biological invasions (Pantel et al. 2017). However, 

they may only be susceptible to invasions by species capable of rapidly exploiting available 

resources (Pantel et al. 2017). Additionally, the invasive success of an introduced non-native 

species may depend on factors such as the level of parasitism in those species, and their 

behavioural and personality traits (Weis et al. 2010; Chapple et al. 2012; Chalkowski et al. 

2018). 
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Figure 1.1. Schematic representation of the invasion process with respective stages. 

 

1.2 The role of competition in invasions 

The successful establishment and spread of IAS in novel habitats are highly dependent on their 

ability to compete with native species (Simberloff & Rejmanek, 2011). Competition between 

invasive and native species may occur through two mechanisms: exploitation or interference 

(Damas-Moreira et al., 2020). Exploitative competition is defined as an indirect negative 

interaction between two species resulting from the use of a common, limited resource (Gioria 

& Osborne, 2014). Interference competition refers instead to a direct negative interaction 

between two species due to the behaviour of one species preventing access to a resource by the 

other species (van Riel et al. 2009; Damas-Moreira et al. 2020). When introduced to novel 

habitats, IAS may compete with native species for several resources such as food (Holway, 
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1999; Shinen & Morgan, 2009), shelter (e.g., (Kessel et al., 2011; Savvides et al., 2015) and 

nest sites (Inoue & Yokoyama, 2010; Strubbe & Matthysen, 2009), using exploitative 

competition, interference competition or both. Furthermore, several studies have reported IAS 

outcompeting native counterparts as a result of a superior capacity to acquire and exploit more 

resources than co-occurring native species, often resulting in the displacement of native species 

into less suitable habitats (Gioria & Osborne, 2014; Sakai et al., 2001; Xu et al., 2016). For 

instance, Human & Gordon (1996) found that invasive Argentine ants (Linepithema humile) in 

northern California are capable of foraging more efficiently than native ant species (exploitative 

competition) and prevent the establishment of new colonies of native species by preying on 

native queens (interference competition). By contrast, the decline of native bumblebees in Japan 

has been suggested to be the result of exploitative competition for nest sites with the invasive 

bumblebee Bombus terrestris (Inoue & Yokoyama, 2010). Another good example of 

exploitative competitive interactions between invasive and native species comes from a study 

of Morris et al. (2011) where the successful establishment of invasive Australian acacias in the 

Mediterranean  has been attributed to their ability to acquire more water and nutrients than 

native vegetation (Morris et al., 2011).  

Regardless of what form of competition occurs between invaders and their native 

analogues, the strength and outcome of these competitive interactions is often context 

dependent (Ļuda et al., 2015) and often varies depending on environmental factors (Krassoi et 

al., 2008). For instance, competition between the invasive Pacific oyster Crassostrea gigas and 

the native Sydney rock oyster Saccostrea glomerata varies with intertidal elevation, with C. 

gigas outcompeting natives only at low and mid-intertidal heights (Krassoi et al., 2008). 

Competition dominance of the invasive crayfish (Cherax destructor) over the native Euastacus 

spinifer has instead been documented to occur at elevated temperatures (26 °C) but being 

reversed at lower temperatures (22 °C; Cerato, (2019)). According to the stress-gradient 
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hypothesis, the importance and strength of competition in invasions also vary along 

environmental stress gradients, so that species with higher competitive ability are expected to 

have a greater invasive potential under less stressful environmental conditions (e.g., when 

resources are abundant) whereas competition is expected to be less impactful for invasions 

under more stressful conditions [e.g., where resources are scarce (Gallien & Carboni, 2017; 

Kawai & Tokeshi, 2007; Perkins & Nowak, 2013)]. For instance, Ma et al. (2020) found that 

the intensity and importance of the competition between the invasive plant Spartina alterniflora 

and the native S. salsa in China varied along a flooding gradient, with effects on S. salsa 

population density and traits being greater at low flooding height (i.e.,  < 13.4cm). However, 

the stress-gradient theory is not always supported and many invasive species have been 

documented to be characterized by a high degree of phenotypic plasticity that allow them to 

withstand a wide range of environmental stress conditions (Lejeusne et al., 2014; Perkins & 

Nowak, 2013; Power & Vilas, 2020). As an example, Lejeusne et al. (2014) found that the 

invasive shrimp species Palaemon macrodactylus had a better resistance to a broad range of 

salinities and temperatures than native counterparts, and this contributed to their invasive 

success. Similarly, in a study by Rius & McQuaid (2009), the invasive mussel Mytilus 

galloprovincialis was found to outcompete native Perna perna even at high shores as result of 

a higher tolerance to desiccation and thermal stress.  

In addition to the environmental context, the competitive superiority of IAS over native 

species and the likelihood of successfully invading non-native habitats may also be determined 

by  behavioural traits of the IAS (Boivin et al., 2008; Chapple et al., 2011). Aggressiveness 

(i.e., the tendency to attack other individuals) is considered to play an important role in the 

competitive displacement of native species, thus contributing to the successful establishment of 

IAS (Pintor et al. 2008, Capelle et al. 2015). For instance, Pintor et al. (2008) showed that 

aggression contributes to the invasive success of signal crayfish (Pacifastasus leniusculus) by 
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enhancing their ability to outcompete and displace native crayfish from their respective habitat, 

and to establish themselves in low productive streams. Similarly, interspecific aggression has 

been shown to play a role in the invasion success of invasive ants by mediating their competitive 

abilities (Holway & Suarez, 1999). Moreover, the competitive outcome of interspecific 

interactions between IAS and native counterparts can also be determined by other personality 

traits such as boldness (i.e., the tendency to take risks under predation threat; Pintor et al. 2008). 

In addition to its influence on dispersal, boldness may allow non-native species to better cope 

with the novel environment and its characteristics (e.g., prey and predators) and confer a greater 

competitive advantage over native species (Pintor et al. 2008). This has been, for example, 

observed in a study by Ericsson et al. (2021), where native Atlantic cod (Gadus morhua) 

exhibited lower feeding rates when competing with bold invasive gobies (Neogobius 

melanostomus).  

Also the degree of resource/niche overlap can play an important role in determining the 

outcome of competitive interactions between IAS and native species (Carbonell et al., 2017). 

Invaders with a broad dietary spectrum are thought to have a higher competitive advantage and 

to be more likely to successfully establish themselves in novel habitats than more specialist 

predators due to their capacity to thrive in different environments and to adapt feeding habits 

according to local prey availability (Crowder & Snyder, 2010; Courant et al., 2017; Crowder & 

Snyder, 2010). For instance, strong between-populations divergence in dietary breadth has been 

proposed as a key determinant of the invasive success of the invasive amphipod 

Dikerogammarus villosus (Koester et al., 2016). Similarly, a broad diet appears to be a 

determinant of the invasive success of the invasive crab species Charybdis helleri (Weis, 2010). 

The outcome of interspecific competition between IAS and their native counterparts may be 

influenced by diet breadth of both invader and native, and the level of their dietary overlap. 

Specifically, a broad diet and a low dietary overlap with native species are typically expected 



34 
 

to result in a lower risk of interspecific competition between IAS and native analogues. By 

contrast, when invaders display a broad diet that highly overlaps with that of natives, the risk 

of interspecific competition is expected to be higher and the competitive displacement of the 

native species more likely to occur (García et al., 2020). Furthermore, the level of impact of 

IAS on native species can strongly depend on the trophic position of the invader, where an 

invader at a higher tropic position than the native species is expected to cause a more severe 

and non-linear decline of native populations (García et al., 2020). Knowledge of IAS dietary 

patterns is therefore crucial for understanding and predicting the extent of their ecological 

impacts on recipient communities and informing effective management actions (Triay-Portella 

et al., 2022). Moreover, results of dietary analyses (e.g., whether or not an invasive species 

feeds on endangered species) may also aid in informing correct conservation actions for native 

species.  

Management of invasive species is, however, extremely challenging and mostly relies 

on predicting their ecological impacts in order to prevent future introductions (Guo et al., 2017; 

Cuthbert et al., 2022). Comparative analyses of functional response (FR; i.e., relationship 

between resource consumption and resource availability) of invasive and native species  is 

widely adopted as a tool to elucidate how competition between IAS and native analogues plays 

out and to predict the ecological impact of taxonomically diverse IAS (Taylor, 2016). Species 

may exhibit three types of FR, each underlying different predator-prey dynamics and potentially 

resulting in alteration of the strength and direction of their competitive interactions (Holling, 

1959). A Type I FR reflects a linear increase in feeding rate with increasing prey availability. 

A Type II FR describes a decrease in food consumption with increasing prey density until a 

plateau is reached. This type of FR is considered particularly destabilising for prey populations 

as most of the prey at low densities are eaten. By contrast, a type III FR likely have stabilising 

effects on prey populations as it is characterised by a small increase in consumption at low prey 



35 
 

densities (i.e., low-density refuge), followed by a decrease in consumption with increasing prey 

densities (Dick et al., 2014). If invasive and native species exhibit similar FR parameters (i.e., 

attack rates and handling time) for a given prey, then a low risk of interspecific competition and 

displacement of native species from the habitat is expected. By contrast, if the invader exhibits 

a higher FR than the native counterpart, a stronger predation pressure on prey populations is 

observed as well as a higher risk of competitive displacement of native analogues (Guo et al., 

2017).  

1.3 The role of parasites in biological invasions  

The establishment and spread of IAS in novel habitats may also depend on the parasites that 

IAS host on introduction or acquire from a new location (Schmid-Hempel 2011, Chalkowski et 

al. 2018). Non-native species may succeed in a new environment because they are introduced 

along with their parasites, which may spill over to native species (Chalkowski et al. 2018). Both 

lethal and sub-lethal effects might occur as a result of this phenomenon, including behavioural 

changes in the native hosts, which in turn can affect their growth and survival (Sheath et al. 

2015). Parasites may also mediate interspecific interactions such as competition and predation 

(Hudson & Greenman, 1998). For instance, spill over of the poxvirus has been documented to 

favour the successful establishment of invasive grey squirrels (Sciurus carolinensis) in the UK 

by reducing the competitive ability and increasing mortality rates of native red squirrels (S. 

vulgaris; Romeo et al. 2019).  

Alternatively, non-native species may acquire parasites already existing in the new 

location and modify native host-parasite dynamics (Kelly et al. 2009, Lagrue 2017, Chalkowski 

et al. 2018). For instance, non-native species may cause the spillback of native parasites. This 

process does not occur automatically after the acquisition of the native parasites but requires 

that the host is capable to act as a reservoir in which the parasites can persist and reproduce 

before being transferred back to the native hosts (Kelly et al. 2009). In contrast, when non-
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native species are not suitable for a given parasite, they may act as sink hosts, resulting in a 

reduced infection risk for native species (ñdilution effectò; Kelly et al. 2009). If non-native 

species are not resistant enough to the new parasites acquired in the non-native range, they 

could then suffer from reduced fitness and invasion ability (Chalkowski et al. 2018). For 

example, eye flukes, Diplostomum spp., recently introduced to the Kalmar Sound of the Baltic 

Sea, have been reported by Flink et al. (2017) to increase susceptibility of invasive round gobies 

(Neogobius melanostomus) to predation by reducing their escape response to the simulated 

aerial attack.  

Moreover, it might be possible that, after having invaded the new environment, non-

native species do not acquire any parasites from the native hosts (e.g., due to strong defensive 

strategies). This would lead to an increase in their demographic success, which might result in 

advantages over native competitors ("enemy releaseò; Prenter et al. 2004, Chalkowski et al. 

2018). This enemy release (ER) hypothesis states that IAS are successful because they left their 

co-evolved natural enemies behind and there is scarcity of enemies in the invaded range 

compared with the native range (Liu & Stiling, 2006, Dang et al. 2009). When introducing in a 

novel environment, IAS may lose their native parasites due to stochastic and selective pressures. 

First, there might be a sampling effect, which, because introduced populations usually consist 

of a small number of translocated individuals (i.e., a subsample of source populations), reduces 

the parasite pool. As a result of this subsampling, IAS often undergo severe genetic bottlenecks 

resulting in substantial loss of genetic diversity (Colautti et al. 2004; Dunn 2009; Hänfling 

2007). Second, parasites may be lost due to low opportunities of transmission in the new habitat 

(e.g., low host densities during the early stages of the invasion process or lack of intermediate 

hosts for parasites with complex life cycles; Blackburn et al. 2017). Third, during the transport 

and the introduction phases of the invasion process, selective pressures may determine the loss 

of parasitised and less fit hosts, favouring resistant host genotypes (Colautti et al., 2004; Dunn 



37 
 

2009). The ER hypothesis has been proposed as one of the leading causes of the success of IAS 

worldwide, with IAS thought to benefit from enemy release due to a reduction of parasite-

induced negative effects (e.g., reduction in survival, fecundity and biomass; regulatory release). 

Alternatively, when a host has high resistance to parasites in its native range, a reduction of 

parasites in the invasive range may lead to reallocation of resources away from defence and into 

traits that increase reproduction and/or spread, or selection of genotypes with costly defences 

out of introduced populations (evolution of increased competitive ability; Dunn 2009; Roy et 

al. 2011; Mesa & Dlugosch, 2020). However, a review by Colautti et al. (2004) has found that 

this hypothesis is not always supported. This might be because non-native species have not yet 

evolved the strategies of defence that native species have evolved against the local enemies, 

such as parasites (Mlynarek 2015). For example, the enemy release hypothesis is not supported 

for invasive gobies while it has been validated in the invasive European green crab (Carcinus 

maenas) (Mlynarek 2015, Médoc et al, 2017). 

1.4 The importance of life-history traits in invaders 

Invadersô life-history traits are also thought to contribute to their invasive success, with different 

traits being selected at different stages of the invasion process (Sakai et al., 2001; Simberloff & 

Rejmanek, 2011; van der Marel et al., 2021). Fast-life history traits such as high fecundity, early 

maturity and rapid growth rates have been documented to influence the invasive success of 

several taxa such as mammals (Capellini et al. 2015), fish (Liu et al. 2017), plants (Mowery et 

al. 2021), amphibians and reptiles (Allen et al. 2017). For instance, Allen et al. (2017) reported 

that the successful establishment of invasive amphibians is associated with small body sizes 

and large clutches whereas their spread is facilitated by early maturation. Higher growth rates 

of Asteraceae plants in their invasive range have instead been documented to facilitate dispersal 

and the ability to out-compete native species (Mowery et al. 2021). By contrast, slow life-

history traits have been found to promote population growth and spread of many invasive bird 
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species and ultimately their invasiveness (Sol et al., 2012; van der Marel et al., 2021). For 

example, Sol et al. (2012) examined 2760 invasions comprising 428 invasive bird species and 

found that the successful establishment of many species was associated with the production of 

several broods per year and relatively short life spans. For others it was determined by laying a 

single clutch per year coupled with a very long life span. In addition to the life-history traits 

mentioned above, the extent and the mode of maternal provisioning (i.e., lecithotrophy: egg 

provisioning by mothers pre-fertilization; matrotrophy: mothers provide the nutrients necessary 

for the development of the embryos post-fertilization) could also be an important trait of an 

invader. Specifically, it  may influence propagule size (i.e., number of introduced non-native 

individuals in a habitat) through effects on offspring development and reproductive success 

(Germain et al., 2019; Marsh-Matthews & Deaton, 2006). However, to date, only a few studies 

have explored the importance of maternal provisioning in the context of invasions (e.g., Dyer 

et al. 2010; Leroy et al., 2013). For instance, Germain et al. (2019) proposed that variation in 

maternal seed provisioning in response to the level of competition in the habitat may 

differentiate invasive and native annual plant species that occur in California, thus, contributing 

to their successful establishment. Similarly, the likelihood of successful dispersal and 

establishment of the invasive annual weed  Raphanus raphanistrum has been proposed in a 

study by Campbell et al. (2015) to be influenced by the maternal environment and associated 

effects on offspring provisioning. Additionally, seasonal variation in maternal nourishment has 

been suggested to contribute to the successful invasions of the gastropod Crepidula fornicata 

(Leroy et al. 2013). Despite these findings, there is still no clear evidence linking maternal 

provisioning strategies and invasiveness and future studies are warranted to provide a greater 

understanding of how exactly this strategy can influence invasiveness across taxa.  
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1.5 The importance of mate choice in invaders 

Mate choice is also likely to be an important factor in invasions as it can have important 

consequences on an invaderôs fitness, which can influence the likelihood of successful 

establishment in novel habitats (Sato et al. 2016; Candolin 2019). Organisms detect and choose 

optimal mates by processing several signals and cues (e.g., visual cues such as body size and 

absence of parasites) because of a trade-off between direct and indirect benefits (e.g., increased 

parental care increases the likelihood of offspring survival) and costs associated with mating 

(Crowder et al. 2010; Sato et al. 2014). Mating preferences can, however, be influenced by the 

number of available mates in a habitat, resulting in females and males being less choosy when 

potential optimal mates are scarce (Crowder et al. 2010). Non-native species often enter novel 

habitats at low densities. Hence, their successful establishment strongly depends on their ability 

to identify suitable mates and adjust their mating preferences according to the new 

environmental context (Crowder et al. 2010; Candolin 2019). Invaders may often attempt to 

mate with native heterospecifics (i.e., reproductive interference) due to a reduced capacity to 

recognise conspecifics or incapacity to distinguish morphologically similar heterospecifics 

from conspecifics (i.e., heterospecifics resemble high-quality mates; Candolin 2019). 

Alternatively, there is evidence that invasive species may often prefer to mate with natives over 

conspecifics as a result of a preference for bigger and conspicuous traits (Willis, 2013). 

Moreover, mating with native heterospecifics can often result in severe costs for the native 

species such as physical injury and reduced feeding efficiency, which in turn reduce their fitness 

and competitive ability (Valero et al., 2008; Valero 2019). For instance, Valero et al. (2008) 

found invasive Trinidadian guppy (Poecilia reticulata) males court and attempt forced 

copulation with native Skiffia bilineata females due to native females being more attractive to 

male guppies due to their larger size. This pattern was observed even when female conspecifics 
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were abundant. Moreover, the authors suggested that the guppyôs hooked gonopodium was 

likely to severely injure the genital region of heterospecific females during mating attempts. 

Regardless of what the cause of this reproductive interference is, this phenomenon has 

been shown to also have significant negative consequences for the population dynamics of the 

native species involved, resulting in the displacement of native populations in several taxa 

(Burdfield-Steel & Shuker, 2011; Bargielowski et al. 2015). Sato et al. (2014) found, for 

example, that males of the invasive red spider mite Tetranychus evansi preferred to mate with 

females of the native two-spotted spider mite T. urticae rather than with conspecific females. 

As a reduction in population growth of native T. urticae was observed when the species was 

introduced together with invasive T. evansi on the same tomato plant, the authors proposed that 

the displacement of T. urticae in Europe may be the result of T. evansi interfering with the 

reproduction of T. urticae. Similarly, interspecific mating between the invasive Bombus 

terrestris and the native B. ignitus has been shown to cause the disruption of reproduction of 

native females through production of non-viable offspring and consequently facilitate the 

displacement of natives in Hokkaido, Japan (Tsuchida et al. 2019). Moreover, Both & Grant 

(2012) found that invasions of the American bullfrog (Lithobates catesbeianus) can cause the 

decline of native white-banded tree frogs (Hypsiboas albomarginatus) in Brazil via alteration 

of call frequency and duration, which are used by females to identify optimal mates. 

Overall, these findings highlight the importance of understanding mate-choice 

mechanisms in both invasive and native species, to better understand and potentially predict 

how mating decisions influence the invasiveness of a species as well as the likelihood of 

displacement of native counterparts. Nonetheless, research on how mating preferences vary 

between populations within an invasive species, and if this may contribute to their invasive 

success is still relatively limited. 
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1.6 Freshwater ecosystems and invasions  

Freshwater ecosystems are among the most diverse and threatened environments in the world 

(Dudgeon et al. 2006; Dayton 2019). Over the last few decades, biodiversity in global 

freshwater ecosystems has undergone a dramatic decline due to exposure to multiple stressors 

such as eutrophication, increasing temperatures, and invasions by alien species (Angeler et al. 

2014; Nunes et al. 2015). Among these stressors, biological invasions appear to be the major 

contributor to biodiversity loss in these systems (Ricciardi & Macisaac, 2010). Therefore, there 

has been an increase in theoretical and empirical studies on freshwater invasions to identify 

appropriate management measures (Ricciardi & Macisaac, 2010). 

The introduction and establishment of IAS has been proven to occur to a greater extent 

in freshwater ecosystems than in their terrestrial counterparts (Sala et al. 2000; Ricciardi & 

Macisaac, 2010; Moorhouse & Macdonald, 2015). This higher vulnerability of freshwater 

ecosystems reflects the intense human use of these systems and the natural linkages among 

streams and lakes (Beisel 2001; Nunes et al. 2015). Furthermore, freshwater species exhibit a 

greater dispersal ability compared with terrestrial ones because of changes in their life-history 

traits (e.g., mortality rate and plasticity) that enable successful colonization of novel 

environments (Cheng et al. 2018).  

At present, a total of 756 alien freshwater species have been reported across Europe, 

with freshwater fish being the most frequently introduced aquatic taxon (33%; Tricarico et al. 

2016). Many alien species have been unintentionally introduced in freshwater ecosystems, for 

example, through ballast water, hulls of ships and the aquarium trade (Francis & Chadwick, 

2012; Jacobs 2014). For example, the Chinese mitten crab (Eriocheir sinensis) has been 

accidentally introduced to Europe and North America, potentially via discharge of ballast water 

and escape from ethnic markets (Chen et al. 2007). Other typical examples of alien freshwater 

species unintentionally introduced are zebra mussels (Dreissena polymorpha), quagga mussels 
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(Dreissena rostriformis) and round gobies (Neogobius melanostomus) (Ram & McMahon, 

1996; Marescaux et al. 2015; Örn 2017). Alien freshwater species have also been purposely 

introduced to freshwater habitats (Francis & Chadwick, 2012), for instance, for recreational 

fisheries and for ornamental use (Gozlan et al. 2010; Francis & Chadwick, 2012). This is the 

case, for example, for alien species such as the pumpkinseed sunfish (Lepomis gibbosus) (van 

Kleef et al. 2008). Additionally, many alien freshwater species, including signal crayfish 

(Pacifastacus leniusculus) and Atlantic salmon (Salmo salar), have been deliberately 

introduced worldwide to provide an economic resource (e.g., aquaculture or supplement 

fisheries). Intentional introductions for biocontrol of unwanted organisms are also widely 

documented (Gozlan et al. 2010). For example, mosquitofish (Gambusia spp.) and silver carp 

(Hypophthalmichthys molitrix) have been introduced to many countries for mosquito and 

phytoplankton control, respectively (Gozlan et al. 2010; Francis & Chadwick, 2012).  

1.7 Mosquitofish ecology and the traits driving their invasion success  

The fish family Poeciliidae provides an excellent model system for advancing the study of 

freshwater invasions (Stockwell & Henkanaththegedara, 2011). Poeciliids have been 

introduced worldwide either accidentally through the aquarium trade or intentionally to control 

mosquitoes (Stockwell & Henkanaththegedara, 2011). They have been identified as one of the 

most invasive freshwater alien species, as well as ñinvasive species of concernò in many 

countries, including the United States of America, New Zealand and Australia (Holitzki et al. 

2013). Regardless of how invasive poeciliids have been introduced, their mostly negative 

impacts on native biota have been widely documented (Díez del Molino 2015). The high 

reproductive potential (a single gravid female can establish a new population), flexible 

behaviour, high dispersal capabilities, and high thermal and salinity tolerance have contributed 

to the success of poecilid fishes as invaders (Meffe & Snelson, 1989; Deacon et al. 2011; Díez 

del Molino 2015). Although many invasive alien species such as guppies (Poecilia reticulata), 
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sailfin mollies (Poecilia latipinna) and swordtails (Xiphophorus spp.) belong to this family, the 

widespread distribution coupled with ease of capture and maintenance, has resulted in 

considerable research being devoted to investigating the mechanisms underpinning the invasion 

success of mosquitofish (Gambusia spp.) and the extent of their negative impacts on native fish 

communities (Lindholm et al. 2005; Holitzki et al. 2013; Shine 2017). 

Eastern mosquitofish (Gambusia holbrooki) are one of the most widely introduced 

freshwater species in the world (Carmona-Catot 2013). Their native range is recorded as the 

coastal region of the eastern United States, from the Atlantic and Gulf Slope drainages as far 

west as southern Alabama (Pyke 2008; Carmona-Catot 2013). Since the early 1900s, the species 

has been introduced worldwide as a mosquito biocontrol agent for the prevention of malaria 

(Carmona-Catot 2013). However, its effectiveness as a mosquito control agent remains 

questionable (Lynch 2008). Moreover, their involvement in the displacement, decline, and 

occasionally local extinctions of a variety of native fish and amphibian communities, has led 

the species to be listed among the 100 most invasive species of the world (Lowe et al. 2000; 

Ling 2004; Cheng et al. 2018). Through accidental or deliberate release, mosquitofish have 

successfully colonized over 50 countries and all continents except Antarctica (Pyke 2008; 

Carmona-Catot 2013). Several factors have been documented to be associated with the 

successful establishment of this species (Macdonald & Tonkin, 2008). A description of these 

factors as well as the traits that may be important in an invasion context is provided below.    

1.7.1 Habitat use 

One of the reasons for the invasive success of eastern mosquitofish is their capacity to live in a 

broad array of habitats (Macdonald & Tonkin, 2008; Pyke 2008). Mosquitofish have an 

extraordinary ability to withstand adverse conditions (Pyke 2005; Macdonald & Tonkin, 2008), 

including high turbidity, low dissolved oxygen, and extreme temperatures and salinities (Meffe 



44 
 

& Snelson, 1989; Macdonald & Tonkin, 2008; Pyke 2008), but also high concentrations of toxic 

sulfide (Riesch et al. 2016). For instance, experimental studies on Gambusia spp. have 

documented their ability to withstand salinities ranging from fresh to full-strength sea water 

(between 0.05ă and 30ă (Meffe & Snelson, 1989; Rubelowsky 2017). While eastern 

mosquitofish can tolerate temperatures as low as 1.8°C, they prefer water temperatures around 

31 to 35°C (Meffe & Snelson, 1989; Pyke 2005; Macdonald & Tonkin, 2008). Eastern 

mosquitofish are also known to occur in habitats with high levels of pollution (Pyke 2008).   

1.7.2 Diet  

The capacity to feed on a variety of organisms is thought to play an important role in the 

distribution and abundance of G. holbrooki (Macdonald & Tonkin, 2008). Analyses of stable 

isotope ratios and dietary analyses of stomach contents have, for example, documented that 

eastern mosquitofish consume aquatic and terrestrial insects, crustaceans, other fish species, 

filamentous algae and detritus (Blanco et al. 2004; Pyke 2005; Macdonald & Tonkin, 2008). 

Mosquitofish are therefore considered adaptable generalist predators with a capacity to vary 

their diet depending on what type of prey is available (Macdonald & Tonkin, 2008). While 

several studies have investigated feeding patterns of G. holbrooki in very specific localities in 

the invasive range, no research has yet been carried out on a large geographical scale. Moreover, 

there is still limited knowledge of how local habitat characteristics, environmental and climatic 

variables might impact mosquitofish feeding patterns.  

1.7.3 Competitive interactions with native species 

Several studies have documented the establishment of mosquitofish populations being 

implicated in the decline and occasionally local extinction of native species (Pyke 2008; 

Carmona-Catot 2013; Díez del Molino 2015). These negative impacts are thought to be mainly 

driven by mosquitofish predation (e.g., on zooplankton and amphibians), exploitative 
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competition (e.g., for food) and interference competition (e.g., through aggression and 

disruption of courtship) with native species often with similar dietary niches (Rincón et al. 

2002; Pyke 2008; Carmona-Catot 2013; Srean 2015).   

Colonization of novel environments and displacement of native communities can be 

strongly facilitated by mosquitofish aggression (Pink et al. 2011; Carmona Catot, 2013). 

Experimental studies have repeatedly shown both intra-specific and inter-specific aggression 

of G. holbrooki. Aggressive behaviours might include chasing, biting, physical pushing or 

thrusting and fin-nipping often resulting in the loss of body parts and killing of their competitors 

(Lowe et al. 2000, Alcaraz et al. 2008; Pink et al. 2011). Aggressive behaviour in G. holbrooki 

has predominantly been shown to be directed towards larger fish and to enable superior 

competitive abilities over native species and their consequent displacement (Pink et al. 2011). 

For instance, in the Iberian Peninsula, the decline of the co-occurring native killifish, Valencia 

hispanica and Aphanius iberus, has been attributed to a reduction in food consumption by these 

species as a result of mosquitofish aggression towards them (Díez del Molino 2015). Similarly, 

trophic competition and aggressive interactions between invasive G. holbrooki and the native 

toothcarp, Valencia letourneuxi, appear to be a strong contributor to the decline of the latter in 

Greece (Kalogianni et al. 2014). Moreover, Keller & Brown (2008) have attributed the decline 

of native populations of rainbowfish Rhadinocentrus ornatus in Australia to a reduction in their 

feeding rates as a result of nips and chasing by invasive G. holbrooki.  

The intensity and outcome of competitive interactions between eastern mosquitofish 

and native counterparts is also often mediated by abiotic factors such as water temperature 

(Rincón et al. 2002; Carmona-Catot et al. 2013), salinity (Alcaraz et al. 2008; Lopez et al. 2018), 

dissolved oxygen concentration and habitat complexity (Macdonald & Tonkin, 2008). For 

instance, Carmona-Catot et al. (2013) investigated the role of temperature in mediating 

competitive interactions between invasive G. holbrooki and native killifish (Aphanius iberus). 
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They found mosquitofish to be more aggressive than killifish, although their aggressiveness 

was significantly reduced at lower temperatures. Similar results have also been obtained by 

Rincón et al. (2002), who examined the influence of temperature on aggression of G. holbrooki 

towards native A. iberus and V. hispanica. Moreover, Lopez et al. (2018) discovered that 

temperature and salinity interact antagonistically on competitive interactions between invasive 

eastern mosquitofish and the native Australian bass (Macquaria novemaculeata), with elevated 

temperatures promoting aggressiveness of both species and elevated salinities causing a 

reduction in mosquitofish aggressiveness. Similar effects of salinity on mosquitofish aggressive 

behaviour and competitive interactions with native analogues have also been reported by 

Alcaraz et al. (2008), where invasive mosquitofish were less aggressive towards the native 

Mediterranean banded killifish (Aphanius fasciatus) and captured less prey at high salinities. 

Moreover, Fairfax et al. (2007) found eastern mosquitofish having stronger impacts on native 

Australian fish species such as the red-finned blue-eye (Scaturiginichthys vermeilipinnis) in 

closed habitats such as wetlands and when water levels were low. Similarly, Beatty et al. (2022) 

uncovered higher levels of fin-nipping by G. holbrooki towards native Australian species at the 

end of the dry season, in smaller and shallower pools and in more degraded habitats. Yet, to 

have a more complete picture of how exactly competition between invasive mosquitofish and 

native analogues plays out and how this can shape their distribution patterns in the invasive 

range, more research needs to be conducted. For example, could differences in functional 

response and aggressive behaviour between populations of invasive G. holbrooki explain their 

successful establishment in different habitats across the invasive range? To what extent are 

these patterns driven by environmental factors such as salinity? 

1.7.4 Parasites 

Although at least 50 parasite species have been recovered from eastern mosquitofish, only a 

few studies have examined what type of parasites occur in this species in their invasive range 
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(Dove 2000; Maceda-Veiga et al. 2019). Nonetheless, some of these studies have provided 

evidence that parasites may be a factor mediating mosquitofish invasions, particularly in 

Australia. For instance, Dove (2000) compared the abundance of parasite species occurring in 

invasive G. holbrooki and native counterparts in Australia and found only 11 parasite species 

in the invasive range for G. holbrooki compared to 50 species recorded in the native range. The 

results of this study were, therefore, considered evidence that enemy release (i.e., loss of 

parasites in the invasive range) enhances the invasive capabilities of mosquitofish. Similarly, 

Lymbery et al. (2010) have found support for this hypothesis when comparing parasite 

prevalence between native species and invasive eastern mosquitofish in Western Australia. 

However, data on mosquitofish parasites in Europe are scarce. Benejam et al. (2009) suggest 

that parasites may play a strong role in European invasions of mosquitofish. Specifically, the 

authors examined the parasite community of eastern mosquitofish along a latitudinal gradient 

from southern France to southern Spain and showed that the abundance of mosquitofish 

parasites (i.e., larvae of pleurocercoid cestodes belonging to the order Pseudophyllidea) 

decreased with latitude and had significant negative effects on fish condition. The authors 

proposed that latitudinal effects on parasite abundance of this species may be important in 

driving their invasions. The low parasite prevalence observed by Maceda-Veiga et al. (2019) 

during parasite surveys of this species in north-eastern Spain across several years (i.e., 2002-

2015), further matches the pattern described by Benejam et al. (2009). Future studies 

investigating parasite diversity and prevalence in this species across larger geographical scales 

are needed to understand if and to what extent parasites could mediate the European invasion 

of mosquitofish. 

1.7.5 Life history 

Successful mosquitofish introductions have also been attributed to phenotypic plasticity in life-

history traits as a result of trade-offs to maximise their evolutionary fitness (Santi et al. 2020). 
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As livebearers, mosquitofish have high fecundity and a short gestational period (22-25 days), 

which favours their rapid evolution in and colonization of new habitats (Pink et al. 2011). Like 

all poeciliids, fertilization is internal, and females give birth to competent fry (Stockwell & 

Henkanaththegedara, 2011). Furthermore, females can be inseminated repeatedly, resulting in 

multiple paternity, and store viable sperm in their oviducts for several months after the last 

mating (Díez del Molino 2015; Gao et al. 2019). Therefore, females can reproduce repeatedly 

without having recently been in contact with a male and can have several broods during a single 

breeding season (Macdonald & Tonkin, 2008; Pink et al. 2011). Mosquitofish have long been 

regarded as primarily lecithotrophic (Maddern 2012; Vega-Trejo et al. 2015), however, some 

degree of matrotrophy has been observed in  G. affinis, suggesting that G. holbrooki may also 

be capable of some levels of matrotrophy (Marsh-Matthews et al. 2005; Cazan & Klerks, 2014). 

Currently, however, within-species variation of maternal provisioning strategies across large 

geographic scales as well as the importance of maternal provisioning under an invasion context 

have not yet been investigated in G. holbrooki.  

1.7.6 Mate choice 

Eastern mosquitofish are also considered model organisms for the study of sexual selection, 

with a particular focus on mate choice (Bisazza et al. 2001; Pilastro et al. 2003). Eastern 

mosquitofish display a reverse sexual size dimorphism, where adult males are significantly 

smaller than females and are distinguishable from females by a modified anal fin, the so-called 

gonopodium (Macdonald & Tonkin, 2008; McMillan 2008). The mating system of this species 

is dominated by sexual coercion (Bisazza et al. 2001; Pilastro et al. 2003). Mating begins with 

a male approaching a female from behind (often without being detected). The male then swims 

underneath the female and thrusts his gonopodium into the femaleôs genital pore to release his 

spermatozoa (Pilastro et al. 1997; Bisazza et al. 2001; Wilson et al. 2007).  
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The probability of insemination can be influenced by females. Although female 

cooperation is not required for coercive mating systems, females can determine the success of 

these mating attempts by actively trying to reduce the proximity to males, attacking them and 

by adopting positions that prevent copulation (Bisazza et al. 2001; Wilson et al. 2007). 

Moreover, female mate choice can also occur after mating (i.e., postcopulatory female choice), 

with females being inseminated by multiple males and determining the outcome of sperm 

competition (i.e., which sperm successfully fertilize eggs; Bertram et al. 2018; Fox et al. 2019). 

In one of the first studies to gain a better understanding of intersexual selection and 

female mate choice in mosquitofish, McPeek (1992) observed a female preference for large 

males in a G. holbrooki population sampled in Florida, USA. A similar finding was obtained in 

a study conducted by Kahn et al. (2010) on eastern mosquitofish collected in Canberra, 

Australia. The preference of females for larger males was found to be driven by a female 

preference for males with longer gonopodia. Alternatively, Bisazza & Marin (1991) suggested 

that these observations may be the result of a tendency of the female to shoal with conspecifics 

of similar size. It has also been demonstrated that the probability of successful insemination is 

influenced by the time females have been previously deprived of males and by external factors 

such as predation risk (Bisazza et al. 2001). Differences in predation pressure have been, for 

example, suggested to explain polymorphism in female preference functions (Bisazza & 

Pilastro, 2000).  

Although several different aspects of mate choice have been investigated in eastern 

mosquitofish, we still do not know how parasites and environmental factors such as salinity 

(i.e., potential key drivers of invasions) influence their mating preferences. Nonetheless, a study 

by Deaton (2009) showed male G. affinis showed a preference for females not infected by the 

parasitic larval nematode Eustrongylides ignotus over parasitised females and similar patterns 

have been found in studies investigating the effects of parasites on mating preferences in other 
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poeciliids (e.g., Houde & Torio, 1996; Tobler et al. 2006). This suggests that parasites may also 

play an important role in the strength and direction of mating preferences in G. holbrooki.  

Moreover, Magellan & García-Berthou (2021) examined male mate recognition in invasive G. 

holbrooki in the presence of female conspecifics and native male and female Aphanius iberus 

and found male mosquitofish only learned to avoid female heterospecifics after initially 

attempting to mate with both female con- and heterospecifics. According to the authors, these 

findings suggest that mosquitofish may alter their mating preferences, for example, prioritizing 

sex recognition over species recognition to successfully invade novel habitats. In conclusion, 

although research has been carried out on mate-choice in G. holbrooki, several questions remain 

unanswered. For example, to what extent are mating preferences influenced by the level of 

parasitism of potential mates? Are these patterns influenced by environmental factors such as 

salinity?  

1.8 Overview of thesis chapters 

The present doctoral thesis aims to increase our understanding of the evolutionary ecology of 

invasive eastern mosquitofish (Gambusia holbrooki) as well as the mechanisms driving their 

successful invasions by addressing some of the knowledge gaps outlined above. Specifically, 

Chapter 2 addresses the question ñCould geographic variation in maternal provisioning 

strategy contribute to mosquitofish invasiveness?ò by examining within-species variation in 

provisioning strategies in the speciesô native and invasive European range. Chapter 3 examines 

what role (if any) parasites and salinity play in female mating decisions in G. holbrooki and in 

the co-occurring native killifish (Aphanius fasciatus) and if these factors contribute to the 

successful European invasion of mosquitofish by altering mating preferences and activity levels 

during choice. These knowledge gaps were addressed by running mate-choice trials on multiple 

populations of these species sampled in Sardinia, Italy. In Chapter 4, I investigated feeding 

patterns of invasive Italian and Spanish G. holbrooki populations to assess whether variability 
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in diet can explain mosquitofish ubiquity in the invasive European range. Chapter 5 provides 

the results of a meta-analysis investigating whether invasive species have a higher feeding 

efficiency than co-occurring native species when collecting data from multiple species across 

different taxa. Chapter 6, using wild-caught populations of native Mediterranean killifish (A. 

fasciatus) and invasive mosquitofish (G. holbrooki) from Sardinia, Italy, investigates (1) if a 

higher functional response and aggressiveness facilitate mosquitofish European invasions by 

increasing their ability to outcompete and displace native counterparts, such as A. fasciatus; and 

(2) if salinity contributes to these patterns. 
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Abstract 

Due to their success as an invasive alien species, eastern mosquitofish (Gambusia holbrooki, 

Girard 1859) are now almost globally distributed, yet some aspects of their phenotype remain 

unexplored. Drawing on data from 50 native and invasive mosquitofish populations, we 

examined the extent of variation in offspring size, offspring fat content and maternal 

provisioning strategies. We tested two predictions: (1) Developmental changes of embryo mass 

(matrotrophy index, MI) and embryo fat content (the novel fat index, FatI) should be largely 

independent from one another. (2) Some of the observed variation in all four phenotypic 

measures should be associated with differences in local environmental factors, including a 

higher MI in populations from resource-rich habitats and greater offspring size at birth in H2S-

toxic habitats. Contrary to prediction 1, MI and FatI covaried to a large extent, but we found 

pronounced variation among populations in all four traits (offspring size: 0.408-5.480 mg; 

offspring fat: 1.2-22.1%; MI: 0.49ï1.98; FatI: 0.24ï1.50). In addition, while we found a 

negative effect of water temperature on MI, variation in maternal provisioning strategies and 

offspring quality were not significantly associated with H2S-toxicity or environmental proxies 

of habitat productivity. Possibly, our snapshot proxies of resource availability did not 

adequately capture the salient aspects of resource abundance in sampled habitats and other, not 

quantified factors, might have been more important.  

 

Keywords: biological invasions, matrotrophy index, life-history strategies, toxicity, hydrogen 

sulfide, water temperature 

  



76 
 

2.1 Introduction  

Offspring quality is an essential determinant of parental and offspring fitness (Goodenough et 

al. 2008; Rollinson and Hutchings 2013); yet the pathways leading to increased or decreased 

offspring quality are often species- and context-dependent (Brooks et al. 1997). Offspring size 

is generally considered a good indicator of offspring quality, and its influence on offspring 

performanceðas well as its trade-off with offspring numberðhave been the focus of life-

history research for decades (Smith and Fretwell 1974; Khokhlova et al. 2014). For example, 

larger offspring can have a survival advantage in highly competitive (e.g., Bashey 2006) or 

extreme environments (e.g., H2S-toxic waters; Riesch et al. 2016). Still, other parameters, such 

as body colouration or the amount/concentration of body lipids (fats), may also serve as proxies 

of offspring quality due to their association with fitness components (Khokhlova et al. 2014; 

Hagmayer et al. 2018). For example, the amount of fat resources available to the offspring can 

be linked to enhanced performance and survival, independent of offspring size (Khokhlova et 

al. 2014). Multiple internal (e.g., maternal life-history traits) and external factors (e.g., resource 

availability and type of environment the offspring experience) influence offspring quality and 

consequently, offspring performance (Marshall et al. 2010; Jørgensen et al. 2011; Pollux and 

Reznick 2011; Hagmayer et al. 2018). 

Maternal nourishment is one of the main sources of variation in offspring quality by 

affecting offspring development and survival (Roff 2002; Marsh-Matthews 2011; Ota and 

Kohda 2014). The extent and mode of maternal provisioning vary widely across taxa, from 

mothers fully provisioning their eggs before they are fertilized (lecithotrophy or yolk-feeding) 

to mothers transferring nutrients needed for the developing embryos post-fertilization 

(matrotrophy or mother-feeding; Marsh-Matthews 2011; Pires et al. 2011). The extent of 

matrotrophy itself may vary from limited amounts of nutrients being transferred (incipient 
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matrotrophy) to mothers providing all nutrients essential to embryonic development 

(substantial matrotrophy; Marsh-Matthews 2011; Pires et al. 2011).  

To date, maternal provisioning in fish of the family Poeciliidae has been evaluated 

almost exclusively using the matrotrophy index (e.g., Reznick et al. 2002; Hagmayer et al. 

2018; Molina-Moctezuma et al. 2020; Furness et al. 2021). If mothers provided all resources 

for embryonic development prior to fertilization (lecithotrophy), their embryos are expected to 

lose 25-40% of the initial mass during development (0.60 < MI Ò 0.75; Marsh-Matthews 2011; 

Pires et al. 2011). By contrast, in the case of post-fertilization maternal provisioning 

(matrotrophy), embryos are expected to lose less or even gain mass during development 

(moderate matrotrophy: 0.75 < MI < 5; extensive matrotrophy: MI > 5; Reznick et al. 2002; 

Marsh-Matthews 2011; Pires et al. 2011). Yet, other embryo characteristics, such as the amount 

of available body fat, might also reflect variation in maternal provisioning. Previous work has 

usually reported these measurements as proxies of offspring quality, but they are rarely 

evaluated in relation to maternal provisioning (Brooks et al. 1997; Khokhlova et al. 2014). 

To address these questions, we leverage a unique dataset comprising 50 populations of 

Gambusia holbrooki from their native and invasive distributional ranges. We examined 

maternal provisioning by calculating the well-established matrotrophy index (MI; Marsh-

Matthews 2011; Pires et al. 2011), which is based on embryo dry mass. We also investigated a 

different aspect of offspring provisioning (and offspring physiology) based on embryo fat 

values by calculating the novel embryo fat index (FatI) (for more details see Methods). In short, 

FatI is a measure of how embryo fat storage changes during development, with values < 1 

suggesting that neonates have lower lipid contents than oocytes at fertilization as a result of 

embryos metabolising the fat stored within the yolk. By contrast, FatI values å 1 suggest that 

embryos have maintained the same amount of lipid reserves during their development, either 

by moving lipids directly from the yolk into their body fat reserves, or by converting additional 
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resources obtained from their mother. Finally, FatI > 1 equate to neonates having higher lipid 

contents than unfertilized oocytes, be it through resource conversion from yolk stores and/or 

maternal provisioning.  

We asked the following questions: First, to what extent do MI and FatI represent 

independent maternal provisioning strategies? Second, what is the influence of environmental 

parameters on offspring size at birth, fat content at birth, as well as MI and FatI? 

Previous studies in the genus Gambusia on a smaller geographic scale found offspring 

size to vary among populations and were able to identify several environmental variables 

(including H2S-toxicity) most likely to be associated with these differences (e.g., Marsh-

Matthews et al. 2005; Riesch et al. 2016, 2018; Santi et al. 2020; Hulthén et al. 2021). For 

example, Riesch et al. (2016) found Gambusia spp. to produce larger neonates in H2S-rich 

environments. Moreover, the Trexler and DeAngelis (2003) model predicts that matrotrophy 

should be favoured in environments with high and constant levels of resource availability, 

which has received support from empirical studies in multiple poeciliid species (Riesch et al. 

2013; Molina-Moctezuma et al. 2020). Based on these and previous considerations, we 

formulated two predictions: (1) MI and FatI could represent independent routes of influencing 

offspring quality, and so population-specific patterns of these two indices (and the associated 

estimates for offspring size and fat content at birth) should show no (or only weak) covariance. 

(2) Some of the variation in maternal provisioning strategies and offspring quality (i.e., size and 

fat content at birth) should be linked to differences in local environmental variables. For 

example, MI should increase in habitats with greater resource availability (i.e., chlorophyll a 

and phycocyanin), while offspring size at birth should be greater in H2S-toxic compared to 

nontoxic habitats.  
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2.2 Methods 

2.2.1 Sample collection and laboratory procedures  

We re-examined data originally collected to address different questions regarding mosquitofish 

life-history strategies (Riesch et al. 2016, 2018; Santi et al. 2020). Specifically, during August 

2011 and May 2012, we collected pregnant G. holbrooki females at 16 distinct locations along 

the Atlantic Coast of the United States (native range; Riesch et al. 2016, 2018). During the 

September 2013 and July/August 2017, we collected pregnant females at 34 sites in Spain, 

France and Italy (invasive range; Santi et al. 2020; Figure 2.1). We used dip nets, and 

occasionally a seine net (2 mm mesh size), euthanized the fish with an overdose of clove oil, 

and then preserved them in 95% ethanol. Samples collected in 2012 and a handful of 

populations collected in 2011, however, were fixed in 10% formaldehyde (Appendix A: Table 

A.1). We measured water temperature (°C) in situ using a YSI 85 meter (Yellow Springs, Ohio, 

USA) in 2011 and 2012, and a Hach Rugger Feld Kit (Hach, Loveland, Colorado, USA) in 

2013 and 2017. Additionally, phycocyanin and chlorophyll a were quantified during our 2011 

(native populations) collection using an AquaFluor fluorometer (Turner Designs, Sunnyvale, 

CA). These measurements estimate cyanobacteria and total algal biomass, respectively, and 

consequently capture aspects of resource availability and overall habitat productivity 

(Appendix A: Table A.1).  

Previously, developing offspring had been removed from preserved females, had been 

counted and their stage of development classified following well-established protocols 

(Reznick and Endler 1982; Riesch et al. 2013, 2016) before we weighed embryos, extracted all 

soluble fat via emersion in petroleum ether, and then reweighed them. Specifically, each 

embryo developmental stage was defined on a numerical scale ranging from 0 (fully yolked but 

unfertilised oocytes) to 50 (mature embryo; following Riesch et al. 2011). For the current study, 

we extracted the following variables from the datasets: offspring dry mass (mg) and offspring 
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fat content (%). To meet statistical assumptions of normality of model residuals, embryo dry 

masses were log10-transformed. 

Figure 2.1. Map of the sampling sites of Gambusia holbrooki in the United States (a) and 

Europe (b). The maps were generated using QGIS 3.2. 

 

2.2.2 Maternal provisioning and matrotrophy index 

The matrotrophy index (MI) is defined as the ratio between offspring dry mass at birth and 

oocyte dry mass at fertilization (Wourms et al. 1988; Reznick et al. 2002; Marsh-Matthews 

2011; Pires et al. 2011). These values were estimated for each population by utilizing the slopes 

and intercepts from linear regressions between the means of each broodôs embryo dry mass 

(dependent variable) and embryo developmental stage (explanatory variable). Furthermore, to 

investigate the extent of variation around the MI values for each population, we created artificial 

95% confidence intervals (CI) for each value of MI. For this, we used the 95% CI calculated 

for the slopes from embryo dry mass vs. embryo developmental stage regressions described 

above. We then used the calculated 95% CI values as new slopes to predict offspring dry mass 

at birth for each population (essentially providing us with offspring mass at birth if the lower 

or upper bounds of the 95% CI were true). We now calculated two additional MI values for 

each population using the new 95%-CI-based estimates of offspring mass at birth. Whenever 

MI > 0.75, we followed Reznick et al. (2002) to test if this differed significantly from an MI of 

0.75 by comparing the slope obtained from the embryo mass vs. development regression with 
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that obtained if embryos lost 75% of their initial dry mass during development using one-sample 

t-tests.  

2.2.3 The novel fat index 

We also calculated the ófat indexô (FatI) as the ratio between offspring fat content (%) at birth 

and oocyte fat content (%) at fertilization, for which we used the slopes and intercepts from 

linear regressions between offspring fat content (dependent variable) and stage of development 

(explanatory variable). Using the same approach as outlined above for MI, we also calculated 

95% confidence intervals for each FatI value. However, due to the presence of many outliers 

and abnormalities (i.e., high number of embryos from the invasive range with virtually zero 

percent body fat, possibly reflecting the specific conditions during collection and sample 

storage), we excluded individuals from the invasive range from this particular analysis.  

2.2.4 Effects of H2S-toxicity  

Some native populations were fixed in formalin (N = 10) and some in ethanol (N = 7). 

Furthermore, the formalin-preserved populations were sampled from H2S-toxic springs (N = 5) 

and from nearby non-toxic habitats (N = 5) in Florida (Riesch et al. 2016). To examine potential 

effects of H2S on variation in MI, FatI, offspring size at birth and fat content at birth of native 

formalin-preserved populations, we ran several generalized linear models (GLMs), coding 

ótoxicityô and óyear-nested-within-toxicityô as explanatory variables to control for the fact that 

some habitats were sampled across two consecutive years. For the analyses with FatI and 

offspring dry mass at birth, a gamma error distribution and log link function accounted for a 

zero-bound data distribution pattern showing a skew in the positive direction. We instead ran 

GLMs with gaussian family for the analyses with MI and offspring fat content at birth.  

All statistical analyses were performed using the software R x64 3.5.1 (R Development 

Core Team 2019). We screened all models for overdispersion. 
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2.2.5 Effects of temperature and resource availability on maternal provisioning and 

offspring quality  

To avoid potential confounding effects of the method of preservation on the results of the 

analyses investigating the effects of environmental and geographic parameters on MI, FatI, 

offspring dry mass and fat content at birth, these analyses were only run for the ethanol-

preserved populations. For MI and offspring dry mass at birth, we compiled two separate data 

sets: (1) native and invasive populations, for which information on water temperature was 

available, and (2) native populations only, for which resource availability was quantified. For 

the first subset of populations (N = 41), a principal components analysis (PCA) was performed 

on z-transformed water temperature and information on geographic locations (latitude and 

longitude). We retained one principal component (PC), which had an eigenvalue >1 and 

explained > 70% of the total variance (Appendix A: Table A.2). For the second subset we 

directly used our two proxies for resource availability.  

For the analyses of FatI and fat content at birth, environmental parameters were 

available for all ethanol-preserved native populations (N = 7; Appendix A: Table A.1). We ran 

another PCA on the matrix of z-transformed environmental (water temperature, chlorophyll a 

and phycocyanin) and geographic data and retained the first two PCs with eigenvalues > 1.0, 

cumulatively explaining > 80% of the total variance (Appendix A: Table A.3).   

We ran GLMs with Gaussian family for models with MI and offspring dry mass at birth 

as the dependent variable and either the PC or our measures of resource availability as predictor 

variables. For the analyses with FatI and offspring fat content at birth, we instead ran GLMs 

with Gaussian family with these traits as the dependent variable and the two environmental PCs 

as independent variables. Model validation was checked and fitted using the DHARMa R 

package (v0.4.5; Hartig, 2022). As multiple comparisons of data were involved, sequential false 

discovery rate (FDR) corrections were applied to all p-values (Benjamini and Hochberg 1995). 
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2.3 Results 

2.3.1 Population variation in maternal provisioning and offspring quality 

An overview of the variation uncovered in our estimates of maternal provisioning and offspring 

quality among the 50 populations included in this study is provided in Table 2.1. We found 

pronounced variation in MI, with some populations exhibiting MI-values characteristic of 

lecithotrophy (0.47 < MI Ò 0.75), while females in other populations appeared to employ 

moderate amounts of post-fertilization maternal provisioning (0.75 < MI < 1.98); no population 

exhibited extensive matrotrophy though (MI > 5). One-sample t-tests revealed that females 

from 19 populations (38%) exhibited a degree of maternal provisioning that significantly 

exceeded the lecithotrophy threshold value of MI = 0.75 (Table 2.1). 

Likewise, changes in embryo fat content over the course of development (FatI) varied 

widely among native populations, with values of FatI ranging from 0.24 to 1.50 (Table 2.1). 

However, MI and FatI exhibited a statistically significant correlation (Spearmanôs rs = 0.49, p 

= 0.045; Appendix A: Figure A.1). Specifically, in four populations either embryo dry mass or 

fat content increased during development while the other variable remained comparatively 

unaffected (i.e., values å 1), and in one population, embryos gained both mass and fat during 

their development (i.e., both values > 1). In most populations (N = 12), however, embryos lost 

both mass and body fat over the course of gestation (i.e., both values < 1; Table 1; Figure 2.2).  

Offspring dry mass and fat content at birth also varied considerably between 

populations, with the former ranging from 0.408 to 5.480 mg and the latter from 1.2% to 22.1% 

(Table 2.1). When testing for a potential association between estimated dry mass and fat content 

at birth, we again found a moderate positive correlation (N = 17, Spearmanôs rs = 0.57, p = 

0.017), indicating that larger offspring tended to have greater fat reserves. 

 



 
 

 

Figure 2.2. Scatter plots depicting embryo dry mass versus embryonic stage of development for (a) the population of Guadiaro (lecithotrophy), (b) the 

population of Gualta (moderate matrotrophy), (c) the population of La Charente (moderate matrotrophy), (d) the population of Barcelona (moderate 

matrotrophy), (e) the population of Melbourne (ethanol-preserved: black line with circles; formalin-preserved: grey line with triangles, moderate matrotrophy) 

and for (f) the populations of Guadalquivir (sampled in 2013: black line with circles, moderate matrotrophy; sampled in 2017: grey line with triangles, 

lecithotrophy); Scatter plots depicting embryo fat content versus embryonic stage of development for (g) the population in Lake Lilly (low FI), (h) the population 

at Melbourne (high FI) and (i) the population in Newport Springs (sampled in 2011: black line with circles; sampled in 2012: grey line with triangles). The 

populations above were chosen to showcase the variability of maternal provisioning and embryonic fat content during development. 



 
 

Table 2.1. Range of embryonic stages (following Riesch et al., 2011), MI (matrotrophy index), FatI (fat index), estimated dry mass (mg) and fat 

content (%) at birth for populations of Gambusia holbrooki sampled across their invasive and native range. FatI values were calculated only for 

populations sampled in the native range. CI are 95% confidence intervals calculated using the 95% confidence intervals obtained for the slopes 

from regressions of embryo dry mass and embryo fat content against embryonic stage of development. Populations of G. holbrooki with an MI > 

0.75 were tested for significant deviation from lecithotrophy (i.e., MI = 0.75; slope = -0.00227161) via one-sample t-tests; significant p-values and 

associated MI in bold. 

Population Embryo 
stages 

MI (95% CI) Estimated dry mass FatI (95% CI) Estimated fat content t-value Sample size Sig. 

at birth (mg) at birth (%) 

United States         

Charleston, SC 2-40 0.64 (0.44, 0.93) 1.033 0.51 (0.05, 0.97) 6.70 - - - 

Ditch off Hwy 98, FL 2-50 0.72 (0.57, 0.90) 1.958 1.02 (0.32, 1.03) 16.20 - - - 

Ditch St Marks, FL 2-50 1.03 (0.88, 1.22) 2.509 0.81 (0.67, 0.95) 14.40 3.90 48 <0.0005 

Green Springs, FL 2-50 1.27 (1.11, 1.47) 5.480 1.50 (1.27, 1.73) 22.10 7.68 35 <0.0005 

Hwy 45, NC 2-50 0.50 (0.42, 0.61) 0.721 0.61 (0.31, 0.91) 10.50 - - - 

Lake Lilly, NJ 2-50 0.58 (0.42, 0.61) 0.645 0.39 (0.11, 0.66) 15.20 - - - 

Lake Monroe, FL (2011) 2-50 1.03 (0.85, 1.24) 1.318 0.71 (0.32, 1.10) 5.10 3.36 54 <0.001 

Lake Monroe, FL (2012) 2-50 0.88 (0.77, 1.01) 1.871 0.55 (0.39, 0.72) 10.60 2.47 35 <0.01 

Melbourne, FL (formalin) 2-50 0.96 (0.83, 1.11) 2.041 1.20 (0.99, 1.41) 17.30 3.49 78 <0.0005 

Melbourne, FL (ethanol) 2-50 0.72 (0.56, 0.93) 1.725 0.88 (0.55, 1.38) 12.20 - - - 

Newport Springs, FL (2011) 2-50 0.72 (0.58, 0.90) 1.387 0.34 (-1.00, 1.68) 1.20 - - - 

Newport Springs, FL (2012) 2-50 0.62 (0.53, 0.73) 2.478 0.92 (0.74,1.10) 16.50 - - - 

Panacea Mineral Springs, FL (2011) 2-50 0.66 (0.54, 0.79) 1.196 0.24 (-0.31, 0.79) 2.30 - - - 

Panacea Mineral Springs, FL (2012) 2-50 0.91 (0.72, 1.14) 2.575 0.87 (0.71, 1.03) 15.10 1.69 32 NS 

Rehoboth Beach, DE 5-45 0.70 (0.57, 0.86) 0.632 0.61 (0.33, 0.90) 7.80 - - - 

St Simon, GA 10-45 0.49 (0.31, 0.78) 1.013 0.62 (0.20, 1.03) 8.50 - - - 

Suffolk, VA 2-50 0.71 (0.54, 0.94) 1.030 0.75 (0.29, 1.21) 12.10 - - - 
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Table 2.1. Continued. 

Population Embryo 
stages 

MI (95% CI) Estimated dry mass FatI (95% CI) Estimated fat content t-value Sample size Sig. 

at birth (mg) at birth (%) 

Italy                 

Comacchio 2-50 1.00 (0.87, 1.16) 0.845 - - 4.02 53 <0.0005 

Ditch Marina di Grosseto 30-45 1.53 (0.75, 3.11) 0.633 - - 2.24 12 <0.025 

Lago di Bolsena 2-25 1.10 (0.82, 1.48) 1.025 - - 2.64 47 <0.01 

Lago di Fimon 2-50 1.13 (0.85, 1.51) 0.916 - - 3.05 20 <0.005 

Lago di Garda 2-25 1.98 (1.14, 3.44) 1.242 - - 3.56 42 <0.0005 

Marina di Grosseto 2-30 0.82 (0.45, 1.49) 0.691 - - 0.31 20 NS 

Porto Cesareo 2-50 1.15 (1.02, 1.29) 1.196 - - 7.45 66 <0.0005 

Torre Castiglione (2013) 2-50 1.00 (0.85, 1.18) 1.218 - - 3.54 49 <0.001 

Torre Castiglione (2017) 2-45 0.87 (0.67, 1.13) 1.028 - - 1.19 22 NS 

France                

Arles 5-50 0.73 (0.52, 1.02) 0.852 - - - - - 

Avignon 2-50 0.58 (0.51, 0.66) 0.408 - - - - - 

Briere 2-50 0.64 (0.47, 0.86) 0.671 - - - - - 

Garonne 2-50 0.87 (0.75, 1.00) 0.593 - - 1.97 46 <0.05 

La Charente 2-50 1.02 (0.82, 1.28) 0.662 - - 2.83 64 <0.005 

La Ligneron 2-50 0.73 (0.65, 0.83) 0.667 - - - - - 

Montpellier 2-50 0.76 (0.64, 0.91) 0.593 - - 0.18 48 NS 

Spain                

Almanzora 2-50 0.93 (0.73, 1.20) 0.915 - - 1.87 21 <0.05 

Barcelona 2-50 1.25 (1.05, 1.50) 1.084 - - 5.77 34 <0.0005 

Doñana North 2-50 0.78 (0.53, 1.15) 0.936 - - 0.24 18 NS 

Ebro Delta 2-50 0.59 (0.52, 0.67) 0.523 - -       

El Palmar 2-50 1.09 (0.77, 1.53) 0.719 - - 2.28 20 <0.025 

Guadalquivir (2013) 2-50 0.89 (0.67, 1.18) 0.953 - - 1.21 49 NS 

Guadalquivir (2017) 2-50 0.72 (0.46, 1.12) 0.936 - - - - - 
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Table 2.1. Continued. 

Population Embryo 
stages 

MI (95% CI) Estimated dry mass FatI (95% CI) Estimated fat content t-value Sample size Sig. 

at birth (mg) at birth (%) 

Guadiaro 2-50 0.47 (0.38, 0.58) 0.504 - - - - - 

Gualta 2-45 0.82 (0.63, 1.06) 0.703 - - 0.69 19 NS 

Lebrija 2-45 0.98 (0.74, 1.30) 1.155 - - 2.04 15 <0.05 

Rio Ebro - Tortosa 10-50 0.59 (0.47, 0.74) 0.626 - - - - - 

Rio Segura 5-50 0.53 (0.36, 0.78) 0.607 - - - - - 

Riu Ter 20-50 0.67 (0.46, 0.98) 0.787 - - - - - 

Rio Vaca 2-45 0.96 (0.59, 1.54) 0.732 - - 1.16 11 NS 

Rio Xuquer (2013) 2-50 0.90 (0.78, 1.04) 0.952 - - 2.59 60 <0.01 

Rio Xuquer (2017) 2-45 0.71 (0.48, 1.03) 0.633 - - - - - 

Sagunt 2-50 0.51 (0.36, 0.72) 0.759 - - - - - 

Zadorra 2-50 0.76 (0.65, 0.89) 0.485 - - 0.24 91 NS 

 

 

 

 

 

 

 

 

 

 



 
 

2.3.2 Effects of H2S-toxicity  

While we did not discover significant effects of H2S-toxicity and óyear-nested-within-toxicityô 

on MI (toxic: 0.84 ° 0.27; non-toxic: 0.92 ° 0.13; Figure 2.3a), we found significant effects of 

these factors on FatI (Table 2.2, Figure 2.3b). Specifically, populations from toxic habitats 

exhibited lower FatI values than populations from non-toxic habitats (toxic: 0.77 ° 0.51; non-

toxic: 0.86° 0.26). Moreover, post-hoc analysis revealed that populations sampled in 2012 from 

toxic-habitats had higher FatI values compared to the populations sampled in 2011 in toxic 

habitats. By contrast this pattern was reversed with respect to populations from non-toxic 

habitats. H2S-toxicity had no statistically significant effect on offspring dry mass, even though 

the observed pattern qualitatively showed the expected direction (toxic: 2.62 ° 1.71; non-toxic: 

1.94 ° 0.43). However, we found a significant effect of óyear-nested-within-toxicityô indicating 

significant variation between years for toxic and non-toxic populations (Table 2.2, Figure 2.3c). 

Specifically, neonates of non-toxic and toxic-populations sampled in 2012 were larger than 

neonates of non-toxic and toxic-populations sampled in 2011. Finally, we identified a 

significant difference between populations from toxic and non-toxic habitats in offspring fat 

content at birth, with neonates from non-toxic habitats exhibiting greater fat content (toxic: 

11.44 ° 9.23%; non-toxic: 12.72 ° 4.96%). Again, we found a significant effect of the term 

óyear-nested-within-toxicityô, with neonates of toxic and non-toxic populations sampled in 

2012 having more fat reserves compared to neonates of populations sampled from toxic and 

non-toxic habitats in 2011 (Table 2.2; Figure 2.3d).   
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Figure 2.3. Box plots showing differences in (a) MI, (b) FatI, (c) offspring dry mass and (d) 

offspring fat content at birth between native Florida populations sampled from toxic (yellow) 

and non-toxic (blue) habitats. Light and dark shading indicate life-history estimates for 

populations sampled in 2011 and 2012, respectively. 
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Table 2.2. Wald Chi-Square statistics for generalised linear models (GLMs) investigating the 

influence of H2S water toxicity and year of sampling on (a) MI, (b) FatI, (c) offspring dry mass 

at birth and (d) fat content at birth across the native range. (b & c) GLMs with a gamma error 

distribution and log link function; (a & d) GLMs with gaussian family. Significant p-values are 

highlighted in bold.  

Variable df ɢ2 p 

a) MI model    

Toxicity 1 44.936 0.146 

Year (Toxicity) 2 1.994 0.369 

b) FatI model    

Toxicity 1 14.922 <0.001 

Year (Toxicity) 2 22.737 <0.001 

c) Offspring size model   

Toxicity 1 0.658 0.417 

Year (Toxicity) 2 12.044 0.002 

d) Offspring fat content model   

Toxicity 1 4.510 0.034 

Year (Toxicity) 2 16.195 <0.001 

 

2.3.3 Effects of environmental/geographic parameters on MI but not on FatI and offspring 

quality  

The PC condensing water temperature and geographic parameters had a significant effect on 

MI after FDR-correction (Table 2.3; Appendix A: Table A.2). Post-hoc evaluations of the 

associations between MI and the actual variables revealed that this effect was mostly due to a 

positive correlation with longitude (rs = 0.53), a weaker positive correlation with latitude (rs = 

0.38), and a weak, negative correlation with temperature (rs = -0.29; Figure 2.4, Appendix A: 

Table A.2). By contrast, we did not find any significant effects of environmental and geographic 

variables on FatI (Table 2.3, Appendix A: Table A.3). 

Similarly, we detected no significant effects of environmental and geographic variables 

on offspring dry mass and fat content at birth (p Ó 0.13 for all models; Table 2.4).  

  



 
 

 

 

Figure 2.4. Scatterplots depicting effects of (a) longitude, (b) latitude and (c) water temperature [°C] on MI. 



 
 

 

Table 2.3. Parameter estimates of the general linear models (GLMs) investigating (a) the 

influence of water temperature and geographic parameters (via principal component 1; PC1) on 

matrotrophy index (MI) of populations of G. holbrooki; (b) the influence of chlorophyll a and 

phycocyanin on MI of only native G. holbrooki populations; and (c) the influence of 

environmental and geographic parameters on variation in fat index (FatI) of native G. holbrooki 

populations. Significant FDR-adjusted p-values are highlighted in bold. 

  
Estimate SE t-value ▬ (FDR) 

a) MI-model: Water temperature, latitude and longitude 

Intercept 0.839     0.042    19.995   <0.001 

PC1 0.127     0.042    0.042   0.008 

b) MI-model: Chlorophyll a and phycocyanin 

Intercept 0.648 0.083 7.818 0.002 

Chlorophyll a  0.008 0.006 1.263 0.275 

Phycocyanin -0.027 0.021 -1.293 0.275 

c) FatI-model: Water temperature, phycocyanin, chlorophyll a, latitude and longitude  

Intercept 0.624    0.066    9.465 <0.001 

PC1 -0.055    0.071  -0.778 0.609 

PC2 0.039     0.071  -0.778 0.609 
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Table 2.4.  Parameter estimates of general linear models (GLMs) investigating (a) the influence 

of water temperature, latitude and longitude (via principal component 1; PC1) on estimated 

offspring dry mass at birth (mg) of populations of G. holbrooki; (b) the influence of chlorophyll 

a and phycocyanin on estimated offspring size at birth (mg) of only native G. holbrooki 

populations; (c) the influence of environmental and geographic parameters (PC1 and PC2) on 

estimated fat content at birth (%). Significant FDR-adjusted p-values are highlighted in bold. 

  
Estimate SE t-value ▬ (FDR) 

a) Offspring dry mass: Water temperature, latitude and longitude 

Intercept 0.830 0.039 21.074 <0.001 

PC1 -0.072 0.040 -1.819 0.128 

b) Offspring dry mass: Chlorophyll a and phycocyanin  

Intercept 0.867 0.284 3.047 0.095 

Chlorophyll a  0.042 0.022 1.923 0.159   

Phycocyanin -0.081 0.071 -1.133 0.320 

c) Offspring fat content: Water temperature, phycocyanin, chlorophyll a, latitude and longitude 

Intercept 10.429     1.261    8.267   0.003 

PC1 1.197     1.363 0.879   0.643 

PC2 0.113      1.363    0.083   0.938 
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2.4 Discussion 

Examining offspring quality and maternal provisioning strategies for 50 populations of eastern 

mosquitofish sampled across their native and invasive range, we found considerable variation 

that mostly did not match our a priori predictions. Moreover, at least some variation in MI 

appears to be influenced by water temperature and geography. 

2.4.1 Relationship between MI and the novel fat index (FatI) 

In partial disagreement with our prediction 1, population-wise differences in MI and FatI 

showed moderate covariance, and offspring size at birth was also moderately correlated with 

fat content at birth. This suggests that the two different routes of influencing higher offspring 

quality at birthðincreasing body mass and/or fat reservesðare often employed in combination. 

A higher proportion of body fat has been suggested to improve the survival of fish neonates and 

to result in competitive superiority, as this energy resource can be mobilized quickly and 

effectively (Berg et al. 2001). Both variables might, therefore, partially reflect complementary 

aspects of offspring quality.  

However, a previous study by Riesch et al. (2011) on two species of Poecilia indicated 

the two could be largely independent, and some populations in the present study also showed 

clear signs that both processes can be uncoupled (i.e., one variable increased and the other 

decreased).  

2.4.2 FatI and pathways to increase offspring quality 

The fat content we extracted from early-stage embryos likely represents fat reserves stored 

within the yolk. However, at some point during embryo development, embryos will actively 

start converting available resources into body fat (Fraher et al. 2016). While it remains unknown 

exactly when poeciliid embryos start this conversion, important phenotypic changesð

including emergent body pigmentationðoccur around stage 25 (Riesch et al. 2011), and we 

speculate that changes in embryo physiology (lipogenesis and fat deposition) might also be 
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activated at this stage. If this scenario was true, then the fat extracted from mid- to late-stage 

embryos might be the result of a combination of maternal provisioning and processes controlled 

by the embryos themselves, and this could be seen as an indication of parent-offspring conflict 

(Trivers 1974). Indeed, since G. holbrooki are primarily lecithotrophic, it seems unlikely that 

FatI-values substantially greater than 1.0 merely reflect significant maternal nourishment, 

suggesting that embryos convert yolk resources into body fat reserves at a relatively high rate. 

This raises the question of how this pattern unfolds in species with extensive matrotrophy: do 

mothers of those species have more control over embryonic body fat content as well? In 

Poeciliopsis retropinna, for example, fat content also only increased towards the end of embryo 

development (Hagmayer et al. 2018). While future research is needed to unravel patterns of 

FatI in more species with different maternal provisioning strategies, evaluating the novel FatIð

in combination with the MIðlikely allows for a more nuanced understanding of how offspring 

quality is achieved in livebearing fishes.  

2.4.3 Population differences in maternal provisioning 

The genus Gambusia has been classified as primarily lecithotrophic (based on analyses of the 

MI; Pollux et al. 2014; Olivera-Tlahuel et al. 2015), but some studies suggest they are instead 

capable of at least small amounts of post-fertilization maternal nourishment of developing 

embryos, i.e., moderate matrotrophy (Thibaut et al. 2002; Marsh-Matthews et al. 2010; Riesch 

et al. 2013). Congruent with this, our analyses using the MI suggest varying degrees of low-

level maternal provisioning in eastern mosquitofish. Specifically, only 45% of populations were 

found to be strictly lecithotrophic, while 55% showed a low degree of matrotrophy. Moreover, 

38% of the populations showed MI-values that differed significantly from the threshold-value 

characteristic of lecithotrophy (MI ι 0.75; Reznick et al. 2002), with 68% of these showing MI 

Ó 1.0. This suggests that previous classifications of species (or even entire genera) as either 

lecithotrophic or matrotrophic, based on relatively few population replicates, might have been 
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premature. Our current findings, therefore, add to the growing body of literature on population-

level variation in offspring provisioning strategies, as well as temporal variation, within the 

family Poeciliidae (e.g., Poecilia latipinna: Trexler 1985, 1997; Heterandria formosa: Schrader 

and Travis 2005; Gambusia hubbsi: Riesch et al. 2013; Poeciliopsis gracilis and P. infans: 

Molina-Moctezuma et al. 2020). 

2.4.4 Environmental effects on maternal provisioning  

We uncovered a significant effect of H2S-toxicity on differences in FatI between native G. 

holbrooki populations, with populations from toxic habitats showing lower FatI values than 

those from non-toxic habits. However, we did not find evidence of toxicity driving population 

differences in MI, suggesting that toxicity has a different effect on both aspects of maternal 

provisioning and embryo physiology. Specifically, our results indicate that in sulfidic habitats 

mosquitofish display similar degrees of maternal provisioning (as estimated from embryonic 

mass loss) to those observed in non-sulfidic habitats, whereas the rate by which embryos 

convert resources into fat content (as estimated via FatI) is strongly influenced by H2S 

concentrations. These findings are in contrast with previous work of Riesch et al. (2011) who 

compared patterns of embryonic development between two species of Poecilia from toxic and 

non-toxic habitats. However, we cannot rule out that these patterns were an artefact of the low 

sample size (we tested toxicity effects on only 10 native G. holbrooki populations). 

Furthermore, the finding of a significant variation in FatI between years of sampling suggests 

that other factors that we did not quantify could have masked or even override species response 

to toxicity. 

According to the Trexler and DeAngelis (2003) model, matrotrophy should evolve in 

environments with continuous and abundant resource availability. However, our data did 

neither support the Trexler and DeAngelis (2003) model nor our prediction 2, as we found no 

association between variation in MI or FatI and our proxies of habitat productivity (i.e., 
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chlorophyll a and phycocyanin). Our results also contrast with several studies on other 

poeciliids (e.g., Marsh-Matthews and Deaton 2006; Riesch et al, 2013; Tobler and Culumber 

2019; Molina-Moctezuma et al. 2020) but are in accordance with a recent study of Furness et 

al. (2021), in which no association between MI and proxies of resource availability was found. 

While it is tempting to argue that variation in maternal provisioning in G. holbrooki might be 

largely independent of variation in resource availability, we think this is again more likely the 

result of small sample size (N = 7). Also, we considered single-point measures of phycocyanin 

and chlorophyll a as proxies for resource availability, while other studies investigating the 

relationship between resource availability and maternal provisioning had estimated additional 

parameters, such as zooplankton and phytoplankton densities (Riesch et al. 2013). It is likely 

that our measures did not fully capture (long-term) resource abundance in the sampled habitats. 

Due to the broad diet of eastern mosquitofish (e.g., Langerhans et al. 2021; Pirroni et al. 2021), 

assessing a wider range of parameters related to resource availability likely provides more 

reliable estimates.   

Our analyses uncovered significant associations between MI and longitude (positive), 

latitude (positive), and water temperature (negative). Water temperature has been linked to 

latitudinal variation in other studies on life-history variation of our study species (Riesch et al. 

2018). Elevated environmental temperatures in southern latitudes bring about higher metabolic 

rates (e.g., Clarke and Fraser 2004), and higher energy expenditure of females in those 

populations could partially explain the weak associations between MI and both water 

temperature and latitude. The observed association between MI and longitude, however, was 

stronger. Given the west (USA, native range)/east (Europe, invasive range) dichotomy in our 

data set, and that the range of invasive European populations is shifted into higher latitudes, the 

patterns for latitude and longitude mainly reflect increased rates of maternal provisioning in 

invasive (European) populations. Potentially, this finding could be related to an overall colder 
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climate and consequently, lower metabolic rates in the invasive range. Another, not mutually 

exclusive explanation, would be that the observed patterns are driven by different predatory and 

competitive regimes between native and invasive populations, as species richness in freshwater 

habitats in Europe differ from those of eastern North America, and climatic effects on species 

richness are also stronger (Griffiths et al. 2014). Unfortunately, we do not have reliable data on 

population densities and co-habiting predators for populations from the invasive range to 

directly evaluate this. 

2.4.5 Environmental effects on offspring quality 

There are several examples of how environmental conditions influence offspring quality in fish 

(e.g., Hagmayer et al. 2018; Santi et al. 2020). For example, G. holbrooki and other poeciliid 

fishes from H2S-toxic habitats were reported to produce larger offspring, often with greater fat 

reserves (Riesch et al. 2014, 2016). Here, contrary to our expectations, we found no significant 

effects of environmental (including toxicity) and geographic variables on offspring size at birth 

but a significant effect of toxicity on offspring fat content at birth. However, in contrast with 

above studies, we found offspring fat content at birth to be lower in H2S-toxic habitats compared 

to non-toxic habitats, and toxicity effects to be significantly influenced by the year of sampling. 

These patterns could be partially due to Newport Springs and Panacea Mineral Springs showing 

only a weak signal of phenotypic adaptation to toxicity and few signs of genetic differentiation 

from surrounding non-toxic habitats (Riesch et al. 2016). Moreover, we tentatively argue that 

our data set included more levels of environmental variation than we were able to capture here, 

and this may have induced unexpected signals, e.g., increased FatI-values in certain 

populations, thereby obscuring the expected parameter-related signals (such as those resulting 

from H2S). As with FatI, we also found significant temporal variation in offspring size and 

offspring fat content at birth for toxic and non-toxic sites. This could be in indication of seasonal 

variation (we sampled late in the reproductive season in 2011, and relatively early in the 
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reproductive season in 2012) in reproductive strategies (Edwards et al. 2010; Rius et al. 2019), 

but could also be an indication of temporal changes in toxicity within toxic habitats, potentially 

linked to changes in groundwater levels. 

Due to low sample size and p-value correction, we generally interpret our results on 

how environmental factors affect maternal provisioning and offspring quality with caution. 

Although FDR correction reduces the likelihood of false positives (i.e., type I errors), it does so 

at the expense of type II errors (i.e., false negatives). For instance, even though offspring dry 

mass at birth was greater in toxic compared to non-toxic habitats, the effect was not significant. 

As such, our findings contradict previous work, e.g., on members of the genera Poecilia and 

Gambusia from toxic and non-toxic habitats, reporting increased offspring size in toxic habitats 

(Riesch et al. 2011, 2014, 2016). Indeed, detoxification of H2S is energetically costly 

(Bagarinao 1992; Cooper and Brown 2008), and neonates should have a survival advantage 

when born at a large body size and with ample fat reserves that serve as an ATP reservoir for 

cellular detoxification of H2S. Furthermore, although investigating the effects of preservatives 

on the observed patterns was beyond the scope of our study, closer inspection of the one 

population for which both ethanol- and formalin-preserved specimens were collected at the 

same time (i.e., Melbourne) uncovered MI, FatI, offspring mass at birth, and offspring fat 

content at birth all being greater in formalin-preserved samples. We therefore believe that future 

research, potentially comparing ethanol- and formalin-preserved samples collected from the 

same populations, is needed to shed more light on the potential pitfalls arising from preservation 

effects in life-history analyses. 

2.5 Conclusions and outlook 

We demonstrate that eastern mosquitofish are capable of varying degrees of maternal 

provisioning, resulting in highly variable patterns of offspring quality. Our studyðalongside 

other studies demonstrating population variation in life-history strategiesðcalls for careful 
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consideration of this variation when making an attempt to characterize an entire species as either 

lecitho- or matrotrophic. Future studies should try to capture the full extent of the range of life-

history strategies employed by including populations from a wide geographic range and 

ecological spectrum (to the extent that species distributions allow). Combined with 

standardized laboratory rearing (i.e., common-garden) or translocation experiments, future 

studies will also need to address the question as to what portion of the observed variation in 

maternal provisioning strategies is caused by either phenotypic plasticity or evolutionary 

divergence (i.e., local adaptation); patterns of temporal variation, as uncovered here, strongly 

support the former. Finally, we introduce a novel index, the fat index. Only about half of the 

variation in FatI was explained by its moderate, positive association with MI. Hence, FatI 

should provide additional, independent information on how poeciliid fishes alter the quality of 

their offspring, and more generally, how the parent-offspring conflict might play out in this 

taxonomic group. We therefore advocate evaluation of FatI in poeciliid fishes in future research. 
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Abstract 

Parasites and salinity are considered to be key drivers of successful biological invasions in 

aquatic systems. For example, salinity influences the distribution of invasive mosquitofish 

(Gambusia holbrooki) and native killifish (Aphanius fasciatus) in Europe, with the latter now 

predominantly confined to high-salinity habitats. Here, we examined how salinity might affect 

female activity and preference for large and non-parasitised males in multiple populations of 

mosquitofish and killifish in Sardinia, Italy. We predicted that (1) females of both species would 

associate preferentially with larger and uninfected males, and that (2) female behaviour in both 

species would be significantly influenced by salinity. We used dichotomous choice tests, in 

which we presented focal females with video animations of photos of the same male but 

differing in body size and presence of an ectoparasite (Lernaea cyprinacea). We calculated 

female preference based on association time and quantified female inactivity as time spent in 

the central neutral zone during trials. Contrary to prediction 1, females did not prefer the large 

or uninfected male stimuli over their counterparts in any of the populations. However, while 

salinity did not significantly affect female preferences, it did significantly affect their activity, 

with mosquitofish becoming more inactive at higher salinities and killifish exhibiting the 

opposite pattern, matching prediction 2. These results suggest that salinity limits mosquitofish 

invasiveness by reducing their behavioural activity and thus provides a refuge for the 

Mediterranean killifish. 

Keywords: computer animations, female mate choice, sexual selection, parasites, Gambusia 

holbrooki, Aphanius fasciatus 
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3.1 Introduction  

Sexual selection is widely recognised as one of the main evolutionary forces driving the 

development and refinement of traits that influence mating success (Fox et al. 2019; Pilakouta 

et al. 2021), and sexual selection can drive differences in sexual traits within and between native 

and invasive populations of the same species (Ouyang et al. 2018; Owen and Lahti, 2020).  

Mate choice is a multi-phase process that can occur before, during and after mating (Schlupp, 

2021; Rosenthal and Ryan, 2022). It typically involves the detection of signals and cues, their 

evaluation, decisions on who to mate with and different fitness consequences arising from 

mating (Schlupp 2021; Rosenthal and Ryan, 2022). For instance, choosersô preferences are 

partially dependent on their ability to process multiple cues and signals, including, but not 

limited to, visual (e.g., body size and colouration, Houde and Endler, 1990; Cooper and Vitt, 

1993 ;  Hill and McGraw, 2006) and olfactory stimuli (e.g., as often observed in butterflies; Li 

et al. 2017). Moreover, there is evidence that other cues such as parasite load can also directly 

affect mate choice, with choosers often preferring to associate with non-parasitised mating 

partners (Deaton, 2009, Beltran-Bech and Richard, 2014, Schlupp, 2021). Mating preferences 

can vary among individuals, species and populations (Hankinson and Morris, 2001; Riesch et 

al. 2006; Reuland et al. 2020; Rosenthal and Ryan, 2022), and the strength and direction of 

these preferences are often shaped by environmental factors (Rosenthal, 2017, Candolin and 

Wong, 2019, Zhou et al. 2022). By altering the capacity of females to perceive male cues and 

consequently mating preferences, environmental factors may influence the population viability 

and survival of the species (Seehausen and Alphen, 1998; Riesch et al. 2006). Although this 

could be particularly detrimental for invasive species, as it could reduce their chance of survival 

and consequently range expansion in invaded habitats, there is still limited understanding of 

how environmental factors may influence species invasiveness by altering female preferences. 

Yet, understanding mate choice mechanisms and the influence of environmental factors on 
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them is essential for advancing our understanding of how sexual decisions influence 

invasiveness and adaptation of invasive species to novel environments. For example, freshwater 

habitats around the world are getting saltier, a process termed freshwater salinization syndrome 

(e.g., Kaushal et al. 2018; Cunillera-Montcusí et al. 2022). How might salinization (and other 

human induced environmental change) influence pathways of species introductions, the 

likelihood of successful establishment in novel habitats and the level of impact on native 

ecosystems (Rahel & Olden, 2008; Hulme et al. 2017)? Knowledge of these patterns is crucial 

to effectively predict to what extent climate change will impact species invasiveness and 

implement correct management protocols. 

As a result of their broad distribution and capacity to tolerate a wide range of 

environmental conditions, eastern mosquitofish (Gambusia holbrooki) provide excellent model 

organisms for investigating environmental effects on female mate choice. They are endemic to 

North America but are, and have been, intentionally introduced worldwide as mosquito 

biocontrol agents, making them one of the most widely introduced aquatic species globally 

(Carmona-Catot et al. 2013). Several studies have documented G. holbrooki introductions being 

responsible of the displacement and decline of native biota (reviewed in Pyke 2008), and 

competition from mosquitofish has been proposed as one of the main causes for the 

displacement of many Mediterranean fish species, like the Mediterranean banded killifish 

Aphanius fasciatus (Rincón et al. 2002; Monti et al. 2021). This cyprinodont fish is endemic to 

the central-eastern Mediterranean and is listed as a protected fauna species in the Annex II of 

the European Habitat Directive (92/43/CEE) and Annexes II and III of the Convention on the 

Conservation of European Wildlife and Natural Habitats (Council of the European 

Communities, 1982). Like mosquitofish, killifish are capable of tolerating a wide range of 

temperatures and salinities (e.g., from freshwater to > 60 ă; Monti et al. 2021). Nonetheless, 

their distribution is now mostly confined to higher salinity waters due to the successful 

https://onlinelibrary.wiley.com/doi/full/10.1002/aqc.3600#aqc3600-bib-0022
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establishment of mosquitofish (Alcaraz et al. 2008; Monti et al. 2021). Therefore, it has been 

proposed that salinity may limit the invasive success of mosquitofish and that high salinity may 

act as a refuge for the native A. fasciatus (Alcaraz et al. 2008; Monti et al. 2021). 

Mosquitofish display reverse sexual size dimorphism, with females being larger than 

males, and their mating system is mostly dominated by male coercion, where males approach 

females from behind and thrust their gonopodium (i.e., modified anal fin) into the femalesô 

genital pore (Pilastro et al. 2003; Wilson et al. 2007; Macdonald and Tonkin, 2008). Although 

female cooperation is not necessary in this mating system, females can influence the likelihood 

that forced copulation attempts are successful by, for example, selecting a particular male and 

actively staying close to it, thus facilitating copulation and increasing the future reproductive 

success of the offspring (Bisazza et al., 2000; Wilson et al. 2007). Most studies on this species 

have focused on evaluating the influence of male body size on female preference and females 

have often been reported to prefer larger males (e.g., McPeek, 1992; Kahn et al. 2010; but see 

Bisazza and Marin, 1991, 1995). However, while a recent study of Zhou et al. (2022) has 

investigated the effects of salinity on female preference for larger males in a close relative, the 

western mosquitofish Gambusia affinis, no research has yet investigated the influence of 

parasites and salinity on female mating decisions in Gambusia holbrooki, despite these factors 

being documented as contributors to their invasiveness (Alcaraz et al; 2008; Benejam et al. 

2009; Ruiz-Navarro et al. 2011; Monti et al. 2021).  

Similar to mosquitofish, killifish are highly dimorphic with females usually being larger 

than males and showing less well developed and less colourful bars along their body flank 

(Cavraro et al. 2013). However, in contrast to mosquitofish, mating in this species involves 

male courtship displays rather than male coercion (Grech and Schembri, 1993; Cavraro et al. 

2013). Although the likelihood of successful mating has been proposed to be determined by 

both aggressive interactions between courting males and female choice (e.g., through control 
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on the latency to spawn; Malavasi et al. 2010), no research has yet investigated female mate 

choice in this species. Investigating how factors such as male body size and parasites influence 

female-mate choice in this species will, therefore, substantially increase our understanding of 

the mating system of this species. Moreover, understanding how salinity influence mate-choice 

interactions in invasive mosquitofish and native killifish could provide more insight into 

mosquitofish invasiveness and establish whether or not salinity is a key determinant of 

successful mosquitofish invasions and their impact on killifish.  

We examined how male body size and parasitism affect female mate choice and activity 

patterns in G. holbrooki and the co-occurring native A. fasciatus, and how salinity influences 

the strength and direction of these behaviours. To do this, we sampled female G. holbrooki from 

four and female A. fasciatus from three distinct populations in Sardinia, Italy. We investigated 

female mate choice using dichotomous choice tests, in which we presented focal females with 

computer animations of pictures of the same male, but differing in body size (i.e., large versus 

small) and presence of parasites (i.e., infected versus uninfected). Computer video-animations 

are a powerful tool to investigate mate choice in a species as they allow the exclusive 

manipulation of target visual cues (here male body size and parasitism) while holding all other 

potential confounding traits constant, and offering a precise and non-invasive methodology to 

investigate fish mating behavior (Polverino et al. 2013; Gierszewski et al. 2017; Sommer-

Trembo et al. 2017). Moreover, this technique has been validated in a wide array of species 

such as western mosquitofish (Sommer-Trembo et al. 2017), sailfin mollies (Gierszewski et al. 

2017) and swordtails (Wong and Rosenthal, 2006). In this study, we aimed to assess: (a) 

variation in female preferences and activity within and between populations of each species and 

between the two species and (b) the potential influence of changing salinity on female 

preferences and activity. Based on previous research (McPeek 1992; Kahn et al. 2010; Zhou et 

al. 2022) and given that both species are known to withstand a wide range of salinities 
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(Carmona-Catot et al. 2013; Monti et al. 2021), we predicted that: (i) during baseline 

experiments (i.e., trials examining initial female preferences within the context of each 

populationôs natural salinity) females of both species would associate preferentially with larger 

and non-parasitised males, and (ii) female activity and mate choice in both species would be 

significantly influenced by salinity, with mosquitofish showing decreased activity in higher 

salinity and killifish exhibiting the opposite pattern.  
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3.2 Methods 

3.2.1 Field sampling and housing conditions 

Fieldwork was performed between in September and October of 2021 in the central-western 

part of Sardinia, Italy. Adult specimens of G. holbrooki and A. fasciatus were collected with 

dip nets (~1-2 mm mesh size) from four and three sites, respectively (hereafter G1-G4 for 

sampling sites of mosquitofish and K1-K3 for sampling sites of killifish; Figure 3.1, Appendix 

B: Table B.1; due to logistical constraints, an even sampling scheme was not possible).We 

measured the following parameters three to four times across consecutive days in situ at each 

site: Water temperature (°C) was measured using a Handy Polaris Probe (OxyGuard®, 

Denmark) and salinity (ppt) with a Handy Salinity Probe (OxyGuard®, Denmark). 

Immediately upon capture, fish were transported to the experimental facilities at CNR-

IAS in Torregrande (Sardinia, Italy). In the laboratory, specimens of each species and 

population were sexed based on their respective sexual characteristics (modified anal fin in 

Gambusia, Macdonald and Tonkin, 2008; bar patterning in Aphanius, Cavraro et al., 2013). 

Specimens from each population and species were housed separately in mixed-sex groups 

(134.89 ± 57.86 total fish per tank) in large well-oxygenated housing tanks of ~148 L (44.4 x 

37 x 90 cm) for a week. The tanks were provided with artificial vegetation to resemble their 

natural environments and ensure the animalsô welfare. Furthermore, each tank was maintained 

at 25 ± 0.7 °C and at a 9:15 h light:dark cycle photoperiod. The salinity of each tank was kept 

as close as possible to the environmental values measured in the field. However, this was not 

possible for the housing tank with killifish from site K1 given that this site was characterized 

by extremely high salinity levels (> 60 ppt). As artificial sea salt could not be obtained, these 

extremely high salinity levels were impossible to replicate in laboratory settings, and we, 

therefore, housed this populations in marine water (~ 36 ppt). All wild-caught specimens were 

daily fed ad libitum with commercial food flakes (Tetra) during the acclimation period. During 
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this time, baseline mate-choice trials (i.e., trials performed at natural salinity levels for each 

population prior to salinity manipulation) were performed on 9 females of each population of 

each species (i.e., 36 female G. holbrooki and 27 female A. fasciatus) at the same salinity level 

as their housing tanks. These females were subsequently removed from the setup and were not 

reused in any other part of the study. 
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Figure 3.1. (a) Map of the sampling sites of invasive mosquitofish (Gambusia holbrooki; i.e., 

G1-G4) and native killifish (Aphanius fasciatus; i.e., K1-K3) in Sardinia, Italy, with 

representative photos of each sample site at the day of sampling. The Map was generated using 

QGIS 3.2 (https://www.qgis.org/en/site/); (b) diagram showing the experimental procedure.

https://www.qgis.org/en/site/


 
 

 

3.2.2 Salinity acclimation protocol 

In addition to investigating female preferences for male size and parasitization status in all 

populations of each species at natural salinity levels, our study also aimed to understand if and 

how changing salinity (i.e., high and low salinity) influences the strength and direction of 

female preferences and their activity levels during choice. Thus, after the initial acclimation 

period described above, we investigated this in two populations of each species (i.e., 

mosquitofish: G1 and G2; killifish: K1 and K2); logistical constraints again prevented us from 

doing this for all populations. Before the experiments, female and male specimens from these 

populations underwent a salinity acclimatization protocol, which consisted of an initial gradual 

adjustment of salinity in the housing tanks until the two desired experimental salinities were 

reached (i.e., 15 and 30 ppt), followed by two weeks of acclimation at those salinities in 

circulating systems. This protocol was not applied to all populations simultaneously, but was 

done in two blocks. Specifically, the first block consisted of mosquitofish population G1 and 

killifish population K1, and the second block of mosquitofish population G2 and killifish 

population K2 (see details below). 

3.2.2.1 Mosquitofish population G1 and killifish population K1 

Mosquitofish from G1 and killifish K1 had initially undergone the salinity acclimation protocol 

in the housing tanks described above. Because fish from these two populations were captured 

at sites with divergent levels of salinity (Site G1 was a river with a mean salinity of 0.3 ppt, 

while site K1 was a lagoon with a mean salinity of 62.2 ppt), the protocol consisted of reducing 

or increasing the salinity of each housing tank by 15ppt each day until the two desired 

experimental salinities (i.e., 15 and 30 ppt, ± 0.7 ppt) were reached. These experimental 

conditions and adaptation protocols were chosen given that both mosquitofish and killifish have 

been reported to withstand significant spatial-temporal fluctuations in salinity (Pyke 2005, 
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Bertoli et al. 2020), and that similar salinity changes with these and similar species, had not 

revealed any potential problems in previous settings (R. Riesch, personal observation). Once 

experimental salinities were obtained, fish were transferred into four independent indoor 

recirculating systems. Specifically, three replicates per species and salinity (15 and 30 ppt) were 

set up, each tank holding 40 L (26 x 30.7 x 50.5 cm) and 24 fish each (12 females and 12 males). 

Fish of each species were kept in these tanks, and under these conditions, for two weeks prior 

to the start of behavioural assays. Water temperature in the systems was maintained at 25 ± 0.7 

°C given the temperatures observed during sampling. Water temperature and salinity were 

monitored daily using a Handy Salinity Probe (OxyGuard®, Denmark). Furthermore, 

commercial food flakes were supplied ad libitum as a food source each day. Due to high 

mortality (90%) in G. holbrooki at 30 ppt within the first few minutes, female mosquitofishô 

mate choice preference and activity at 30 ppt could not be investigated.  

3.2.2.2 Mosquitofish population G2 and killifish population K2 

Due to the high mortality of G1 mosquitofish at 30 ppt in block 1, the acclimation protocol for 

the fish for block 2 was slightly modified. Similar to block 1, fish from these populations were 

found in habitats with different levels of salinity (Site G2 was a canal with a mean salinity of 

23.3 ppt, while site K2 was a lagoon with a mean salinity level of 33.15 ppt). Therefore, we 

adopted a protocol consisting of the gradual increasing or decreasing of salinity by 5 ppt every 

two days until the experimental conditions were reached. Fish of both species were then 

transferred into the 12 aquaria described above for block 1. Killifish mortality in the 

acclimatization tanks was ~14% whereas mosquitofish mortality was less than 5%. 
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3.2.3 Mate-choice experiments 

3.2.3.1 Video animations  

We investigated female preference for large and non-parasitised males in each sampled 

population of each species (mosquitofish: G1-G4 and killifish:  K1-K3) under different salinity 

settings. Specifically, we investigated female preference in 9 females for each population within 

each testing condition (Figure 3.1). Female preference was assessed using 2D computer video 

animations as stimuli. The use of video animations is a validated technique to study female 

mate choice, and it has been previously applied in mate-choice studies on Gambusia spp. and 

other poecilids (Langerhans et al. 2005; Sommer-Trembo et al. 2017). This technique allowed 

us to control and manipulate single male traits (i.e., male body size and parasitism) and test 

their effects on female preferences while keeping potential confounding factors (e.g., malesô 

activity levels, boldness and length of gonopodium) constant. To generate animations, digital 

photographs were taken of individual males swimming in a narrow glass tank (20 x 20 x 3 cm) 

using a Nikon D70 digital camera. We took pictures of about three males from each population 

of mosquitofish. By contrast, because male killifish showed a high level of stress when 

transferred into the photo setup, we used only one picture of an original male taken in the lab 

and two pictures taken from the Web for this species. All fish photographed for video 

animations were not used in any of the experiments. Each resulting picture was then imported 

in Gimp (v2.10.24, Mattis et al. 2021) to remove the background and only keep the image of 

the fish. Male size was manipulated at a later stage (see below), but to create parasitized males, 

the picture of an anchor worm (Lernaea cyprinacea) was pasted around the anal pore of a copy 

of each maleôs image. This freshwater parasite was chosen because it is a widely distributed 

common fish parasite (Hassan et al. 2008; Hossain et al. 2018; Mer et al. 2018), it provides a 

clear visual cue and it was found on many collected specimens of G. holbrooki at our study 

sites (Appendix B: Figure B.1).  
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The resulting images were then animated using Adobe Animate 2021 (Adobe): The 

background of each picture was changed to white and the male size on the screen was digitally 

adjusted. Specifically, we created two pairs of animations: one pair showing two identical large 

males differing only in the presence or absence of L. cyprinacea and the other pair showing two 

identical males differing only in their size [i.e., one small (killifish SL: 18±1.2 mm; 

mosquitofish SL: 14±0.9 mm) and one large male (killifish SL: 27 ± 0.24 mm; mosquitofish 

SL: 19.6 ± 2.1 mm). The created animations were then converted into an mp4 file using Adobe 

Media Encoder 2021 (Adobe). Each animation was 130 s in duration and consisted of a male 

swimming vertically and horizontally, with invisible turns of 1 s. AVI video playbacks with 

infinite loops of these animations were created with Windows Video Editor (Microsoft).  

3.2.3.2 Experimental procedure 

All mate-choice experiments were performed using the same experimental setup consisting of 

a 31L tank (50 x 30.4 x 30.2 cm filled to a depth of 20.5 cm), covered with white opaque 

material on all sides to reduce external disturbance. During each mate-choice trial, a randomly 

chosen female was placed at the centre of the experimental arena and two CHUWI 10.1-inch 

tablets were placed on either side of the tank (Figure 3.2). After a 5-minute acclimation period, 

during which the fish could swim freely and explore the test tank, the screens started playing 

the video animations of the stimulus males [e.g., one screen playing videos of a stimulus male 

ñinfected with L. cyprinaceaò and the opposite screen playing videos of the same individual, 

but without L. cyprinacea].  

Female mating behaviour was recorded using a GoPro Hero9, mounted above the tank 

in a position not visible to the animals and the time spent by the focal female in the compartment 

near each of the monitors (i.e., preference zone) was measured for an observation period of 5 

minutes. To detect side biases, the video playbacks were then switched off and after 1 minute, 

they were switched on again but now with the location of each video being reversed. The 
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behaviour of the focal female was again recorded for 5 minutes. This procedure was repeated 

twice for each fish (i.e., one time with the screens displaying parasitised and non-parasitised 

males and another time with screens displaying animations of larger vs smaller males). Mate-

choice preference was calculated based on the association time in seconds near each of the 

screens (the bottom of the experimental arena was divided into three equal-sized zones using 

VSDC Video Editor: one central neutral zone and two peripheral preference zones near the 

screens; Figure 3.2).  

In addition to estimating female preference, female behavioural inactivity was recorded 

as the time the focal female spent in the central neutral zone during trials. After behavioural 

assays, the standard length (SL in mm), total length (TL in mm) and body mass (g) of each 

experimental subject were measured (Appendix B: Table B.2). Tested females were transferred 

into a new tank and were not re-used for any other procedure. To further reduce the risk of a 

tank effect, we used 3 replicates for each salinity treatment (i.e., 3 tanks at each level of salinity 

for each species) and tested a total of 3 females from each replicate (i.e., 3 females per tank) to 

investigate whether salinity influenced female mate choice preference. Furthermore, water in 

the experimental tank was replaced after every trial to avoid any potential confounding effects 

of chemical cues on fish behaviour. After the completion of the experiments, all A. fasciatus 

were released back into the wild (depending on the opinion of the veterinarian) where they were 

captured, while invasive G. holbrooki were killed by percussive stunning in accordance with 

local guidelines (Art. 2, paragraph b of Legislative Decree No. 26 of 04/03/2014), and stored 

in 95% ethanol for potential future studies. 
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Figure 3.2. Schematic overview of the experimental set-up.  The bottom of the experimental 

arena was divided into three equal-sized zones: one central neutral zone and two peripheral 

preference zones near the monitors. 

 

3.2.4 Statistical analyses  

All statistical analyses were performed using the software R x60 3.5.1 (R Development Core 

Team, 2019).  

3.2.4.1 Do females exhibit a preference for large and non-parasitised males?  

Following previous studies (e.g., Hoysak and Godin, 2007; Gierszewski et al. 2017) we 

excluded all trials from our analyses in which females exhibit a side bias; i.e., in which the focal 

females spent more than 85% of her total time during both 5-min trials in the same preference 

zone irrespective of which stimulus male was shown there. Trials in which females spent less 

than 50% of the total time in the preference zones were also discarded as females were 

considered not motivated to choose. For experiments with animations of large vs small males, 

side biases occurred in 27 out of 122 total trials and only one trial was discarded due to low 

female response. For experiments with animations of parasitised vs non-parasitised males, side 

biases occurred instead in 31 out of 122 trials and one trial was eliminated from the analyses 
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due to low response. Furthermore, due to data loss from a faulty hard drive we could only 

analyse 5 out of 9 females from K1 at 15ppt. 

First, we examined female preference separately for each population and testing 

condition (i.e., baseline, 15 ppt and 30 ppt). This was done by comparing association times near 

both types of stimuli (i.e., large versus small and parasitised versus non-parasitised male) using 

paired t-tests. 

Then, we investigated within- and between-species differences and the influence of 

salinity on the strength of preference (SOP). Each focal femaleôs SOP for large versus small 

and non-parasitised versus non parasitised male was calculated with the following equation: 

3/0
              

    
  

SOP values ranged between from -1 (female spent all her time near small and parasitised 

males) to 1 (female spent all her time near large-bodied and non-parasitised males). Two-way 

ANCOVAs were performed on SOPs. Initially, the models were fitted with SOPs as the 

dependent variable, salinity as scaling factor, species, ñpopulation nested within speciesò and 

the interaction of ñSL-by-speciesò as independent variables, and log10-transformed SL as a 

covariate. The interaction term of ñSL-by-speciesò and SL were removed from the models when 

they were associated with a p-value ι 0.1 and final models were refitted with the remaining 

parameters. Each model was applied after having checked model validation.  Diagnostic plots 

were used to validate all models prior to consideration of estimated parameters. 

3.2.4.2 Does salinity influence female activity during mate choice? 

To examine potential differences in female behavioural activity within and between species, 

and the potential influence of salinity, we applied two two-way ANCOVAs (one for ólarge vs. 

smallô data and the second for óparasitised vs non-parasitisedô). Specifically, the models were 

initially fitted with the inactivity time (i.e., time the focal female spent in the central neutral 
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zone) as the response variable, salinity as scaling factor, species, ñpopulation nested within 

speciesò and the interactions of ñSL-by-speciesò and ñsalinity-by-speciesò as independent 

variables, and log10-transformed SL as covariate. However, the covariate SL and the 

interaction term ñSL-by-speciesò and SL were removed from the final models as they were 

associated with p-values ι 0.1. We did not exclude any trials in these analyses and modelsô 

assumptions were assessed using diagnostic plots.  

3.3 Results 

3.3.1 No female preference for large males and no influence of salinity 

We did not find a significant difference in the amount of time females spent associating with 

the large vs small male stimuli in any of the populations and treatment combinations for each 

species (Table 3.1). However, when not considering testing conditions (i.e., baseline, 15 and 30 

ppt treatment) separately, there was substantial individual variation among females within 

populations, with some females spending considerably more time near the large male stimulus 

while others exhibited either no preference or an opposite pattern (> 65% of the total time 

considered as an indicator of a preference; Figure 3.3). For instance, of the total number of 

female mosquitofish from population G3, 28.6% exhibited a preference for the small male 

whereas 14.3% showed a preference for the opposite male stimulus, and 57.1% did not exhibit 

a preference for any of the stimuli (Figure 3.3).  

Our analyses also revealed no significant difference between mosquitofish and killifish 

in female strength of preference (SOP) for larger males, and neither was there significant 

population variation within species (Figure 3.4, Table 3.2). Female SOP for larger males was 

also not significantly affected by salinity, fish SL or the interaction term ñSL-by-speciesò (Table 

3.2). 
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Figure 3.3. Pie charts showing individual-level variability in female choice (blue: large vs small 

male; green: non-parasitised vs parasitised male) for each mosquitofish (Gambusia holbrooki) 

and killifish (Aphanius fasciatus) populations (G1-G4: mosquitofish; K1-K3: killifish) without 

considering testing conditions separately. Note that in these charts > 65% of the total time spent 

associated with a male stimulus is considered indicative of a preference for that male. The name 

of the locations where these populations were sampled from is provided in brackets. 
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Figure 3.4. Boxplots showing strength of preference (SOP) for (a) larger males and (b) non-

parasitised males, separated by species, population (i.e., Gambusia holbrooki; i.e., G1-G4; 

Aphanius fasciatus: i.e., K1-K3) and salinity (i.e., natural salinity levels and experimental 

salinity treatments). 

  



 
 

Table 3.1. Parameter estimates of paired t-tests investigating differences in association times near large and small males. All p-values are two-

tailed, and times are provided in seconds. 

Population Treatment N 

Time (s) spent near the large 

male 

(Mean ± SD) 

Time (s) spent near the 

small male 

(Mean ± SD) 

T-value df p-value 

Gambusia holbrooki                

G1 Baseline [0 ppt] 5 292.40±61.04 244.00±56.19 0.963 4 0.390 

  15ppt 9 302.78±55.64 232.33±58.57 2.006 8 0.080 

G2 Baseline [15 ppt] 7 300.00±144.74 249.57±51.06 0.481 6 0.648 

  15ppt 8 205.75±106.37 353.88±112.89 -1.927 7 0.095 

  30ppt 7 236.00±103.22 269.86±129.51 -0.389 6 0.710 

G3 Baseline [0 ppt] 7 220.57±110.17 319.29±120.09 -1.139 6 0.298 

G4 Baseline [20 ppt] 9 250.11±128.02 281.89±100.51 -0.424 8 0.683 

Aphanius fasciatus          
K1 Baseline [35.5 ppt] 7 254.43±127.81 277.86±131.70 -0.241 6 0.817 

  15ppt 4 209.75±67.11 268.25±85.49 -0.942 3 0.416 

  30ppt 7 261.43±98.40 254.71±77.43 0.105 6 0.920 

K2 Baseline [30 ppt] 3 440.33±129.28 134.33±108.21 2.232 2 0.155 

  15ppt 9 320.00±129.00 216.89±125.02 1.232 8 0.253 

  30ppt 8 251.13±110.71 244.50±1124.93 0.082 7 0.937 

K3 Baseline [35.5 ppt] 4 224.50±101.95 224.25±103.01 0.998 3 0.392 



 
 

Table 3.2. Parameter estimates of ANCOVAs investigating (a) the effects of salinity, species, ñpopulation nested within speciesò and the interaction 

ñSL-by-speciesò on female strength of preference (SOP) for larger males; (b) the effects of salinity, species and ñpopulation nested within speciesò 

on female SOP for non-parasitised males; (c) the effects of salinity, species, ñpopulation nested within speciesò and the interaction ñsalinity-by-

speciesò on female inactivity during mate choice trials investigating preferences for larger males and (d) non-parasitised males. 

Variable df Sum of Squares 
Mean 

Square 
F-value p-value 

a) Female SOP during trials "large versus small"           

Salinity 4 0.213 0.053 0.350 0.844 

Species 1 0.201 0.201 1.322 0.254 

Population [Species] 4 0.976 0.243 1.600 0.182 

SL x Species 2 0.617 0.309 2.025 0.138 

b)  Female SOP during trials "non-parasitised versus parasitised"         

Salinity 4 0.280 0.070 0.307 0.873 

Species 1 0.514 0.514 2.256 0.137 

Population [Species] 4 0.792 0.198 0.869 0.486 

c) Female inactivity during trials "large versus small"           

Salinity 4 17451 4363 1.305 0.272 

Species 1 2309 2309 0.691 0.408 

Population [Species] 4 9915 2479 0.742 0.566 

Salinity x Species 1 35195 35195 10.529 0.002 

d) Female inactivity during trials "non-parasitised versus parasitised"           

Salinity 4 35334 8833 2.161 0.078 

Species 1 4204 4204 10.286 0.002 

Population [Species] 4 18091 4523 1.107 0.357 

Salinity x Species 1 62304 62304 15.245 <0.001 
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3.3.2 No female preference for non-parasitised males and no influence of salinity 

There was no effect of non-parasitised or parasitised male stimuli on female preference within 

any of the populations or treatment combinations for each species (Table 3.3). Again, there was 

large variance between individuals in association time within populations, with females 

exhibiting a preference for one of the stimuli on some occasions (Figure 3.3). For example, 

33.3% of the female killifish from population K3 showed a preference for the non-parasitised 

male while 33.3% exhibited a preference for the parasitised male and 33.3% showed no 

preference (Figure 3.3). 

Female SOP for non-parasitised males did not significantly differ between and within 

species (Figure 3.4, Table 3.2). Furthermore, we found no significant effects of salinity, fish SL 

and the interaction term ñSL-by-speciesò on femalesô SOPs (Table 3.2).  
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Table 3.3. Parameter estimates of paired t-tests investigating differences in female association times near parasitised and non-parasitised males. 

All p-values are two-tailed, and times are provided in seconds. 

Population Treatment N 

Time (s) spent near the non-

parasitised male 

Time (s) spent near 

the parasitised male T-value df p-value 

(Mean ± SD) (Mean ± SD) 

Gambusia holbrooki                

G1 Baseline [0 ppt] 7 188.33±168.80 384.33±165.85 -1.438 5 0.210 

  15ppt 7 266.14±98.49 249.71±129.00 0.193 6 0.853 

G2 Baseline [15 ppt] 6 301.33±79.40 245.83±75.98 0.966 5 0.378 

  15ppt 8 305.50±101.16 243.88±86.26 0.898 7 0.399 

  30ppt 7 254.57±121.79 205.71±24.07 0.727 6 0.495 

G3 Baseline [0 ppt] 6 268.22±120.56 244.33±151.16 0.270 8 0.794 

G4 Baseline [20 ppt] 6 277.22±110.37 247±121.35 0.399 8 0.700 

Aphanius fasciatus               

K1 Baseline [35.5 ppt] 8 259.50±213.11 305.38±211.99 -0.306 7 0.769 

  15ppt 5 159.40±122.19 357.20±121.91 -1.853 4 0.137 

  30ppt 6 260.33±134.59 268±130.29 -0.071 5 0.946 

K2 Baseline [30 ppt] 3 267.33±160.13 297.33±186.83 -0.150 2 0.895 

  15ppt 7 278.66±95.78 269.43±86.71 0.138 6 0.895 

  30ppt 8 204.70±175.34 326.00±158.08 -1.168 9 0.273 

K3 Baseline [35.5 ppt] 6 272.00±177.38 285.00±155.37 -0.096 5 0.927 
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3.3.3 Salinity significantly affects female activity levels during mate choice 

During mate-choice trials investigating female preference for larger males, female mosquitofish 

and killifish did not significantly differ in the amount of time they spent inactive (i.e., time 

spent in the central neutral zone; mosquitofish: 61.80 ± 66.25 sec; killifish: 59.51 ± 53.72 sec; 

Table 3.2). Furthermore, no significant difference in activity levels was found between 

populations of each species (Table 3.2). While there was no significant effect of salinity on 

female activity during these trials, we uncovered a significant effect of the interaction term 

ñsalinity-by-speciesò, indicating that the two species differed in their activity levels in response 

to salinity (Table 3.2). Specifically, mosquitofish were more inactive at higher salinity while 

killifish exhibited an opposite pattern (Figure 3.5).  

With respect to the trials examining female preference for non-parasitised males, the 

two species significantly differed in their inactivity time, with Gambusia spending significantly 

more time inactive than Aphanius (Gambusia: 73.32 ± 91.40 seconds, Aphanius: 47.41 ± 40.01 

seconds; Table 3.2). However, again no significant within-species population variation in 

female activity levels was detected (Table 3.2). Moreover, the time females spent inactive 

during mate-choice trials was not significantly influenced by salinity, but it was significantly 

affected by the interaction term ñsalinity-by-speciesò (Table 3.2). Specifically, mosquitofish 

inactivity again increased with increasing salinity, while killifish activity exhibited the opposite 

pattern (Figure 3.5).  

 

 

 

 



 
 

 

Figure 3.5. Scatterplots visualizing behavioural inactivity (i.e., time spent in the central neutral 

zone) as a function of salinity during mate-choice trials investigating female preference for (a) 

larger males and (b) non-parasitised males in mosquitofish (Gambusia holbrooki) and killifish 

(Aphanius fasciatus) populations. 
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3.4 Discussion  

We investigated how male body size and parasitism influence female behavioural activity and 

mating preferences in multiple populations of invasive eastern mosquitofish and native killifish. 

Furthermore, we examined how salinity influences the strength and direction of these 

behaviours. We did not find significant female preferences, significant effects of salinity on 

female preferences, or significant variation in preference between and within species. However, 

salinity significantly affected female activity, with mosquitofish becoming less active at high 

salinities and killifish exhibiting the opposite pattern. 

3.4.1 Female mosquitofish and killifish do not prefer to associate with larger males 

Male body size is often considered an indirect signal of male dominance and a critical 

component of male fitness that can have direct benefits (e.g., increased fecundity and reduced 

predation risk) to the choosing female and/or confers indirect benefits to its offspring fitness 

and viability (Schlupp, 2021). Our first prediction stated that females of both species would 

exhibit a preference for large males. However, our analyses did not reveal a significant 

preference by females for larger males in either species. To our knowledge, this is the first study 

to investigate female mating decisions in Aphanius fasciatus. However, across mosquitofish 

more broadly, our findings contrast with those reported by several previous studies on 

mosquitofish (e.g., Kahn et al. 2010; Chen et al. 2018) and other poeciliids (e.g., in Heterandria 

formosa: Aspbury & Basolo, 2002; in Xiphophorus birchmanni: Wong & Rosenthal, 2006), but 

are congruent with a previous study of Bisazza & Marin (1991) on G. holbrooki. Chen et al. 

(2018) and Wong & Rosenthal (2006) used a dichotomous choice apparatus with computer 

animations of male stimuli to test female preference for large males as we did in our study albeit 

using a different software to generate animations [Chen et al. 2018 used Macromedia Flash 8 

to generate 2D animations while Wong & Rosenthal (2006) used 3D Studio 3D Studio Max 

1.0]. Furthermore, Wong & Rosenthal (2006) considered females unresponsive to males if they 
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spent 90% of the total time in the preference compartments (here we instead used an 85% cut-

off). All the other studies above mentioned used instead live male stimuli to investigate female 

mate choice and dichotomous choice tests except for Kahn et al. (2010), who used aquaria 

divided in 5 compartments to test a preference for large males and with longer gonopodia [the 

focal female was placed in the central compartment and males from each class (i.e., a large 

male with long gonopodium, a small male with long gonopodium, a large male with short 

gonopodium and a small male with short gonopodium) were placed separately in one of the 

four end compartments]. Furthermore, although all the studies mentioned above calculated 

female preference based on association time, only Kahn et al. (2010) measured femalesô 

strength of preference (SOP) for target male stimuli as we did in our study. Furthermore, in 

contrast to our study, females from only one population were used and baseline trials to 

investigate female preference at the natural environmental conditions were not carried out.  

Our results suggest indifference of female mosquitofish and killifish towards male 

stimuli differing in body size but also that male body size might play a small role in sexual 

selection for these species. In many poeciliids, large males court females while small males rely 

on sneaking to copulate (Pilastro et al. 2003). Such sexual harassment by small males can be 

highly costly to females (e.g., reduce their foraging efficiency; Plath et al. 2007), hence, 

resulting in females preferring to associate with large males to avoid the costs of harassment 

(Pilastro et al. 2003). In G. holbrooki, however, as males do not court females, but males of all 

sizes try to force copulation, the cost of associating with a large male could be equal to the cost 

of associating with a smaller male. This may result in females not exhibiting any preference, 

but rather associating with males apparently at random (i.e., potentially based on individual 

circumstances that might change from day to day). Furthermore, this could also explain why 

we found strong individual variability in mating preference within mosquitofish populations in 

our study. Such variation among females in their choosiness has also been documented before 
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[e.g., it was found by McCoy et al. 2011 and Reding and Cummings, 2018 when using a method 

similar to ours (i.e., digitally manipulated males, dichotomous choice tests and female mating 

preferences measured as the proportion of time a female spent near each type of male) to 

investigate female Poecilia sphenops  and Xiphophorus nigrensis preferences for moustached 

males and males of large body size and high courtship vigor, respectively; and by Sommer-

Trembo et al. 2020 when investigating female Poecilia mexicana preferences for risk-taking 

males using dichotomous association preference tests with live males], indicating that it is 

important to distinguish between population- and individual-level preferences when 

interpreting the mating behaviour of a species. With respect to A. fasciatus, a large male body 

size alone may not be a strong indicator of male dominance and benefits for the female but 

other traits such as number and span of the bars along the body flank could have a stronger 

influence in male mating success as suggested by Malavasi et al. (2010) and observed in 

swordtails (Morris et al. 2001) when investigating Xiphophorus cortezi female preferences for 

males with greater bar span and number of bars using live males.  

Furthermore, we cannot exclude that multiple-interacting factors drove the observed 

patterns. Personality traits also play an important role in female mating decisions and often 

affect male body size effects on female preferences (Chen et al. 2018, Sommer-Trembo et al. 

2020). For instance, Chen et al. (2018) found an increasing female preference for larger males 

with increasing male boldness and activity levels in western mosquitofish by using computer 

animations of male stimuli and dichotomous choice tests, and other studies using the same 

methodology found female mating decisions to be influenced by social context (Sommer-

Trembo et al. 2017, Schlupp, 2021). Thus, we cannot exclude that our results may have been 

due to our specific setup (i.e., no additional conspecifics or cues on male personality). 

We used computer animations to examine female mate choice, and some might argue 

that the lack of female preference for larger males in both species was the result of females not 
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being able to discriminate animated male stimuli. However, we think this to be unlikely for two 

reasons. First, the use of animations for investigating mate-choice has been validated in multiple 

systems, including Poeciliidae (e.g., swordtails: Rosenthal and Evans, 1998; Wong and 

Rosenthal, 2006; guppies: Herdegen-Radwan, 2022; mollies: Tobler et al. 2006; McCoy et al. 

2011; western mosquitofish: Chen et al. 2018; Zhou et al. 2022; whereby in all these studies 

computer animations were generated by manipulating photographs of live stimuli and side 

biases were controlled across subjects by  switching video playbacks after the first observation 

period and remeasuring association preference as we did in our study). Second, we conducted 

several trial runs of this experimental setup using our laboratory stocks of G. holbrooki (an 

invasive population from southern Italy) at Royal Holloway, University of London, in the 

summer of 2021. These trial runs resulted in strong trends for preferences for (a) large males (t 

(8) = 1.095, p = 0.093) and (b) non-parasitised males (t (8) = 2.055, p = 0.070). Third, while 

computer animations have not yet been applied to test mating decisions in A. fasciatus, the 

finding of high visual acuity in the congener species, A. sirhani, through examination of the 

ultrastructure of the outer retina (Al -Adhami and Alkhdour, 2010), suggest that A. fasciatus 

should be able to discriminate between animated potential partners. 

3.4.2 Female mosquitofish and killifish do not prefer to associate with non-parasitised 

males 

In addition to mating with large males, mating with non-parasitised males is also thought to 

have fitness benefits for choosing females (Tobler et al. 2006). Thus, we predicted females of 

both species to exhibit a preference for non-parasitised males. However, contrary to our 

expectation, we did not find any population-level preference for non-parasitised vs parasitised 

male stimuli. While we know of no other studies that have examined the influence of parasites 

on female mating preferences in both Aphanius and Gambusia (but see Deaton 2009 for male 

mate choice in G. affinis), our results contrast with several previous studies in Poeciliids 
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(Kennedy et al. 1987; Tobler et al. 2006), where females preferred to mate with males that had 

no (or few) parasites over (more heavily) parasitised males.  

Here, we digitally óinfectedô males with the ectoparasitic copepod, Lernaea cyprinacea. 

This parasite has a direct life cycle consisting of adult females releasing eggs on the sediment, 

which hatch into non-parasitic nauplii that moult into parasitic copepods and attachment to 

several parts of a fish host and undergo further metamorphosis. While attached to the host, this 

parasite penetrates fish skin and causes inflammation and lesions that might become necrotic 

or lead to secondary infections (Hossain et al. 2018). Moreover, infection by this parasite often 

leads to a reduction in fish growth, fecundity and swimming abilities (Hassan et al. 2018; 

Welicky et al. 2017). Fish in the wild are often able to reject these parasites even after 

penetration has occurred (Shields and Goode, 1978), so the observed lack of female 

responsiveness towards male stimuli differing in the parasites could be due to the fact females 

did not perceive this parasite to affect male reproductive state. Alternatively, we cannot rule out 

that females showed no preference because they did not observe any secondary infections (e.g., 

fungal infection) or other characteristics such as reduced swimming performance on the 

infected males in our video animations.  

Furthermore, salinity has been documented to affect how well this parasite reproduces, 

with direct infection being significantly reduced at high salinities (Hossain et al. 2018). This 

could explain why we did not find this parasite in any of the female specimens of A. fasciatus 

captured for this study (killifish were found in habitats often characterized by salinities greater 

than 30 ppt) and a female preference for non-parasitised males in this species. However, we 

found anchor worms in almost all mosquitofish populations and a preference for uninfected 

males was not found even in the mosquitofish populations sampled in freshwater habitats (i.e., 

G1 and G3).  
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3.4.3 Salinity does not influence female preferences but activity levels during choice 

In partial contrast with our prediction 2 (i.e., salinity effects on both female activity and mate-

choice), our analyses did not reveal a significant effect of salinity on the strength and direction 

of female preferences in both species. However, congruent with this prediction, salinity 

significantly affected female activity levels, with mosquitofish being more active at lower 

salinities and killifish showing the opposite pattern. To our knowledge, this is the first study to 

investigate salinity effects on female preference and activity levels during choice in these 

species. Our results align with those of a recent study by Zhou et al. (2022), who found female 

western mosquitofish (G. affinis) reduced their activity levels with increasing salinity. 

However, that study also found female G. affinis to prefer larger males only under freshwater 

and low-salinity conditions. Such context-dependent reduction in female activity during mate-

choice has also been documented in invasive guppies, Poecilia reticulata (Godin and Briggs, 

1994). Specifically, the authors uncovered a reduction in female sexual activity and preference 

for male stimuli under predation threat. Together with our results, this suggests that the levels 

of female sexual activity in a species can be highly dependent on local habitat characteristics 

and environmental factors. In invasive species, changes in sexual activity may potentially be a 

way to adapt to novel environments. 

Observed salinity effects on female behavioural activity in our study species alone do 

not help explain mosquitofish invasiveness in Europe. However, taking these results together 

with those of another study we performed in Sardinia (Italy; all authors, unpublished data) and 

a study of Alcaraz et al. (2008), where mosquitofish food consumption and aggressiveness were 

significantly reduced at high salinities while killifish showed opposite patterns, this maps onto 

the current distribution patterns of invasive mosquitofish and native killifish in the 

Mediterranean. Hence, this suggests that salinity may limit the negative effects of invasive 

mosquitofish and that high-salinity habitats may act as a refuge for native killifish.  
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3.5 Conclusion 

In conclusion, the results of this study suggest that male body size and parasitisation with 

Lernea may play little role in the sexual decisions of invasive mosquitofish and native killifish 

females in Sardinia. In contrast, salinity appears to profoundly alter female sexual activity in 

both species and these effects also help explain their distribution patterns in other parts of 

Europe. Specifically, our findings suggest that while increasing salinization of freshwater 

habitats poses a serious global threat to ecosystem health and biodiversity (Cunillera-Montcusí 

et al. 2022), it may decrease the potential for freshwater invasive species such as G. holbrooki 

to spread in aquatic systems. Hence, salinization may reduce their impacts on native biota such 

as A. fasciatus (Zhou et al. 2022). 
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Abstract 

Eastern mosquitofish (Gambusia holbrooki) are among the most widely introduced freshwater 

species globally. To gain a better understanding of feeding patterns in non-native populations, 

and which local factors may influence them at the population level, we carried out gut-content 

analysis on 163 specimens from nine invasive populations in Italy and Spain. Based on previous 

studies, we predicted that (1) mosquitofish are omnivores with a preference for detritus and 

cladocerans; (2) they display size- and population-specific differences in gut morphologies and 

diet, with larger fish feeding more intensively over a wider range of prey items; (3) some of the 

variation would be associated with differences in local environmental and climatic factors. Our 

results confirmed our first prediction, because mosquitofish fed on a variety of diet items, 

amongst which detritus and Cladocera dominated. However, not a single diet item was shared 

amongst all populations. Congruent with our second prediction, we further identified size- and 

population-specific differences in the occurrence of some diet items and gut morphologies. 

However, observed patterns in dietary habits did not seem to be driven by the environmental 

and climatic variables we had quantified. The fairly variable diet likely aids invasion success 

and helps explain the ubiquity of invasive mosquitofish across Italy and Spain, as mosquitofish 

seem to be able to rely on whatever a local habitat provides. We further propose that size-

specific differences likely capture the substantial sexual size dimorphism (males are smaller 

than females) while population-specific differences are likely the result of differences in local 

prey abundance. The lack of an influence of temperature on dietary habits suggests that 

mosquitofish feeding ecology may be less impacted by rising temperatures than other 

freshwater fish species. If true, then this suggests climate-change induced effects may further 

exacerbate the competitive superiority of mosquitofish over native species in the future.  

Keywords: aquatic invertebrates, biological invasions, Europe, Gambusia holbrooki, 

Poeciliidae  
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4.1 Introduction  

The introduction and spread of invasive alien species (IAS) in non-native habitats is considered 

among the major contributors to global change and freshwater biodiversity loss (Ricciardi & 

MacIsaac, 2011; Gkenas et al., 2012). For centuries, freshwater ecosystems have been subject 

to biological invasions at a greater extent than their terrestrial counterparts (Ricciardi & 

MacIsaac, 2011; Nunes et al., 2015). Currently, a total of 756 invasive alien freshwater species 

have been reported across Europe, with fish being the most frequently introduced aquatic taxon 

(Tricarico et al., 2016). The introduction of IAS to novel environments has been documented 

to cause a wide array of ecological effects (Ricciardi & MacIsaac, 2011). For instance, 

biological invasions of freshwater habitats may cause the disruption of the organization and 

function of native communities, which can even lead to the extinction of native biota (Ricciardi 

& MacIsaac, 2011; Carmona Catot, 2013; Maļiĺ et al., 2018). Furthermore, severe economic 

and human health damage, as well as cascading food-web effects such as changes in diet 

composition of native communities, have been reported to be associated with the introduction 

of IAS (Pimentel et al., 2000; Ricciardi & MacIsaac, 2011). 

Eastern mosquitofish (Gambusia holbrooki, Poeciliidae) are native to the southeastern 

United States (Pyke, 2008) but are one of the most widely distributed freshwater species 

(Carmona Catot, 2013). Since the early 1900s, both eastern and western mosquitofish 

(Gambusia affinis) have been introduced worldwide as mosquito biocontrol agents for the 

prevention of malaria and, as a consequence, have successfully colonized over 50 countries 

(Carmona Catot, 2013). The negative impacts of G. holbrooki on native biota have led the 

species to be listed among the 100 most invasive species worldwide (Lowe et al., 2000). Their 

high reproductive potential, high dispersal capabilities, ability to live in a broad array of habitats 

and withstand adverse conditions such as extreme temperatures and salinities, and their broad 



153 
 

diet have been proposed as the main factors promoting their colonization and establishment 

(Pyke, 2005; Dirnberger & Love, 2016).   

Dietary studies based on stable isotope and stomach content analyses show that eastern 

mosquitofish feed on a variety of items, ranging from detritus to organisms such as insects, 

aquatic invertebrates, algae, and fish and amphibian eggs and larval stages (Pyke, 2005; 

Macdonald & Tonkin, 2008; Singh & Gupta, 2010). They are therefore considered adaptable 

omnivores or even generalist predators, capable of changing the composition of their diet 

depending on food availability (Macdonald & Tonkin, 2008). This variability of their diet also 

has an impact on gut fullness and gut morphologies (i.e. relative gut length) as well as niche 

breadth, which differ in relation to their diet and fish size. Specifically, larger specimens often 

exhibit broader diets and lower levels of gut fullness than smaller fish, and shorter guts are 

associated with a more carnivorous diet (i.e., more invertebrates) whereas longer guts 

correspond to a more herbivorous diet (i.e., more detritus and plant material) (Blanco et al., 

2004; Rehage et al., 2005; Singh & Gupta, 2010). Moreover, shifts in dietary composition and 

niche breadth have also been documented to occur depending on season, geographic location 

and time of the day (Specziár, 2004; Pyke 2005, Macdonald & Tonkin, 2008; Gkenas et al., 

2012). Furthermore, some studies have shown that water temperature as well as other 

environmental characteristics such as nutrient concentration and pH can also influence their 

feeding rates (i.e., the number of prey items caught) and diet diversity directly or through 

indirect effects on aquatic biodiversity (Oliver,1991; Cabral et al., 1998; Blanco et al., 2004). 

Although extensive research has been carried out on the feeding ecology of Gambusia 

in general, with some dietary studies focused on the role of mosquitofish in controlling 

zooplankton assemblages (Blanco et al.,2004; Peck & Walton, 2008), so far, studies on dietary 

patterns of eastern mosquitofish in their invasive range focused only on very specific locations, 

on small geographic scales (Cabral et al., 1998; Blanco et al., 2004; Singh & Gupta, 2010; 
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Erguden, 2013). Furthermore, to date there is still scarcity of data on how habitat characteristics 

might impact on feeding ecology and, to our knowledge, only one study (Cabral et al., 1998) 

investigated the potential association between habitat features (e.g., vegetation coverage) and 

the amount of prey eaten. Yet, knowledge of the feeding habits of this species (including 

potential predator-prey interactions under different environmental conditions) and the role of 

associated habitat characteristics is crucial for understanding food web dynamics, resource 

partitioning and to identify appropriate management and control strategies for this highly 

invasive freshwater species.  

To get a more complete picture of variability in dietary habits across the European 

invasive range, we sampled G. holbrooki from nine distinct populations across a large 

geographic area in Italy and Spain. Specifically, we made an effort to sample from a diverse 

range of habitats (i.e., drainage ditches, lakes, rivers) and covering as much geographic distance 

as possible to attempt to better capture the full extent of variation in feeding habits across the 

invasive range. We aimed to assess: (a) the general variability of their diet; (b) the size-specific 

and population-specific differences in diets and gut morphologies (e.g. to what extent do large 

and small specimens differ in the type of food they consume); and (c) whether differences in 

environmental and climatic parameters between populations explain any differences observed 

in their diet or gut morphologies (i.e., diet diversity, frequency of occurrence of diet items and 

their relative importance, but also length and fullness of the guts of the specimens). Based on 

previous research (Cabral et al., 1998; Blanco et al., 2004; , Singh & Gupta, 2010; Sánchez-

Hernández et al., 2012; Erguden, 2013), we predicted that mosquitofish (1) would be omnivores 

with a heavy reliance on detritus and cladocerans; (2) would display size- and population-

specific differences in gut morphologies and diet, with larger specimens feeding over a wider 

range of prey items; and (3) that some of the population differences would be associated with 

differences in local environmental and climatic factors. To our knowledge, this is the first study 
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that aims to make a direct comparison of the dietary patterns of natural populations of this 

species across such a large geographic area across two countries in its invasive European range.  

4.2 Methods 

4.2.1 Field sampling   

Field work was performed during a 15-day period between July 27th and August 10th, 2017. A 

total of 163 live specimens of G. holbrooki were collected with dip nets (2 mm mesh size) from 

nine sites in Italy and Spain, spanning ca. 8° latitude and 18° longitude, in order to assess 

geographic variation in feeding habits and investigate the influence of associated environmental 

characteristics (Figure 4.1, Appendix C: Table C.1). Sampling sites were aquatic habitats with 

slow current or stagnant water and dense riparian vegetation. Immediately upon capture, fish 

were sacrificed with clove oil and then preserved in 96% ethanol for subsequent analyses. 

Conductivity (mS/cm), dissolved oxygen (mg/L), pH and water temperature (ºC) were 

measured in situ at each site using a Hach Rugged DO/pH/Conductivity Field Kit (Hach, 

Loveland, Colorado, USA). Four climatic variables were additionally downloaded from the 

European Climate Assessment and Dataset ( ECA&D) ver. 20.0e (Cornes et al., 2018) database 

at 0.1 degrees resolution: daily mean temperature, daily maximum temperature, daily minimum 

temperature and daily precipitation sum (Appendix C: Table C.1). 

  

https://surfobs.climate.copernicus.eu/dataaccess/access_eobs.php#datafiles
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Figure 4.1. Map of the sampling sites of Gambusia holbrooki in Europe (a), with the subpanels 

showing only sample sites in Spain (b) and Italy (c). The map was generated using QGIS 3.2. 

 

4.2.2 Gut content analysis 

 

In the laboratory, fish were sexed based on the presence/absence of the male copulatory organ, 

the gonopodium (i.e., the modified anal fin; Pyke, 2005), and were measured for standard length 

(SL) using a digital calliper (to the nearest 0.01 mm). The body cavity was opened, and the 

entire intestinal tract of all mosquitofish was excised. Total gut length was then also measured 

with the calliper (again to the nearest 0.01 mm), and afterwards, gut contents were removed and 

examined using a dissecting microscope. Gut fullness and relative gut length (relative gut length 

= gut length /SL) were calculated for each specimen. When present, prey items were counted 

and identified to the lowest possible taxon. This resulted in the following prey categories: 

Bivalvia, Branchiopoda, Araneae, Cladocera, Coleoptera, Diptera, Entognatha, Hemiptera, 
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Hymenoptera and Ostracoda. Prey items that were too digested to be physically separated for 

accurate identification were classified as unidentifiable.  

The dietary importance of each prey category was estimated by quantifying their 

frequency of occurrence and the index of relative importance following Singh & Gupta (2010) 

and Hyslop (1980), respectively. Prey diversity in the diet was quantified using the Shannon 

Wiener index, which accounts for both abundance and evenness of the prey items. The degree 

of individual diet specialization (relative niche width) was estimated as the proportion of the 

food categories in the diet of each specimen relative to the total number of food categories. 

Relative niche width values vary from 0 (specimen consumed items belonging to a single 

category) to 1 (specimen exploited all prey categories). While we could not include detritus in 

our calculation of the index of relative importance or the Shannon Wiener index (i.e., we could 

easily determine relative gut volume taken up by detritus but not really ócountô detritus in the 

same way as was possible for prey items), we included detritus only in our quantification of 

frequency of occurrence (presence/absence) and relative niche width. For equations relating to 

these indices, please refer to Appendix C: Table C.2.  

To evaluate dietary overlap between populations, we further calculated the index of 

overlap (again excluding detritus due to a lack of count data), as proposed by Shoener (1970). 

This measure of overlap ranges from 0 (absence of overlap) to 1 (complete overlap in resource 

use) and according to Wallace and Ramsey (1983), values higher than 0.6 are considered as 

biologically significant overlap. To further validate the significance of these overlaps, all values 

were compared to the overlap values obtained using Piankaôs diet overlap index (Pianka, 1980). 

Due to logistical constraints in the field, it was not possible to collect data on resource 

availability at each site, and consequently overlap values were calculated based on the 

assumption that the different dietary resources were equally accessible to all populations. 

Again, please refer to Appendix C: Table C.2 for details. 
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4.2.3 Statistical analysis 

All statistical analyses were performed using the software R x64 3.5.1 (R Development Core 

Team, 2019) except for principal components analysis, which was performed using IBM SPSS 

Statistics 25.0 (IBM Inc., Chicago, IL, USA).  

4.2.3.1 Feeding patterns as a function of size and population 

As members of the family Poeciliidae, eastern mosquitofish display a pronounced sexual size 

dimorphism, because males are significantly smaller than females (Bisazza, 1993). This was 

supported in our data (female SL, mean±SD: 21.5±3.5 mm (range: 10.1-37.5 mm); male SL: 

17 ± 2.5 mm (11.4-25.7 mm)). Therefore, sex and SL in our dataset were strongly correlated 

(ɖ2 = 0.962), resulting in a violation of model assumptions (i.e., no multicollinearity) if we 

wanted to include both in the same model. Moreover, the inclusion of both also led to a 

significant loss in statistical power which we uncovered during preliminary data screening. We 

therefore decided to only consider SL for subsequent analyses.  

To investigate whether the occurrence of a food item in the diet was influenced by the 

size of the fish or the sampling site, we applied food category-specific generalized linear models 

(GLMs) with a binomial error distribution and a logit link function. In all models, we included 

the presence/absence of an individual food category in the diet of individual fish (i.e., 

individuals feeding on the 10 prey categories mentioned above as well as those feeding on 

detritus, resulting in 11 separate models) as the response variable, and SL, population and the 

interaction ñSL-by-populationò as factors. Interaction terms were removed from the model 

when they were associated with a p > 0.2, and the model was then refitted with the remaining 

parameters. All models were fitted using the MASS R package (v7.3-51.5; Venables et al., 

2002) and diagnostic plots of residuals were checked for appropriate model fitting prior to 

consideration of estimated model parameters.                                                                    
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Furthermore, to assess the effects of SL and sampling site on fish relative niche width, 

gut fullness and relative gut length, we used GLMs with a gamma error distribution and log 

link function. The models were initially fitted with relative niche width, gut fullness and relative 

gut length serving as response variables, and SL, population, and interaction term ñSL-by-

populationò as factors. If the interaction term was p > 0.1, the interaction term was removed 

from the models and the models refitted with the remaining parameters. When we found 

significant effects, we ran post-hoc univariate models separately for each response variable to 

identify if significant multivariate effects were due to significant effects on all or only some 

response variables. Each model was applied after having checked for model validation and 

overdispersion. A Tukeyôs HSD multiple comparison test was also performed to determine 

whether there was a difference between the mean values of relative niche width, gut fullness 

and relative gut length of all population pairs, and by using the multcomp R package (v1.4-13; 

Hothorn et al., 2020).   

4.2.3.2 Effects of environmental, geographic and climatic variables on diet composition 

A univariate approach was used to investigate whether population differences in diet [i.e., 

differences in diet diversity (Shannon Wiener index) and dietary importance of food items 

(frequency of occurrence and index of relative importance)] could be partially explained by the 

effects of the environmental, geographic and climatic parameters associated with each sample 

site (Appendix C: Table C.1). First, we performed a principal component analysis (PCA) on the 

matrix of environmental, geographic and climatic data, and retained the first four axes (PCs), 

which explained over 90% of the total variance (Appendix C: Table C.3). Linear regression 

models were then performed separately for different input variables: Shannon Wiener index, 

index of relative importance and frequency of occurrence as dependent variables and using the 

four PCs as covariates. 
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Because previous research had revealed that the total number of prey ingested by eastern 

mosquitofish was often correlated with environmental and habitat features such as water 

temperature and area covered by aquatic vegetation (Alison & Cech, 1990; Cabral et al., 1998), 

we examined our data for similar patterns by calculating Pearsonôs correlation coefficients 

between the total amount of prey consumed by each population and the four PCs. 

We used the same approach to test whether these variables influenced the proportion of 

specimens with empty guts in each population. 

Finally, we examined whether interpopulation dietary overlap between pairs of 

populations was associated with the geographic distance between them. This was accomplished 

by developing a pairwise geographical distance matrix for all sampling sites based on their GPS 

coordinates and comparing this against the pairwise matrix with Shoener overlap index values 

(see above) using a Mantel test with 10000 permutations fitted with the ade4 R package (v1.7-

15; Dray et al., 2007). We did not use Piankaôs overlap values for this analysis, given that a 

high correlation (p < 0.001, r = 0.85) was found between both overlap indices. 

4.3 Results  

4.3.1 Gut composition and dietary overlaps 

A summary of the gut contents of 86 female and 77 male G. holbrooki across all nine 

populations is provided in Table 4.1 and Figure 4.2. Mean relative gut length was greater for 

females compared to males (mean ± SD, females: 0.6 ± 0.2 mm, males: 0.5 ± 0.1 mm). Of the 

total number of guts examined (n = 163), 17.8% were completely empty and 38% contained 

only detritus (e.g., sediment material and plant debris) or unidentifiable food items. Sampled 

populations consumed similar prey items, although in different proportions. The most common 

overall food category was detritus, which we found in individuals from all but one population 

(P1). Cladocera were overall the most abundant prey category, comprising 86.9% of the total 

diet of all mosquitofish analysed, and consumed by fish in all but three populations (Table 4.1, 
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Figure 4.2). Dipterans, such as hatching mosquito larvae belonging to the family Culicidae, 

were the second most common prey item (6.9%) and were consumed by fish in all but one 

population (P7; Figure 4.2). The contribution of the other prey categories to the overall diet was 

negligible, although on the population level they often occurred at a high frequency. For 

instance, Entognatha and terrestrial Araneae constituted 1.9% and 0.7% (respectively) of the 

overall diet of sampled specimens, but Entognatha constituted 57.5% of the diet of population 

4, while Araneae composed 30.4% of the diet of population 9. 

For 63% of the population pairs, diet overlap values were moderate to high (> 0.6), 

suggesting the exploitation of similar food resources among different populations (Table 4.2). 

Nonetheless, mean Shannon Wiener index and relative niche width values of sampled 

populations varied from 0.309 to 0.356 and 0.049 to 0.197, respectively, indicating that most 

populations had relatively limited niches (Table 4.1). Furthermore, we found no evidence that 

dietary overlap between population pairs was a function of geographic distance (Mantel Test: r 

= -0.11, p = 0.78). 
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Figure 4.2. (A) Dietary compositions of nine populations of eastern mosquitofish; (B) Map of 

the sampling sites of Gambusia holbrooki in Europe (a), with the subpanels showing only 

sample sites in Spain (b) and Italy (c). The map was generated using QGIS 3.2.Typical prey 

items found in fish guts: (a) Hemiptera; (b) Araneae; (c) Diptera; (d) Hymenoptera; (e) 

Cladocera. Pictures were stacked using HeliconFocus 7.5.8 (Helicon Soft Ltd. 2000). Scale bars 

represent 1 mm.  



 
 

Table 4.1. Composition of the gut contents of Gambusia holbrooki (from Italian and Spanish populations) by frequency of occurrence (FO) and 

index of relative importance (IRI). Prey items belonged to the following prey categories: Bivalvia (BI), Branchiopoda (BRA), Araneae (ARA), 

Cladocera (CLA), Coleoptera (COL), Diptera (DIP), Entognatha (ENT), Hemiptera (HEM), Hymenoptera (HYM) and Ostracoda (OST). Estimated 

Shannon-Wiener diversity index (H) and mean Relative Niche Width (RNW) for each of the sampling sites are also provided in the table.  

Population Detritus                                                                                                                        Prey categories 

 
BI 

(aquatic) 

  

BRA 

(aquatic) 

  

ARA 

(terrestrial) 

  

CLA 

(aquatic) 

  

COL 

(terrestrial)  

DIP 

(terrestrial and 

semi-aquatic) 

ENT 

(semi-aquatic) 

  

HEM 

(terrestrial 

and aquatic) 

HYM 

(terrestrial) 

  

OST 

(aquatic) 

  

 

 

FO IRI FO IRI FO IRI FO IRI FO IRI FO IRI FO IRI FO IRI FO IRI FO IRI FO IRI 
 

Italy                         

P1 - 
- - - - - - - 43.7 8777.8 - - 50 6898.6 

- - - - 
 

18.7 

 

923.1 

 

25 

 

3756.6 
 

P2 
47.4 - - - - - - - 5.3 184.2 - - 5.3 289.5 

 

5.3 

 

289.6 
- - - - - -  

P3 
52.6 - - - - - 5.3 287.1 57.9 4921.1 - - 21.1 3645.9 

 

31.6 

 

3703.3 
- - - - - -  

P4 
47.8 - - - - - 4.4 206.5 - - - - 30.4 3423.9 

 

43.5 

 

12934.8 
- - 21.4 4293.5 - -  

Spain 
                     

 

P5 
61.1 - 5.5 85.9 5.5 91.5 - - 55.5 20917.8 - - 6.2 142.4 

- - 
 

22.2 

 

2504.5 

 

5.5 

 

91.5 
- -  

P6 
25 - - - - - 

 

10 

 

434.8 50 18374.9 15 1384 30 6577.5 
- - 

 

5 

 

177.5 

 

35 

 

6422.4 
- -  

P7 
25 - - - - - 

 

5 

 

1135.4 90 90564.1 - - - - 
- - - - - - 

 

5 

 

1135.3 
 

P8 
31.3 - - - - - - - - - 6.2 142.4 56.1 4066.3 

 

25 

 

1797.8 
- - - - - -  

P9 
58.3 - - - - - 

50 8766.7 
- - 16.7 838.2 41.7 9843.1 

- - 
 

16.7 

 

223.7 

 

33.3 

 

6606.3 

 

8.3 

 

223.7 
 



 
 

Table 4.1. Continued. 

  
Population Shannon- 

Wiener  

Index 

(H) 

Mean  

Relative 

Niche 

Width  

(RNW) 

Relative gut  

length  

(RGL) 

Gut fullness 

(GF) 

 

 

SEX SEX 
 

 
F M F M 

Italy          

P1 
0.356 

 

0.138 0.6±0.1 0.4±0.1 0.3±0.3 0.3±0.3 

P2 
0.346 0.049 0.4±0.1 0.4±0.1 0.1±0.2 0.0±0.0 

P3 
0.309 0.075 0.5±0.1 0.4±0.1 0.2±0.2 0.2±0.3 

P4 
0.355 0.067 0.5±0.2 0.5±0.1 0.4±0.2 0.3±0.3 

Spain 
        

P5 
0.356 0.197 0.8±0.1 0.6±0.2 0.7±0.2 0.4±0.2 

P6 
0.346 0.053 0.5±0.1 0.4±0.1 0.5±0.2 0.4±0.4 

P7 
0.309 0.058 0.5±0.1 0.4±0.1 0.6±0.3 0.5±0.2 

P8 
0.355 0.052 0.7±0.1 0.5±0.1 0.2±0.3 0.2±0.2 

P9 
0.356 

 

0.157 0.6±0.2 0.4±0.2 0.6±0.2 0.2±0.2 
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Table 4.2. Pianka (lower triangular matrix; white background) and Shoener (upper triangular 

matrix; grey background) index values of dietary overlap between our nine sampling sites. 

Indices >0.6 in bold. 

  P1 P2 P3 P4 P5 P6 P7 P8 P9 

P1 - 0.53 0.68 0.30 0.75 0.70 0.64 0.28 0.35 

P2 0.70 - 0.68 0.52 0.36 0.28 0.25 0.61 0.30 

P3 0.88  0.77 - 0.48 0.61 0.54 0.5 0.29 0.23 

P4 0.18  0.71 0.53 - 0.12 0.11 0 0.39 0.42 

P5 0.96 0.52 0.86 0.06 - 0.86 0.81 0.11 0.18 

P6 0.93 0.28 0.84 0.03 0.99 - 0.13 0.05 0.13 

P7 0.91 0.41 0.83 0 0.99 0.06 - 0 0 

P8 0.40 0.86 0.36 0.53 0.14 0.04 0 - 0.33 

P9 0.27 0.51 0.24 0.36 0.10 0 0 0.63 - 

 

4.3.2 Feeding patterns in relation to SL and population 

With respect to the presence or absence of certain diet items, we found that SL, population, and 

their interaction significantly affected the occurrence of Cladocera and detritus, SL and 

population also had a significant effect on the occurrence of Ostracoda, SL had a significant 

influence on the occurrence of Diptera and Hemiptera, and populations had a significant 

influence on the occurrence of Araneae and Coleoptera (Table 4.3). Specifically, larger fish 

were more likely than smaller specimens to have eaten these food categories (size-effects; 

Figure 4.3a-e). Also, the occurrence of these food categories differed between populations 

(population-effects; Figure 4.3f-j). For example, Cladocera were common in the diet of 

populations 1, 5, 6, and 7, but rare in populations 2 and 3, and absent from the diet in populations 

4, 8 and 9 (Figure 4.3f). For detritus, a greater proportion of specimens from populations 2, 3, 

4, 5 and 9 had ingested detritus compared to fish belonging to populations 6, 7, and 8; and 

detritus was absent from the guts of population 1 (Figure 4.3j). However, for Cladocera and 

detritus, these effects were not independent from each other (SL-by-population interaction 

effect). The presence of Cladocera in the diet increased with SL in Italian populations (P1-P3), 

but decreased with SL in Spanish populations (P5 and P6; Figure 4.3k). Conversely, the 
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presence of detritus in the diet increased with SL for all but three populations (P2, P6 and P9; 

Figure 4.3l). 

Finally, in our multivariate GLM with gamma family we discovered significant effects 

of SL, population and their interaction on combined dependent variables (relative gut length, 

gut fullness and relative niche width). Post-hoc univariate GLMs revealed that SL, population 

and their interaction significantly affected fish relative gut length and gut fullness, while only 

SL significantly influenced fish relative niche width and there was a trend for a population-

effect for this latter variable (Table 4.4). Specifically, smaller fish had shorter relative gut 

lengths, narrower niche widths and lower values of gut fullness than larger specimens (Figure 

4.4a-c), and these traits also differed between populations (Figure 4.4d-f). For instance, 

specimens belonging to population 5 exhibited significantly longer guts than fish belonging to 

all but two populations (Figure 4.4d; Appendix C: Table C.4). On the other hand, fish from 

population 2 had significantly lower values of gut fullness compared to the other populations, 

whereas fish belonging to population 6 had smaller niches than specimens belonging to all 

populations, albeit this difference was not significant (Figure 4.4e-f; Appendix C: Tables C.5 

and C.6). Furthermore, the significant interaction effects of SL-by-population for fish relative 

gut length and gut fullness, indicated that both traits scaled differently with body size across 

populations. Specifically, relative gut length increased with SL for six out of nine populations, 

whereas this pattern was reversed for populations 3, 7, and 9 (Figure 4.4g). Moreover, relative 

gut fulness decreased with fish size in specimens from populations 1 and 6, while all other 

populations exhibited a positive association between the two variables (Figure 4.4h). 

 

 



 
 

 

 

Figure 4.3. Presence-absence plots for (a) Cladocera, (b) Diptera, (c) Ostracoda, (d) Hemiptera and (e) Detritus; Bar graphs displaying inter-

population differences for (f) Cladocera, (g) Araneae, (h) Coleoptera, (i) Ostracoda and (j) Detritus; plots displaying the significant SL-by-

population interaction for (k) Cladocera and for (l) Detritus. 



 
 

 

 

Figure 4.4. Scatter plots displaying the relationship between (a) relative gut length (RGL), (b) 

gut fullness (GF), (c) relative niche width (RNW), and fish SL; Box plots with outliers 

displaying the significant population-specific differences in (d) relative gut length and (e) gut 

fullness, and the non-significant trend for a population effect for (f) relative niche width; (g-h) 

plots depicting the significant SL-by-population interaction effect on these parameters. 
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Table 4.3. Parameter estimates of GLMs with binomial family investigating the influence of 

the population and the SL of G. holbrooki on the presence of prey items (including detritus) in 

their guts. When a highly non-significant effect of the interaction ñSL-by-populationò was 

found (p > 0.2), the interaction term was removed from the model and the model refitted with 

the remaining parameters; this is indicated with the interaction term provided in brackets. 

Significant p-values in bold. 

  Estimate      SE         z ▬ 

Cladocera         

Intercept -9.400 2.448 -3.840 <0.001 

SL 0.403 0.120 3.370 <0.001 

Population 0.744 0.208 3.572 <0.001 

SL x Population -0.034 0.010 -3.324 <0.001 

Diptera     

Intercept -2.976 0.647 -4.600 <0.001 

SL 0.083 0.032 2.631 <0.001 

Population 0.019 0.024 0.776 0.437 

[SL x Population] [-0.007] [0.006] [-1.182] [0.237] 

Entognatha     

Intercept 1.463 1.383 1.057 0.290 

SL -0.166 0.078 -2.129 0.332 

Population -0.054 0.045 -1.176 0.239 

[SL x Population] [0.012] [0.013] [0.982] [0.326] 

Hymenoptera     

Intercept -5.105 1.329 -3.839 <0.001 

SL 0.148 0.064 2.308 0.021 

Population 0.015 0.042 0.363 0.716 

[SL x Population] [-0.010] [0.011] [-0.928] [0.353] 
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Table 4.3. Continued. 

  Estimate      SE         z ▬ 

Araneae     

Intercept -5.367 1.976 -2.715 <0.001 

SL -0.001 0.083 -0.014 0.988 

Population 0.224 0.090 2.472 0.013 

[SL x Population] [0.023] [0.197] [1.156] [0.247] 

Coleoptera 

 
    

Intercept 

 

-8.201 

 

2.753 -2.979 <0.01 

SL 
0.062 0.093 0.671 0.502 

Population 
0.289 0.147 1.969 0.049 

[SL x Population] 
[-0.002] [0.032] [-0.064] [0.949] 

Ostracoda     

Intercept -10.956 2.957 -3.706 <0.001 

SL 0.423 0.136 3.105 <0.001 

Population -0.214 0.100 -2.157   0.031 

[SL x Population] [0.002] [0.018] [0.126] [0.899] 

Branchiopoda     

Intercept -10.278 3.993 -2.574 0.010 

SL 0.231       0.181 1.281 0.200 

Population 0.017 0.202 0.083 0.934 

[SL x Population] [-0.111 [0.120] [-0.921] [0.357] 
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Table 4.3. Continued. 

  Estimate      SE         z ▬ 

Bivalvia     

Intercept -9.062 4.122 -2.199 0.028 

SL 0.164 0.186 0.882 0.377 

Population 0.051 0.198 0.255 0.798 

[SL x Population] [-0.038] [0.072] [-0.531] [0.596] 

Hemiptera     

Intercept -10.522 2.822 -3.729 <0.001 

SL 0.273 0.114 2.387 0.017 

Population 0.138 0.100 1.383 0.167 

[SL x Population] [-0.015] [0.031] [-0.474] [0.636] 

Detritus     

Intercept 2.884 1.690 1.706 0.088 

SL -0.185 0.091 -2.032 0.042 

Population -0.372 0.166 -2.244 0.025 

[SL x Population] 0.020 0.008 2.367 0.018 
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Table 4.4. Parameter estimates of GLMs with gamma family investigating the influence of the 

population, the SL of G. holbrooki and the interaction ñSL-by-populationò on their gut fullness 

(GF), relative gut length (RGL) and relative niche width (RNW). Significant values are 

highlighted in bold. 

 

 

  
Estimate SE z ▬ 

Multivariate model     

Intercept -2.106 0.384 -5.482 <0.001 

SL -0.89 0.020 4.597 <0.001 

Population 0.242 0.068 3.548 <0.001 

SL x Population -0.009 0.003 -2.681 <0.001 

RGL model     

Intercept -1.905 0.254 -7.500 <0.001 

SL 0.057 0.013 4.429 <0.001 

Population 0.155 0.045 3.451 <0.001 

SL x Population -0.006 0.002 -2.888 <0001 

GF model 
   

 

 

Intercept -3.871 0.723 -5.353 

 

<0.001 

 

SL 0.122 0.037 3.325 

 

<0.01 

 

Population 0.364 0.128 2.840 

 

<0.01 

 

SL x Population -0.013 0.010 -2.066 

 

0.040 

RNW model 
   

 

 

Intercept -2.736 0.301 -9.097 

 

<0.001 

 

SL 0.045 0.015 2.984 

 

<0.01 

 

Population -0.043 0.023 -1.864 

 

0.064 

 

SL x Population [0.004] [0.006] [0.640] 

 

[0.523] 
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4.3.3 Influence of environmental, geographic and climatic variables on population 

differences in diet 

There were no effects of environmental, geographic, or climatic variables on Shannon Wiener 

index, index of relative importance and frequency of occurrence between populations (p  

0.271 in all cases; Appendix C: Table C.7). Similarly, there was no impact of these variables 

on the total number of prey ingested by each population or the proportion of empty guts (p  

0.098 in all cases; Appendix C: Tables C.8 and C.9).  

4.4 Discussion 

We investigated the feeding ecology of 163 specimens of G. holbrooki sampled from invasive 

Italian and Spanish populations. Our analysis of gut contents confirmed that eastern 

mosquitofish are generalist feeders, with slight preferences for some food items, such as detritus 

and cladocerans, and we uncovered some size- and population-specific differences in their diet. 

Furthermore, we found moderate-to-high dietary overlaps between sampled populations, 

indicating the exploitation of similar food resources. Nonetheless, although we found 

population-specific feeding patterns, there was no evidence that these were associated with our 

environmental, geographic or climatic parameters. 

4.4.1 Food habits and dietary overlaps 

In accordance with previous studies on the dietary patterns of eastern mosquitofish (Cabral et 

al., 1998, Blanco et al., 2004; Singh & Gupta, 2010; Gkenas et al., 2012), our results confirmed 

that G. holbrooki are omnivores that feed on a wide variety of food items. Moreover, our study 

suggests that mosquitofish in both the native and invasive range essentially feed on the same 

set of diet items, albeit in different proportions. For instance, a study of Dirnberger and Love 

(2016) on native G. holbrooki from a population in Georgia reported a preference for dipteran 

larvae and pupae over other taxa, while Cladocera were also commonly preyed upon. In support 

of our prediction 1, detritus and Cladocera were widely consumed also in our data. For example, 
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detritus being consumed by 61 % of the specimens of one population (Population 5) and 

Cladocera accounting for more than 80% of the total diet of all fish analysed. Our dissection 

results are likely to derive from a direct preference for these food categories, as previous 

experimental studies of Garc²a Berthou (1999), Blanco et al. (2004) and Singh and Gupta 

(2010) have reported a preference by Gambusia for both. The preference for Cladocera has 

been ascribed to Gambusia being morphologically adapted to forage at and near the water 

surface (Pyke, 2005; Macdonald & Tonkin, 2008; Singh & Gupta, 2010). However, Cabral et 

al., (1998) reported that free-living Cyclopoid copepods were the dominant prey group of 

eastern mosquitofish caught in rice fields in Portugal. A possible explanation for these different 

findings could be the differential availability of prey species in different habitats. Congruent 

with this explanation, we found no cladocerans in the diet of three of our nine populations. 

We also observed that, although mosquito larvae and pupae, and other dipterans were 

the second most important group, and were consumed by all but one population, they 

constituted only a relatively small proportion of mosquitofishô overall diet. This is further 

evidence (see also Singh & Gupta, 2010) that, despite the common name mosquitofish, 

mosquitoes are not the main prey item for this invasive species. In line with this result, Pyke 

(2005) reported that their efficiency for mosquito control remains questionable. 

Surface insects, terrestrial arthropods, aquatic hemiptera, such as water boatmen and 

backswimmers, and Ostracoda, such as seed shrimps, were additional food items for 

mosquitofish from Italy and Spain. However, they formed a negligible proportion of the overall 

diet of all fish. These taxonomic groups have also been reported to be part of the diet of G. 

holbrooki in previous studies (Blanco et al., 2004; Specziàr, 2004; Singh & Gupta, 2010; 

Gkenas et al., 2012). The low numbers of Ostracoda in the diet of the sampled specimens may 

be attributable to the fact that most of the crustaceans belonging to this category are benthic and 

therefore less accessible to mosquitofish compared to other groups of crustaceans that are 
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mostly planktonic (Crivelli & Boy, 1987). Nonetheless, because detrital material was found in 

many of the guts examined it is also plausible that many ostracods were too digested to be 

accurately quantified and were thus accidentally counted as ñdetritusò. However, the presence 

of detritus in the diet of our specimens is congruent with several previous studies (e.g., Garcia-

Berthou, 1999; Blanco et al., 2004; Specziár, 2004; Yoĵurtuoĵlu & Ekmeki, 2017), in some 

of which more than 50% of the gut contents examined where found to be consisting of detritus. 

This reliance on detritus might be due to one of three not mutually exclusive reasons. First, it 

is possible that detritus is simply accidentally ingested while G. holbrooki are making a 

predation attempt on invertebrates close to, or on, the sediment (detritus is one of the main food 

sources of many invertebrates that mosquitofish prey on; Blanco et al., 2004). Second, detritus 

may also derive from digested material that were too decomposed to be discriminated from 

detritus. Third, it is possible that mosquitofish who had been unsuccessful in their pursuit of 

live prey for a while, turn to active detritus consumption as an emergency means of acquiring 

energy (Blanco et al., 2004). Irrespective of the factors driving the presence of detritus in 

mosquitofish diet, our results indicate that eastern mosquitofish in a large variety of different 

habitats and geographic locations are highly omnivorous with a diet that is often dominated by 

detritus. 

Even though most of the diet items occurred in the diet of each population, their relative 

proportion differed greatly. While these findings suggest the exploitations of similar food 

resources among populations, the low mean values of the Shannon Wiener index and relative 

niche width indicate that most populations had relatively small dietary niches. As previously 

mentioned, one explanation for the high dietary overlap might be because we investigated this 

based on the assumptions that the food items (particularly prey consumed) were equally 

accessible to all populations, and without having estimates of the real availability of these prey 

resources in the habitats. Furthermore, our findings might be influenced by the presence of 
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many partially digested and unidentifiable food items, making it difficult to get the whole 

picture of the diet overlaps between populations. 

Interestingly, two other studies (Gkenas et al., 2012; Yoĵurtuoĵlu & Ekmeki, 2017), 

who studied a G. holbrooki population in Lake Pamvotis in Greece, and the wetlands 

surrounding Lake Acigöl in Turkey, reported a broader trophic niche for their populations, with 

Shannon Wiener indices ranging between 0.46 and 0.68 (Gkenas et al., 2012) and 2.01 and 2.66 

(Yoĵurtuoĵlu & Ekmeki, 2017) across sites and seasons (while it varied between 0.309 and 

0.356 in our study). These differences might be simply attributable to the fact that both studies 

generally worked with larger sample sizes for their individual collections, making it more likely 

that rare diet items turned up in their, relative to our dataset; this would result in higher diversity 

indices. However, it is also possible that both habitats in Greece and Turkey simply provide a 

larger variety of potential prey for G. holbrooki than the populations we sampled in Italy and 

Spain. This latter explanation could be due to a variety of reasons, ranging from differential 

pressures of predation and competition to differential availability of resources between their 

and our sampled populations. 

4.4.2 Influence of SL and population on feeding patterns  

Congruent with our prediction 2, we found size-specific differences in diet, but these were not 

always consistent across populations. Specifically, larger specimens were generally more likely 

to have consumed detritus, Cladocera, Diptera, Ostracoda and Hemiptera. Our findings for the 

effect of SL on detritus consumption are in contrast with the results of Blanco et al., (2004). 

However, our other findings are in accordance with a study of Cabral et al., (1998), in which 

large eastern mosquitofish consumed a higher proportion of cladocerans and chironomids. 

Moreover, SL has shown to be an important factor for explaining differences in prey selection 

in many other fish species (Alcaraz & Garcìa-Berthou, 2007; Mansfield & Mcardle, 1998; Jirka 

& Kraft, 2017. For instance, Alcaraz & Garcìa-Berthou (2007) have reported Spanish toothcarp 
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(Aphanius iberus), with larger fish preying on more benthic organisms than smaller specimens. 

Similar differences in feeding habits have been documented in a study of Mansfield & Mcardle 

(1998) on western mosquitofish. Specifically, smaller fish were found to have a greater 

preference for zooplankton whereas larger specimens for larger invertebrates, albeit these 

differences were found to not be significant. 

The size-specific differences observed in our study could be driven by a variety of 

factors such as gape size and visual acuity, which have been suggested to play a role in inter-

size classes differences in feeding behaviour of the close relative G. affinis (Mansfield & 

Mcardle, 1998) as well as in a previous study on G. holbrooki (Singh & Gupta, 2010).  

Moreover, because eastern mosquitofish exhibit sexual size dimorphism with males being 

smaller than females (Bisazza, 1993), these size-specific differences likely capture differences 

in feeding behaviour between the sexes. This suggests that males are less likely to prey on 

detritus, Cladocera, Diptera, Ostracoda and Hemiptera than females. This interpretation has 

been supported by previous studies (Blanco et al., 2004; Singh & Gupta, 2010). For instance, 

in an experimental study by Blanco et al., (2004), female G. holbrooki were observed to feed 

more intensively than males, and over a wide range of food items. Furthermore, females were 

found to prey more on zooplankton species, such as cladocerans, than males (Blanco et al., 

2004). 

With respect to the differences between populations, this is likely to be based on 

differences in abundance of Cladocera and Ostracoda between populations, as well as 

differences in habitat structure (for detritus, Coleoptera and Araneae). Of particular note is this 

for the high occurrence of both Coleoptera and Araneae in the diet of population 9. This 

population was collected from a reed-covered drainage ditch surrounded by marsh and 

agricultural fields and we took note of the diversity of arthropods surrounding the habitat during 

sampling (F. Santi and R. Riesch, personal observation). This suggests that the high occurrence 
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of both Coleoptera and Araneae in this particular population might indeed simply be the result 

of greater terrestrial arthropod abundance resulting in more opportunities for G. holbrooki to 

catch individuals that accidentally land or fall onto the water surface. However, we cannot 

exclude the possibility that these population differences might simply be a footprint of 

differential patterns of specialization between populations irrespective of patterns of local prey 

abundance. 

Furthermore, we also uncovered a significant interaction of SL-by-population on the 

occurrence of detritus and Cladocera in the diet of the mosquitofish, because occurrence 

increased with SL in some but decreased with SL in other populations. For Cladocera, this 

means that in three (Italian) populations, Cladocera were more likely to be eaten by larger fish 

(i.e., females), while males and small females were more likely to prey on Cladocera in the 

other two (Spanish) populations. For detritus, these contrasting patterns are more evenly spread 

across the sampled range, with larger fish (females) being more likely to have consumed 

detritus in five populations, while males and small females were more likely to have consumed 

detritus in three populations. These opposing patterns of size-specific feeding ecology might be 

the result of differences in selective regimes, including differences in food availability, 

competition or sexual selection. Regarding the pattern uncovered for Cladocera, we were able 

to show in previous work that fish from these Italian populations also differed strongly from 

those in the two Spanish populations in body condition and reproductive traits. Specifically, 

mosquitofish from these Italian populations exhibited higher levels of multiple paternity (Gao 

et al. 2019), and fish of both sexes were characterized by higher body fat content (Santi et al., 

2020) compared to the two Spanish populations. However, while males from these Italian 

populations had greater gonadosomatic index compared to males from the two Spanish sites 

(also a proxy for the level of sperm competition), it was females from the two Spanish sites that 

exhibited a greater fecundity and invested more into reproduction (i.e., greater reproductive 
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allocation; Santi et al., 2020). At present, we lack the data to properly address which specific 

selective factor(s) is/are driving these differences in (life histories and) size-specific feeding 

ecology, but future research should investigate this further.  

In addition, our investigation revealed an influence of fish SL on relative niche width, 

relative gut length and gut fullness. Specifically, smaller fish showed significantly narrower 

trophic niches, shorter relative gut lengths and lower values of gut fullness. These results are 

consistent with the findings of previous studies on eastern mosquitofish and other fish species 

(Singh & Gupta, 2010; Sánchez-Hernández et al., 2012). By contrast, in a study of Jirka & 

Kraft, (2017) the degree of individual specialization (i.e. niche width) of brook trout (Salvelinus 

fontinalis) was found to not differ as a function of fish length. As we argued above, these size 

differences likely largely reflect differences between the feeding behaviour of males and 

females. Furthermore, there is evidence of females being foraging-time maximisers with higher 

metabolic requirements and capacity to retain food longer compared to males who spend 

considerably more time in mating activities (Pilastro et al., 2003; Arrington et al., 2009). 

Concurrently, the finding of the level of gut fullness differing in relation to fish length may 

reflect the opportunistic behaviour of this species. It is probable that to maximise the time spent 

in mating attempts and minimize the time spent feeding, smaller specimens (i.e., males) 

consume the prey items they come across to satisfy their daily energy requirements. A recent 

study of Singh and Gupta (2010) revealed an age-dependent variation in gut fullness of G. 

holbrooki, with juveniles having higher values of GF than adults. Thus, future analysis of gut 

content might include variables such as age to further investigate this phenomenon. 

Our analyses also revealed a significant effect of the interaction SL-by-population on 

relative gut length and gut fullness. Similar to our results for detritus, but in contrast to our 

results for Cladocera (see above), populations that did not conform to the overall trend of 

increasing RGL and GF with increasing SL were a mix of populations from Italy and Spain. 
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Moreover, the subset of populations that had a negative association between SL and RGL was 

different from the subset of populations that had a negative association between SL and GF. 

None of the environmental or climatic variables we collected for each habitat help explain these 

differences, because there were no consistent differences in those variables that would set these 

habitats apart from the other habitats. In comparison to our results for Cladocera, there are also 

no obvious associations with life histories and patterns of multiple paternity (Gao et al., 2019; 

Santi et al., 2020). At present, we therefore do not have a convincing explanation for these 

results. 

Dissecting these patterns raised an interesting post-hoc question: Could there be an 

influence of female reproductive state on diet? Examining female-specific GLMs with binomial 

family and logit link function that now parsed females into two categories based on the presence 

or absence of developing embryos (i.e., pregnant vs non-pregnant), we uncovered a significant 

effect of pregnancy on the presence/absence of Cladocera, with a higher likelihood of non-

pregnant females having consumed Cladocera (p-value < 0.01). No ñpregnancy-effectò was 

detected for any other prey category, nor was any effect of pregnancy found for relative niche 

width, gut fullness, relative gut length (via GLMs with gamma family). This could be an 

indication that the abdominal distension resulting from pregnancy, which has been shown to 

negatively influence locomotor ability in a close relative, G. affinis, and other poeciliids (e.g., 

Plaut, 2002; Ghalambor et al., 2004), negatively affects foraging ability when chasing highly 

mobile prey such as Cladocera. Alternatively, this could be a result of changing habitat 

preferences for females that are pregnant. However, while behavioural change in response to 

pregnancy has been documented in a variety of taxa (e.g., reptiles: Bauwens & Thoen, 1981; 

Brodie, 1989), previous studies on the influence of reproductive state in mosquitofish found no 

evidence that pregnancy resulted in associated behavioural changes (G. affinis: Laidlaw et al., 

2014), and to our knowledge, this is the first study that looked specifically at the effects of 
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pregnancy on feeding habits. Future studies are therefore needed to further examine the 

potential effects of carrying young on mosquitofish feeding habits. 

4.4.3 Influence of environmental, geographic and climate variables on diet variety 

Contrary to our prediction 3, we did not detect any effect of local environmental parameters, 

geographic and climatic variables on population differences in feeding patterns. Nonetheless, 

previous literature has documented that environmental parameters may strongly influence G. 

holbrookiô feeding habits. For instance, contrary to our findings, a study of Cabral et al., (1998) 

revealed a positive correlation between number of prey ingested by eastern mosquitofish and 

water temperature and area covered by aquatic vegetation, while a reduction in the number of 

prey was observed with increasing pH and dissolved oxygen. It is plausible that we did not 

detect any effect of the local environmental conditions on population differences because the 

environmental variation between our sampling sites was simply not big enough to elicit such 

responses. For example, water pH varied between 6.3 and 6.4 across sites and only at one 

sampling site it was greater than 7 (i.e., pH = 9.39 for site P3; Appendix C: Table C.1). 

Additionally, some sampling sites, e.g., P1 and P2, while being completely different in some 

environmental characteristics (with the first being a big lake, and the latter being a small stream 

nearby) were relatively close to each other, thus having very similar climates, further reducing 

variation in environmental parameters. 

Other factors, which we did not quantify, could help explain our results. Habitat 

characteristics such as percentage of vegetation cover and salinity could have contributed to the 

observed patterns given that previous work has documented these parameters influencing both 

feeding behaviour and prey abundance in eastern mosquitofish (Cabral et al., 1998, Green et 

al., 2005). Additionally, population differences in feeding habits may also depend on other 

factors such as productivity (e.g., abundance of chlorophyll a), macroinvertebrate density and 

seasonal shifts in prey use. Future studies should examine the contribution of these factors, 
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potentially sampling specimens from the same populations over multiple seasons (e.g., winter 

and summer) and quantifying prey abundance in the water column using trap samples and at a 

larger geographical scale. 

Finally, we did not find any effect of environmental, climate and geographic parameters 

on the proportion of specimens with empty guts. This could indicate that those individuals were 

simply less successful foragers and could point to limited resources in habitats with individuals 

with empty guts. However, we cannot exclude the possibility that these individuals had recently 

consumed something that was already fully digested at the time of sampling. Nonetheless, given 

that their invertebrate prey usually have hard exoskeletons, we find this last explanation less 

likely. 

4.5 Contribution to management 

In addition to contributing considerably to the understanding of the feeding ecology of eastern 

mosquitofish, the results of this study may also be used by decision makers to design more 

effective management and control strategies for this highly invasive species. Thorough 

knowledge of mosquitofish feeding patterns is essential for an effective use of risk identification 

tools such as the Fish Invasiveness Scoring Kit (FISK), which is currently applied worldwide 

to mitigate the impact of their invasions (e.g., Copp et al., 2009; Lawson et al., 2013). FISK 

classifies the risk of their introduction based on a variety of factors, including a fishôs diet (e.g., 

whether the species is planktivorous or omnivorous). 

Moreover, determining whether invasive species feed on endangered and/or threatened 

species is vital to devise effective conservation actions for those species as well as for the 

management of the invasive species feeding on them. Previous risk-assessment investigations 

have implicated mosquitofish in the decline of native fish and anurans populations, some of 

which are important from a conservation perspective (e.g., green and golden bell frog, Litoria 

aurea: Remon et al., 2016; Aphanius transgrediens: Yoĵurtuoĵlu & Ekmeki, 2017). 
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Nevertheless, we did not find any evidence of mosquitofish directly consuming any vertebrate 

species (e.g., fry, larvae or eggs) in our study even when sampling specimens across a wide 

range of habitats where mosquitofish co-occur with native anurans (all sites) and several other 

fish species (e.g., Lago di Fimon in Italy or Rio Xuquer and Rio Vaca in Spain), including 

another killifish, Aphanius fasciatus (e.g., Marina di Grossetto, Italy). These findings may 

suggest that mosquitofish do not always pose a significant direct threat to amphibian and fish 

communities across their invasive range here in Europe. However, because our habitat-specific 

sample sizes were relatively low (i.e., we investigated only an average of 20 fish per 

population), we cannot exclude the fact that G. holbrooki might be feeding on vertebrates also 

in our population but simply at very low incidence. Future studies are therefore needed to 

further examine competitive interaction between invasive mosquitofish and native species 

across this.  

Finally, understanding the effects of environmental variables on mosquitofish feeding 

patterns is essential to understand the invasive potential of mosquitofish under current scenarios 

of climate change. Here, we found no evidence for an effect of temperature, despite water 

temperatures between habitats varying from 21.3 to 30.7ºC and daily mean temperatures 

varying from 21.3 to 28.1ºC (Appendix C: Table C.1), and this was coupled with substantial 

dietary overlaps between populations. This suggests that mosquitofish feeding ecology may be 

less impacted by rising temperatures as a result from climate change compared to other 

freshwater fish species (Morgan et al., 2001; Snickars et al., 2015), probably partially as a result 

of their fairly wide dietary niche, ranging from algae and plants, via detritus, to invertebrates 

and vertebrates. In other words, global increasing temperatures as well as other climate-change 

induced effects may actually exacerbate the competitive superiority of mosquitofish over native 

species (Rahel & Olden, 2008; Regmi et al., 2016). 
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4.6 Conclusion 

Our results confirm that eastern mosquitofish are generalist predators, although they suggest an 

overall dietary preference for detritus and Cladocera. Size- and population-specific differences 

in feeding patterns were documented and matched our predictions. In contrast, we did not detect 

any effect of environmental, geographic and climatic parameters on population differences in 

diet. Our study provides a valuable contribution to knowledge on the feeding ecology of eastern 

mosquitofish in their invasive range, for the first time providing a direct comparison of dietary 

patterns in natural populations across a large geographic scale. In fact, our study reveals a large 

amount of flexibility in the diet of G. holbrooki (i.e., not a single diet item was shared by all 

populations), even though at least some taxonomic groups (like Cladocera and Diptera) were 

relatively common. This further helps explain the ubiquity of invasive mosquitofish across Italy 

and Spain. Being such flexible omnivores, they do not require the presence of one particular 

diet item in order to survive and establish a population, but can make use of whatever food 

might be locally abundant. Nonetheless, we still need a better understanding of what 

environmental and/or climatic features regulate the feeding patterns of this species. Thus, 

further enquiry into the ecological dimensions of different Gambusia habitats (e.g., the 

availability of local terrestrial and aquatic invertebrates, the structure of local food webs and 

the presence or absence as well as the exact nature of competitive interactions with other 

species) is critically needed to further deepen our understanding of why they are such successful 

invaders, and to identify and formulate correct management measures.  
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Abstract 

Resource exploitation and competition are considered important determinants of both species 

invasiveness and the ecological impacts of invasions. However, how competition for resources 

between invasive and native species plays out across different taxa and contexts is still poorly 

understood. Using meta-analysis techniques, we evaluated differences in feeding rates and 

functional response ratios (FRR; i.e., ratio between attack rate and handling time) between 

invasive and native species, and tested the general hypothesis that invaders are more efficient 

consumers. Moreover, we investigated the effects of temperature, taxonomic group, food 

density and heterospecific/conspecifics presence on feeding rates and of temperature and 

taxonomic group on FRR. Invasives exhibited significantly higher consumption rates than 

native species, but FRR was not significantly higher in invasives. Furthermore, we found a 

significant effect of food density on invasive-native species differences in consumption rates, 

with the nature of this effect differing between taxa. Our findings provide strong evidence for 

higher resource exploitation in invasive species, which may result in more severe ecological 

impacts on local prey populations and competitive displacement of native species. However, 

they also show that multiple metrics should be used to accurately predict the extent of the 

ecological impacts of invasive alien species. 

Keywords: ecological impact, temperature, invasive species, prey density, competition 
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5.1 Introduction  

Invasive alien species (IAS) are a global cause of concern due to their devastating impacts on 

biodiversity, ranging from decline and displacement to extinction of native biota (Madzivanzira 

et al., 2021). As the number of IAS and their spread continues to increase worldwide, 

understanding the mechanisms driving successful biological invasions and the extent of their 

ecological impact is critically needed to develop effective management and control strategies 

for IAS and prevent future invasions (Carvalho et al. 2021; Hsjung et al. 2021). For example, 

resource use and competition have been suggested to be among the main drivers of both 

invasive success and the ecological impacts caused by IAS establishment (Grimm et al. 2020). 

Several studies have shown that IAS are able to consume resources more rapidly and efficiently 

than native species, and this has been linked to stronger ecological impacts on local prey 

populations (Dick et al. 2014; Xu et al. 2016).  

Consequently, comparative analyses of the functional response (i.e., FR; the 

relationship between consumer uptake and prey density) between IAS and native species have 

been widely adopted as a tool to elucidate and foresee the ecological impacts of invaders (Dick 

et al. 2014, Paterson et al. 2015; Hsjung et al. 2021). Three types of FR describe this 

relationship: Type I, II and III (Holling, 1959; Hassel 1977). Type I FR is depicted by a linear 

increase of prey consumption with increasing prey density, while hyperbolic Type II FR is 

characterized by a decrease in resource consumption with increasing resource density until a 

plateau is reached. Finally, sigmoidal type III FR is characterized by an initial low increase in 

consumption at low food densities, followed by a decrease with increasing density due to 

predator satiation (Paterson et al. 2015; Dunn & Hovel, 2020). Thus, FR types might provide 

insights as to whether predators will stabilise or destabilise prey populations. For instance, type 

II FRs are likely associated with more severe impacts on prey populations while type III FRs 
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likely have a stabilising influence on predator-prey dynamics (Dunn & Hovel, 2020; Hsjung et 

al. 2021). 

 Recently, Cuthbert et al. (2019) proposed that comparative analysis of the functional 

response ratio (FRR) was a more reliable method to elucidate the drivers of invadersô ecological 

impacts than simply comparing the shape of FR curves between IAS and native analogues. The 

FRR is defined as the ratio between the FR parameters, attack rate and handling time (i.e., FRR 

= a/h), where attack rate (i.e., search efficiency) corresponds to the predatory impact at low 

food densities (initial slope of the FR curve) while handling time (i.e., time spent pursuing, 

attacking, killing, and digesting food) corresponds to the impact at high food densities (curve 

asymptote; Pervez & Omkar, 2005; Cuthbert et al. 2019; Carvalho et al. 2021). By incorporating 

these parameters into a single metric, the FRR is considered a more reliable and powerful 

predictive tool for estimating ecological impacts of predators in the wild, resolving the 

contradictory predictive patterns that instead may arise if FR parameters are considered 

separately (Cuthbert et al. 2019). Furthermore, higher FRR values are considered indicative of 

high ecologically damaging IAS (Cuthbert et al. 2019).  

Using these two approaches, several empirical studies have documented IAS displaying 

higher FR and FRR than their native counterparts, supporting the general hypothesis that IAS 

are more efficient consumers than comparative native species and predicting stronger 

ecological impacts by the IAS on local prey populations (Boets et al. 2019; Cuthbert et al. 2019; 

Otturi et al. 2020). However, there is also evidence that this is not always the case, and that this 

pattern is often context-dependent (e.g., Kelly et al. 2006; Paterson et al. 2015; Madzivanzira 

et al. 2021). Moreover, while some review articles on this topic exist (e.g., Dick et al. 2014, 

Médoc & Spataro, 2015; Cuthbert et al. 2019), no quantitative systematic comparison (i.e., 

meta-analysis) has been conducted, and previous reviews have predominantly focused on 

aquatic species such as fish and crustaceans. A quantitative analysis incorporating a broad range 
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of taxa and contexts (e.g., environmental conditions) is needed to provide robust insights into 

the mechanisms underlying predator-prey dynamics and to what extent invasive predators may 

impact invaded communities.  

Here, we used a meta-analysis to test the overarching hypothesis that IAS exploit food 

resources more efficiently than their native counterparts and to investigate competition between 

IAS and native species. Specifically, we evaluated 42 studies investigating divergence in 

consumption rates between IAS and native analogues. Moreover, we further evaluated 40 peer-

reviewed publications investigating differences in FR, from which we could derive FRR values. 

We addressed the following questions: 

1) Do native and invasive species differ in consumption rates and functional response ratio 

(FRR)?  

We predicted IAS and native species to significantly differ in feeding rates and FRR, with IAS 

exhibiting higher consumption rates and FRR values than their native counterparts. However, 

we expected variation in the magnitude and, potentially, also the direction of these differences 

across studies. 

2) Are these differences context-dependent and what factors influence these patterns? 

Our literature search revealed differences in food consumption and FRR between IAS and 

native species to be affected by several factors. However, we restricted our analyses to only 

those that were sufficiently replicated across studies. Specifically, we estimated the magnitude 

and direction of the effects of temperature and taxonomic group on differences in FRR, and the 

effects of these variables, food density and type of treatment (i.e., single individuals, presence 

of conspecifics and/or heterospecifics) on differences in feeding rates between invasive and 

native species. As temperature is considered one of the key drivers of successful biological 

invasions and the ecological impacts caused by them (Haubrock et al. 2020), we predicted 
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differences between IAS and native analogues in FRR and feeding efficiency to be significantly 

driven by temperature. Similarly, because prey density is believed to play a critical role in IAS 

impacts (Dick et al. 2014), we also predicted that species divergence in food consumption 

would be significantly altered by prey density. Finally, we predicted that the magnitude of these 

differences would vary significantly between taxa and would be significantly affected by the 

presence of conspecific/heterospecific competitors.  

3) Does the degree of FRR increase with the level of impact of the species?  

For all the studies included in our meta-analysis that provided FRR estimates for IAS, we 

further investigated whether the worst invasive species according to the ñ100 of the Worldôs 

Worstò IUCN list were characterized by greater FRR values than IAS not belonging to this list 

(species are included in this list if they satisfy two criteria: (1) they have a serious impact on 

biological diversity and/or human activities and (2) they have the potential to illustrate 

important issues surrounding biological invasions; Global Invasive Species Database, 2022). 

Given the above criteria, we expected IAS on this list to exhibit higher FRR than IAS not on 

this list. 

5.2 Methods 

5.2.1 Literature search, study selection and effect size extraction 

We carried out a comprehensive literature search for studies published through March 2021 that 

investigated differences in consumption rates and functional response between native and 

invasive species. The literature search was performed using three electronic reference databases 

(i.e., the Core collection database within Web of Science, Google Scholar and Microsoft 

Academic) and several search terms (Appendix D: D1). Our initial search resulted in a total of 

57,047 studies. We then filtered these records by language (i.e., only studies published in 

English were retained) and removed those that were irrelevant (e.g., studies on other research 
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areas). Furthermore, additional literature was retrieved from two previous reviews on related 

topics (i.e., Dick et al. 2014; Cuthbert et al. 2019). A summary of the literature screening 

process is provided in Figure 5.1. 

Titles and abstracts of the remaining studies were screened using the R package 

metagear (Lajeunesse, 2016). A total of 349 studies included information that was potentially 

relevant and after removal of duplicates, 278 full-text articles were assessed for eligibility. 

Studies were included in the analyses if they satisfied one of the following criteria: (i) studies 

provided estimates of attack rate and handling time from which it was possible to calculate the 

functional response ratio (FRR); (ii) studies investigating differences in consumption rates 

between invasives and native counterparts provided sufficient statistical information (i.e., 

sample sizes, means and standard errors/standard deviations) for an effect size to be calculated. 

Furthermore, studies were excluded when consumption rates of native species and invasives 

were not comparable in a meaningful way [i.e., when divergence was examined between non-

trophically similar species and/or species originated from significantly different habitats (e.g., 

freshwater species vs saltwater species)]. The final databases resulted in 40 and 42 studies that 

satisfied the first and second criterion, respectively (see Appendix D: D2 and D3 for full 

reference lists). 



 
 

 

Figure 5.1. PRISMA diagram showing the literature screening and selection processes.  

  



 
 

To test the hypothesis that IAS are more efficient consumers than native counterparts, 

we investigated whether invasive and native species differ in their consumption rates as well as 

in functional response ratio (FRR = attack rate/handling time). For the analyses investigating 

divergence in consumption rates between native and invasive species, we used the standardised 

mean difference (Hedgesôg) as a measure of effect size. This effect size was chosen to correct 

for small sample sizes and because it is not affected by unequal sampling variance in paired 

groups (Koricheva et al. 2013). Negative values of Hedgesôg indicate that native species have 

higher consumption rates than IAS, while a positive sign indicates the opposite pattern. For this 

effect size to be calculated, each study had to report the mean, a measure of variation around 

this mean (SD or SE) and sample sizes. When this information was not available, we extracted 

these data from figures using the software WebPlotDigitizer vs 4.5 (Rohatgi, 2021) and 

OriginPro vs 2021 (OriginLab Corporation). If the data were not available from figures either, 

we directly contacted the authors, obtaining data for 9 studies (Alcaraz et al. 2008; Damas-

Moreira et al. 2020; Ericsson et al. 2020; Ünlü et al. 2020; Amaral et al. 2021; Bertleff et al. 

2021; Carvalho et al. 2021; Hsjung et al. 2021; Wing et al. 2021). We calculated Hedgesôg for 

each study using the ñescalcò function in the metafor R package (Viechtbauer 2010). In many 

cases, this resulted in multiple effect size estimates per study. This was, for example, due to 

predator consumption rates being reported for multiple prey densities and at different testing 

conditions. We therefore controlled for both within and between-study variability in all our 

analyses (see Section 5.2.3.1). Additional information on how we calculated Hedgesôg is given 

in Appendix D: D4. 

For the analyses investigating differences in FRR, we were unable to use effect sizes as 

not enough statistical information to calculate an effect size was provided in any of the studies. 

Furthermore, some studies provided estimates of attack rates and handling time resulting from 

predictions of the relationship between consumer intake and several prey densities. Therefore, 
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we extracted from each study the mean attack rate and handling time, from which we then 

calculated the FRR. We then used the FRR as the dependent variable for each of our analyses 

(see Section 5.2.3.2). Again, within and between-study variance was controlled for in these 

analyses. 

5.2.2 Moderators  

In many of the studies, consumption rates and FR parameters (i.e., attack rate and handling 

time) of IAS and native counterparts were reported in response to several experimental and 

environmental factors. While we recognize that multiple interacting factors can influence 

predator-prey dynamics in nature (e.g., Riesch et al. 2020), here we only examined the effects 

of four moderators that were sufficiently replicated across studies. Specifically, we chose 

temperature, food density, taxonomic group, and type of treatment (i.e., predators alone, with 

conspecifics, with heterospecifics). 

5.2.3 Statistical analyses  

All statistical analyses were performed in R x64 3.5.1 (R Development Core Team, 2019). 

5.2.3.1 Feeding analyses  

We first calculated the grand mean effect size (Hedgesô g) by running a multilevel random-

effects model using the ñrma-mvò function in the metafor package (Viechtbauer 2010), with 

study ID and effect size ID as random factors to account for multiple comparisons from the 

same study. The mean effect size was significantly different from 0 if its 95% confidence 

intervals did not overlap 0 (Borenstein et al., 2021).  

To test the potential effects of our chosen moderators on standardised divergence in 

consumption rates between native and invasive species, meta-regressions (i.e., mixed-effects 

models) were performed using the ñrma-mvò function. As different studies provided different 

moderators, we could not test the effects of all moderators together in the same model. 

https://onlinelibrary.wiley.com/doi/full/10.1002/ece3.7334#ece37334-bib-0053
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Nonetheless, because information on the taxonomic group was provided by each study, we 

included taxonomic group and the interaction of taxonomic group with every other moderator 

in all models. Specifically, we ran four separate models: one with taxonomic group (N = 42) as 

fixed factor, one with food density, taxonomic group, and their interaction as fixed factors (i.e., 

for 38 studies), one with temperature, taxonomic group, and their interaction as fixed factors 

(N = 33) and finally one model with type of treatment, taxonomic group, and their interaction 

as fixed factors (N = 5). In all models, we included effect size as the dependent variable as well 

as study ID and effect size ID as random effects. Furthermore, we assessed statistical 

heterogeneity for each model using residual heterogeneity tests (QE) and statistical significance 

of each moderator via Omnibus tests (QM). 

We investigated the presence of publication bias using different methods. First, 

asymmetry in publication was examined through visualisation of funnel plots that plot effect 

size against standard error. Second, we used the trim and fill method (Duval, 2005; Shi & Lin, 

2019) to estimate the number of missing studies (i.e., unpublished studies) on one side of this 

plot. Third, we ran Eggersôs regression on the meta-analytic residuals of effect sizes and their 

sampling errors following Nakagawa & Santos (2012) and Vega-Trejo et al. (2022). 

Specifically, meta-analytic residuals were derived from the null model with study ID and effect 

size ID as random effects. Finally, we tested whether the year of publication could have 

determined publication bias by conducting a mixed-effect model with study ID and effect size 

ID as random effects and year as moderator. All analyses were computed using the metafor 

package except for meta-analytic residuals, which were calculated using the 

MCMCglmm package (v2.33; Hadfield, 2010). 

Most of our database was composed of laboratory studies (88.09%) with a small fraction 

consisting of field studies (4.76%), mesocosm studies (4.76%) and a single study conducted 

both in the lab and in the field (2.38%). Because of this, we also undertook sensitivity analyses 

https://onlinelibrary.wiley.com/doi/full/10.1111/ele.13961#ele13961-bib-0065
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to investigate the consistency of our findings when only laboratory studies were included in the 

analyses. 

5.2.3.2 Functional response analyses  

We first investigated whether invasives differ from their native analogues in FRR by running a 

linear mixed-effects (LME) model with FRR as the dependent variable, type of species (i.e., 

invasive or native) as fixed factor, and to control for within-study variance, with study ID and 

FRR ID as random effects. Then, we evaluated the potential influence of moderators on IAS-

native species differences in FRR by running two separate LME models: one with taxonomic 

group (N = 40) as fixed factor and one with temperature, taxonomic group and their interaction 

as fixed factors (N = 38). Both models were also fitted with study ID and FRR ID as random 

components.  

Finally, we investigated whether the degree of FRR of invaders was dependent on the 

level of their ecological impact by computing an LME model with FRR as the dependent 

variable (FRR of only invasive species), presence/absence in the ñ100 of the Worldôs Worstò 

list established by IUCN (Global Invasive Species Database, 2022) as fixed factor and study ID 

and FRR ID as random effects (N = 40). Our dataset consisted of 8 IAS belonging to this list 

and 23 IAS not on this list, therefore, we further generated random permutations of 8 species 

not on the list and rerun our analyses to test robustness of our results. All models were fitted 

using the Lme4 package (v1.1-29; Bates et al. 2015) and model validation was checked using 

the LMERConvenienceFunctions package (v3.0; Tremblay & Ransijn, 2020). 

Laboratory studies constituted 95% of the FRR estimates while only 5% of dataset 

composed of field (2.5%) and mesocosm studies (2.5%). Sensitivity analyses were again carried 

out to evaluate the influence of experimental setup on our findings by removing field and 

mesocosm studies and repeating the analyses. 
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5.3 Results 

5.3.1 Feeding analyses 

5.3.1.1 Dataset description  

We obtained a total of 489 effect sizes investigating differences in consumption rates between 

invasive and native species from 42 studies that satisfied our criteria. These studies have been 

published since the 2000s but 61.9% of the studies were published between 2015 and March 

2021 (Appendix D: D2). Moreover, our dataset comprised a wide range of taxa (i.e., 

Actinopterygii, Mollusca, Insecta, Arachnida, Reptilia and Crustacea), even though most 

studies focused on Actinopterygii and Crustacea (15 and 14 studies, respectively).  

5.3.1.2 IAS are more efficient consumers than their native counterparts 

The grand mean effect size was positive, moderate in size and significant [0.594 (0.279; 0.909), 

z = 3.694, k = 489, p <0.001] indicating that IAS had significantly higher consumption rates 

than their native counterparts (Figure 5.2). Sensitivity analysis showed that when including only 

laboratory studies, this pattern was not significantly altered [0.645 (0.300; 0.990), z = 3.664, k 

= 468, p <0.001].
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Figure 5.2. Forest plot with aggregated Hedgesô g effect sizes for each study grouped by the 

taxonomic group [Actinopterygii (blue), Arachnida (grey), Crustacea (red), Insecta (green), 

Mollusca (purple), Reptilia (gold)], and estimated overall effect size. Positive values indicate 

higher consumption rates for invasive species while negative values indicate the opposite 

pattern. Note that within-study variability was controlled for in the analyses by coding ñEffect 

size IDò as a random factor instead of aggregating effect sizes. * indicates studies where non-

animal prey were used and # indicates studies with omnivorous invasive predators capable of 

filter feeding.  



 
 

5.3.1.3 Effect of prey density on IAS-native species divergence in consumption rates  

Our analyses revealed a significant effect of prey density (QM = 4.512, d.f = 1, p = 0.034) and 

of the óprey density × taxonomic groupô interaction on IAS-native species differences in 

consumption rates (QM = 38.346, d.f = 5, p = <0.001). Specifically, we found a positive linear 

increase in Hedgesôg with increasing prey density (i.e., IAS outcompete natives for food more 

strongly at higher densities; Figure 5.3a). However, on the taxon-level, this pattern was only 

observed in Actinopterygii and Crustacea (Figure 5.3b). In Mollusca, the relationship was also 

positive, but natives exploited more food resources than IAS at low food densities and this 

difference got smaller with increasing food densities. For Reptilia, Insecta and Arachnida, on 

the other hand, the relationship was negative. Thus, IAS tended to exploit more food than native 

species at low food densities, but native species exploited more food resources than IAS at high 

food densities (Figure 5.3b). We found non-significant effects of taxonomic group, type of 

treatment and temperature, albeit there was a trend for a temperature effect (Appendix D: Figure 

D.1, Table D.1). Significant residual heterogeneity was identified in all our analyses, suggesting 

that other moderators may have influenced these patterns. Nonetheless, the reliability and 

robustness of these findings were confirmed by sensitivity analyses (Appendix D: Table D.1). 

 



 
 

 

Figure 5.3. Bubble plots showing (a) the overall relationship between prey density and effect 

size (Hedgesôg) and (b) this relationship within taxa. Linear meta-regressions are shown as 

black solid lines and grey shadings indicate the 95% confidence intervals. Individual bubbles 

illustrate effect sizes weighted by their precision (i.e., inverse of sampling variance). Positive 

values of Hedgesô g indicate that invasive species had higher consumption rates than natives 

while negative values indicate the opposite pattern. Note that effect sizes were not aggregated 

per study. 
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5.3.1.4 Publication bias  

The results of Eggerôs regression on the meta-analytic residuals suggested the presence of 

publication bias in our data (b0 = -0.039; 95%CI = -0.192,0.115; t = 3.261, p = 0.001). However, 

visual inspection of the funnel plot revealed no degree of asymmetry (Appendix D: Figure D.2) 

and the trim and fill analysis indicated that our meta-analysis had no missing studies. 

Furthermore, we did not find a significant relationship between year of publication and effect 

sizes (QM = 8.617, d.f. =16, p = 0.928; Appendix D: Figure D.3). 

5.3.2 Functional response analyses 

5.3.2.1 Dataset description  

The final dataset included 40 studies investigating differences in FR between IAS and native 

analogues, from which we derived 212 FRR estimates. This dataset included studies published 

from 2011 up to March 2021. Furthermore, it included species from five taxa (i.e., Crustacea, 

Actinopterygii, Insecta, Mollusca and Arachnida), although it was mostly composed of studies 

on Crustacea and Actinopterygii (Appendix D: D3).  

5.3.2.2 Invasive and native species do not differ in FRR 

Our analysis revealed a non-significant difference in FRR between native and invasive species, 

although the observed pattern showed the expected direction with greater FRR in IAS compared 

to native species (ɓ = -105.69, SE = 57.75, t191.06 = -1.830, p =0.069, ɖ2 = 0.02; Figure 5.4). 

Furthermore, this lack of effect was supported by sensitivity analysis (i.e., when removing field 

and mesocosm studies from the analyses; ɓ = -110.35, SE = 61.47, t178.77 = -1.795, p =0.074, ɖ2 

= 0.02).  
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Figure 5.4. Violin plots showing the distribution of the functional response ratio (FRR) in 

invasive and native species. Violin plots depict medians and interquartile ranges.  
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5.3.2.3 No effects of temperature and taxonomic group on species differences in FRR 

We did not find significant effects of temperature, taxonomic group or their interaction on 

differences in FRR between IAS and native analogues. These findings were confirmed by 

sensitivity analysis (Appendix D: Table D.2). 

5.3.2.4 Invadersô FRR does not vary with the level of their ecological impact 

We did not find evidence that the worst IAS according to the IUCN list have significantly higher 

FRR than IAS with less ecological impact (ɓ = 196.79, SE = 152.67, t83.38 = 1.289, p =0.201, ɖ2 

= 0.02). This pattern was also confirmed when running sensitivity analysis (ɓ = 265.29, SE = 

168.61, t81.89 = 1.573, p =0.119, ɖ2 =0.03). Moreover, the same patterns were observed when 

running our analyses between an equal number of IAS belonging to this list and not on the list 

(across all type of studies: ɓ = 223.03, SE = 182.90, t31.13 = 1.219, p =0.232; using only 

laboratory studies: ɓ = 300.5, SE = 201.3, t28.6 = 1.493, p =0.146). 

5.4 Discussion 

Our meta-analysis provides strong evidence that IAS have significantly higher consumption 

rates than their native counterparts, while the pattern for higher FRR in IAS was not significant. 

Our analyses also revealed that the difference in consumption rates between IAS and native 

species was density dependent, but that the nature of this relationship differed between taxa. 

We did not find significant effects of any of the other moderators. Our results indicate that high 

predatory efficiency may be a key determinant of ecological damage by IAS, but also indicate 

that several metrics have to be used to accurately predict the extent of IAS impacts on local 

populations.  

Do IAS and native species differ in consumption rates and FRR? IAS are thought to 

have the capacity to exploit more resources, and to exploit resources more efficiently, than 

native analogues, resulting in stronger ecological impacts on native prey populations (Médoc 
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et al. 2018; DeRoy et al. 2022). Indeed, IAS had significantly higher feeding rates than their 

native counterparts, indicating that, due to their greater resource exploitation, IAS are more 

likely than native species to cause declines of local prey populations. For instance, a meta-

analysis by Paolucci et al. (2013) compared the effects of invasive and native consumers on 

local prey abundance (biomass or numerical density; e.g., foliage damage, numerical presence 

in the habitat and number of predated prey) in terrestrial and aquatic systems, and found that 

invasive consumers had a stronger negative impact on local prey populations than native 

consumers. Such higher food consumption may also indirectly impact on the native competitors 

of IAS, which could be displaced or could suffer population declines and even occasionally 

local extinction once their food sources become too scarce (Médoc et al. 2018).  

Contrary to our prediction and the findings of a previous review by Cuthbert et al. 

(2019), however, we only found a non-significant trend for higher FRR in IAS. This indicates 

that a higher food exploitation and competitive advantage is not always linked to a superior 

feeding efficiency (i.e., higher attack rates and/or lower handling times). It may instead be 

attributable to several other factors, including IAS displaying higher aggression (Polo-Cavia et 

al., 2011; as I observed in Chapter 6 when investigating food competition between invasive 

mosquitofish and native killifish) and being bolder than native analogues (Damas-Moreira et 

al., 2020; Ericsson et al., 2021), differences between IAS and natives in foraging strategies 

(e.g., ambush vs active; Metzger et al., 2011), body sizes and prey type (Chucholl & Chucholl, 

2021). For instance, although IAS may often have a more generalist feeding behaviour than 

natives, if they compete for a prey resource that the native is more specialised on, this may 

result in their initial competitive disadvantage. Our results, therefore, highlight the need to use 

FRR together with other metrics [e.g., consumption data and the Relative Impact Potential (RIP) 

that combines FR and consumer local field abundance; Dick et al. 2017) to have realistic 

insights of IAS field-ecological impacts and how competition between IAS and native species 
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plays out. Furthermore, several reasons may explain why our results contrast those reported by 

Cuthbert et al. (2019), such as the use of a larger number of studies (i.e., 40 instead of 17), 

several of which were published since publication of Cuthbert et al. (2019). Moreover, when a 

study examined divergence between several native and invasive species, we calculated FRR for 

each possible native-invasive comparison rather than using one mean FRR estimate across all 

native and invasive species used in that study. Our dataset was also characterized by high levels 

of heterogeneity, with some studies reporting higher consumption rates and FRR of native 

compared to invasive species (e.g., Amaral et al. 2021; Hoxha et al. 2019) and others reporting 

opposite patterns (e.g., Wing et al. 2021; Naddalfi & Rudstam, 2014). Therefore, the 

competitive outcome between IAS and native species are clearly species- and context-

dependent. Careful examination of the studies with negative effect sizes (i.e., studies where 

native predators consumed more prey than invaders), however, did not reveal any common 

characteristics that would help explain this variation.  

Prey density is thought to play an important role in IAS-native species interactions (Dick 

et al. 2014). Congruently, we uncovered a significant effect of prey density on species 

differences in food consumption, but the nature of the relationship between prey density and 

food consumption was taxon-specific. These findings were confirmed when restricting our 

analyses to only those studies that investigated species divergence at different density levels 

(i.e., 1 field, 1 mesocosm and 20 laboratory studies; Appendix D: Tables D.3). Our study, 

therefore, confirms that prey density is a key determinant of the competitive outcome between 

IAS and native species. As many of the studies included in our meta-analysis lacked a 

justification for the type of prey chosen, observed patterns for invasive Actinopterygii and 

Crustacea (i.e., IAS outcompeting native species for food more strongly at higher food 

densities) may be driven by the fact that invaders and natives had to compete often for a food 

resource they were not previously exposed to and that, despite invaders often having a more 
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opportunistic feeding behaviour, they also needed time to recognize and hunt unfamiliar prey 

(Bickerton et al., 2018). Moreover, even if individual studies often tried to size-match invaders 

and natives, IAS and native species could have differed in gape size and food digestion 

efficiency. For instance, a longer digestion time may have caused IAS to become sated faster 

than natives and explain why they outcompeted natives more strongly at lower food densities 

in Reptilia, Insecta and Arachnida. Nonetheless, the nature of our data did not allow us to verify 

this and given the low number of studies that investigated prey density effects on IAS-natives 

species differences in these taxonomic groups and Mollusca (i.e., only 1 study on Reptilia, 

Mollusca and Arachnida and 2 studies on Insecta], we call for future studies to determine 

whether these findings were species-specific rather than taxonomic group-specific. 

Furthermore, as many of the studies included in our meta-analysis examined competitive 

interactions between IAS and native species over very short time scales (< 1 hour) via non-prey 

replacement experiments and using single prey species, further work over longer time periods 

and using multiple prey species is needed to see if our findings extrapolate to natural conditions. 

Several of our moderators did not yield significant effects, which was often also contrary 

to our predictions. For example, temperature is considered a key factor regulating invasive-

native interactions due to its influence on feeding, metabolism, and growth (Haubrock et al. 

2020), but we found no temperature effect on IAS-native species differences in food 

consumption and FRR. Even when we restricted our analyses to only those studies that 

evaluated these differences at several temperature levels (i.e., 3 studies examining differences 

in FRR and 3 studies examining divergence in consumption rates), we found no significant 

effect of temperature. It is plausible that differences between studies in factors not controlled 

for in our analyses (such as habitat/laboratory characteristics or species-specific thermal 

optima) could have masked responses to temperature; in particular, if studies were carried out 

at respective optimal temperatures.  However, a significant temperature effect on species 
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difference in FRR was found when performing sensitivity analysis (i.e., when removing a 

mesocosm study from the analysis; Appendix D: Table D.4). This suggests that, for a given 

system, temperature might indeed be an important factor that could compound the negative 

impact of IAS on native species. We call on future studies that specifically manipulate 

temperature to better resolve the role of temperature on the competitive interactions between 

IAS and native species. 

We also did not detect significant effects of conspecific/heterospecific presence or 

taxonomic group on differences in consumption rates and FRR. While these results may suggest 

neither factor to be a strong determinant of IAS impacts, we need to highlight the low sample 

size for these analyses. For instance, we could only draw on 5 studies to test for effects 

conspecific/heterospecific presence, with Rehage et al. (2005) providing 42.1% of the total data. 

Moreover, Actinopterygii and Crustacea were over-represented in our data, hence there is the 

need of more studies on other taxonomic groups (particularly Mollusca, Arachnida and Reptilia, 

but also taxonomic groups not represented in our meta-analysis, such as Amphibia, Aves or 

Mammalia).  

IAS included in the 100 of the Worldôs Worstò IUCN list were not characterized by 

higher FRR than IAS not on this list. This finding suggests that the ecological impact of the 

ñworst invadersò may not be due to higher feeding efficiency compared to IAS not listed, but 

may potentially be due to other differences such as higher phenotypic plasticity or a more 

generalist habitat use (Kovalenko et al., 2021). Hence, FRR by itself may not be a valuable 

predictor of the extent of IAS impacts.  

Finally, we did not have access to several dissertations and unpublished studies, had to 

limit our meta-analysis to those we could derive effect sizes from and also ignored non-English 

studies. Heterogeneity in our data was high and significant heterogeneity remained unexplained 
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even in the presence of our moderators, suggesting that other ecological factors that were not 

accounted for could have contributed to the observed patterns. In fact, studies often included 

additional environmental variables (e.g., salinity or pH) and other characteristics (e.g., 

personality traits or the presence/absence of parasites) that, unfortunately, were not sufficiently 

replicated across studies to be included as moderators here.  

In conclusion, our meta-analysis demonstrated that the competitive superiority of IAS 

over native species and ecological damage they exert can often be driven by a capacity to exploit 

food resources more efficiently than native counterparts. Our findings highlight context-

dependency of predator-prey interactions and competitive interactions between IAS and native 

biota for food resources. Furthermore, our meta-analysis shows that predictions of IAS 

ecological impacts based only on the degree of divergence in FRR between IAS and native 

species may not be accurate, but this metric should be combined with other methodologies (such 

as analyses of feeding rates). This is essential to have more reliable predictions of IAS impacts 

on native populations and inform correct management and conservation actions to preserve 

native biota. 
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Abstract 

While resource competition is considered a key driver of successful biological invasions, the 

outcome of competition between invasive and native species is often context dependent. 

Investigating the influence of abiotic factors (such as salinity) on competitive interactions 

between native and invasive species is therefore vital to better understand speciesô invasiveness 

and distribution patterns. Here, we investigated if competition between invasive mosquitofish 

(Gambusia holbrooki) and native killifish (Aphanius fasciatus) across different salinities could 

help explain the invasion success of mosquitofish in Europe. We sampled multiple populations 

of both species in Sardinia, Italy, and evaluated functional response (i.e., prey density-consumer 

uptake relationship, FR) under different salinities and differences in FR between and within 

species, and between sexes. We further evaluated aggressive interactions between the species 

during direct food competition trials. No sex-specific effects were discovered for either FR or 

aggressiveness. Killifish had higher FR than mosquitofish, but FR was also salinity- and 

population-dependent. During direct competition trials, mosquitofish were less voracious, but 

much more aggressive, than killifish. Aggression was again population-specific and 

mosquitofish aggressiveness significantly decreased at higher salinity. Our results indicate that 

aggressiveness, but not higher FR, facilitates successful invasions of mosquitofish by enhancing 

their ability to outcompete and displace native species from freshwater and oligosaline waters. 

Our results also demonstrate that a focus on functional response alone will fail to elucidate the 

drivers of invasion success, and thus, how invasive species impact ecosystems. 

Keywords: aggressive behaviour, functional response, invasive freshwater fish, mosquitofish, 

Poeciliidae 
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6.1 Introduction  

Biological invasions are considered among the main contributors to biodiversity loss in aquatic 

ecosystems (Ricciardi & MacIsaac, 2010, Hsjung et al. 2021). Invasive alien species (IAS) have 

wide-ranging ecological impacts on native communities, ranging from displacement and 

decline to local extinctions. These are often caused by predation and competition for resources, 

with the outcome of these processes being mediated by a range of biotic and abiotic factors, 

such as salinity and temperature (Alcaraz et al. 2008, Carmona Catot et al. 2013, Hsjung et al. 

2021). In order to prevent future invasions and design effective management strategies for 

invasive aquatic species, determining the drivers of successful invasions and their impacts on 

native communities is vital (Hsjung et al. 2021).   

Comparative analyses of functional response (FR; i.e., the relationship between predator 

uptake and prey density) between IAS and their native counterparts have been widely adopted 

to investigate and predict the invadersô ecological impacts (Paterson et al. 2015; Dick et al. 

2017). Divergence in the magnitude of FR between invader and native may forecast differences 

between IAS and native species in predatory impacts on local prey populations. Specifically, 

information on whether IAS and natives are likely to have destabilizing or stabilizing effects 

on prey dynamics is derived by the shape of FR curves. Three types of FR have been proposed 

by Holling (1959). Type I describes a positive linear relationship between consumption rate and 

prey density. Type II is the result of consumption rate being limited by prey handling time, and 

is described by a hyperbolic curve with a decrease in prey consumption with increasing prey 

density until a plateau is reached. Lastly, Type III FR is characterized by a sigmoidal curve with 

a low increase in consumption rate at low prey densities, a mid-density peak, and then a decline 

in prey consumption due to predator satiation (Paterson et al. 2015; Dunn & Hovel, 2020). 

Thus, type II FRs likely have destabilizing effects on predator-prey dynamics because most of 

the prey at low densities under the saturation threshold are eaten, while type III FRs likely have 
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stabilising effects due to prey surviving at low densities potentially because of prey switching 

(Dunn & Hovel, 2020). Furthermore, comparisons between FR parameters (i.e., attack rate and 

handling times) can provide important insights into invadersô efficiency at different food 

densities (Carvalho et al. 2020). Experimental studies on a variety of taxa have documented 

IAS to display higher FR than native species [i.e., FR curves rising more steeply (due to higher 

attack rates) and/or reaching higher asymptotes (as a result of shorter handling times and 

consequently higher maximum feeding rates); Dick et al. 2014; Paterson et al. 2015; Mofu et 

al. 2018; Tsang & Dudgeon, 2021]. Furthermore, comparative FR analyses can be used to assess 

context-dependencies of invadersô impact (Dick et al. 2014; Paterson et al. 2015).  

Eastern mosquitofish (Gambusia holbrooki) are native to North America and are one of 

the most widely distributed and ecologically damaging IAS (Lowe et al. 2000). Ecological 

displacement of multiple Mediterranean fish species, such as the Mediterranean banded killifish 

(Aphanius fasciatus; hereafter killifish), has been linked to competition from mosquitofish 

(Alcaraz & García-Berthou, 2007; Alcaraz et al. 2008; Carmona-Catot et al. 2013). Like 

mosquitofish, killifish can tolerate extreme temperatures and salinities (Monti et al. 2021). 

However, due to replacement by mosquitofish, killifish have mostly disappeared from fresh and 

oligosaline waters and their distribution has been restricted to high-salinity habitats (Monti et 

al. 2021). Hence, salinity may limit the invasive success of mosquitofish and high salinity 

habitats may act as a refuge for killifish (Alcaraz et al. 2008; Monti et al. 2021). To date, only 

one study has examined salinity effects on food competition between mosquitofish and killifish 

and on their aggressiveness (Alcaraz et al. 2008), and this revealed mosquitofishô 

aggressiveness and food consumption rates to decrease as salinity increased. However, Alcaraz 

et al. (2008) limited their study to only females and only one population per species, so the 

extent to which these results can be extrapolated to invasive mosquitofish and killifish in 

general is still not known. 
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To address this, we sampled G. holbrooki and A. fasciatus from four and three distinct 

populations, respectively, in western Sardinia, Italy (Figure 6.1). Using a comparative FR 

approach, we addressed the following questions: (1) Do invasive mosquitofish and native 

killifish differ in FR, food competition and aggression, and are these differences influenced by 

salinity? (2) Are there sex- and population-specific differences in these patterns within species? 

Based on previous studies (Alcaraz & García-Berthou, 2007; Alcaraz et al. 2008; Carmona-

Catot et al. 2013; Dick et al. 2014; Monti et al. 2021) we predicted (i) mosquitofish to have 

higher FRs (i.e., steeper FR curves and/or with higher asymptote) than killifish, but to show a 

reduction in their feeding efficiency with increasing salinity; (ii) sex- and population-specific 

variation in feeding patterns to exist for both species (e.g., female mosquitofish are foraging-

time maximisers and are likely more voracious than males; Pilastro et al. 2003); (iii) killifish to 

show a higher salinity tolerance than mosquitofish and, consequently, to have a competitive 

advantage at high salinities; and (iv) mosquitofish to be more aggressive than killifish, with 

male mosquitofish being more aggressive than female mosquitofish, and with aggressiveness 

reduced at high salinities.  

6.2 Methods 

6.2.1 Fish sampling  

Fish were captured using dip nets (1-2 mm mesh size) between the 6th of September and the 

22nd of October 2021 in the central-western part of Sardinia, Italy. Adult specimens of G. 

holbrooki were collected from four populations (renamed G1, G2, G3 and G4) and adult A. 

fasciatus from three populations (renamed K1, K2 and K3; Figure 6.1, Appendix E: Table E.1); 

with logistical constraints preventing an even four vs. four population sampling scheme. We 

measured water temperature (°C) in situ using a Handy Polaris Probe (OxyGuard International 

A/S, Denmark) and salinity (ppt) via a Handy Salinity Probe (OxyGuard International A/S, 
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Denmark. Three to four measurements of each environmental variable were taken over 

consecutive days starting with the day of fish sampling.  

 

Figure 6.1. (a) Zoom-out and (b) zoom-in view of sampling sites of mosquitofish (G. holbrooki; 

i.e., G1-G4) and killifish ( A. fasciatus; i.e., K1-K3) in Sardinia, Italy; map generated using 

QGIS 3.2 (https://www.qgis.org/en/site/); (c) diagram showing experimental procedure. 

 

https://www.qgis.org/en/site/
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6.2.2 Housing and acclimation  

Immediately after collection, fish were transported to the IAS-CNR facility at Torregrande 

(Sardinia, Italy). Once at the laboratory, fish were sexed based on their sexual dimorphism (i.e., 

modified anal fin in Gambusia, Pyke, 2005; bar patterning in Aphanius, Cavraro et al., 2013). 

Specimens of each population were held under an artificial 9:15 h light-dark cycle photoperiod 

in mixed-sex groups in large well-oxygenated tanks of ~148 L (44.4 x 37 x 90 cm3) for a week. 

The tanks were provided with artificial vegetation and salinity levels resembled those of the 

respective natural habitats, except for killifish from K1, which were for logistical reasons held 

at ~36 ppt (relative to the >60 ppt measured at K1). Temperature was maintained at 25±0.7 °C 

and fish were daily fed ad libitum with commercial food flakes.  

After this initial acclimation period, mosquitofish from G1 and G2 and killifish  from 

K1 and K2 were acclimated to the two experimental salinities (15 and 30ppt, ±0.7 ppt). These 

salinity regimes were chosen because they are well within the natural range experienced by 

these two species (Pyke 2005, Bertoli et al. 2020; Appendix E: Table E.1). This protocol was 

not applied to all populations concurrently, but was done in two blocks. Block 1 consisted of 

mosquitofish from G1 and killifish from K1, while Block 2 consisted of mosquitofish from G2 

and killifish from K2 and was run after Block 1 had been completed. The protocol was initially 

done in the holding tanks described above and it consisted of the gradual adjustment of salinity 

until the experimental conditions were reached (see details below). 

Once these were obtained, fish were transferred into four independent indoor 

recirculating systems consisting of three 40 L tanks (26 x 30.7 x 50.5 cm) for each species at 

each salinity, and 24 fish (i.e., 12 females and 12 males).  Fish were maintained here for two 

weeks before behavioural trials. Water temperature in the systems was again kept at 25±0.7°C 

and both salinity and water temperature were regularly checked using a Handy Salinity Probe 

(OxyGuard International A/S, Denmark). To maintain water quality in the tanks, a 30 % water 
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change was performed every week. Furthermore, fish were fed daily with ad libitum 

commercial food flakes. 

During the initial acclimation period to laboratory settings, baseline feeding trials were 

performed for each species and all seven populations. Specifically, 12 randomly chosen females 

and males of mosquitofish and killifish per population were tested at the same salinity as their 

holding tanks. These fish were removed from the experimental setup afterwards and were not 

reused in any other part of the experiment. Following acclimation to the desired experimental 

salinities (i.e., 15 and 30ppt), we also investigated how salinity influenced food exploitation 

and competition in mosquitofish populations G1 and G2 and killifish populations K1 and K2 

(See section 6.2.3 for more details). 

- Block 1:  mosquitofish population G1 and killifish population K1 

Mosquitofish from G1 and killifish from K1 were sampled in habitats with different salinities 

(Appendix E: Table E.1). For these populations, the salinity adaptation protocol consisted of 

increasing or decreasing salinity by 15ppt each day until the two desired experimental salinities 

were reached in the speciesô housing tanks (i.e., salinity increase and decrease for mosquitofish 

and killifish, respectively). This protocol was chosen because both species can withstand 

significant spatial-temporal fluctuations in salinity (Pyke 2005, Bertoli et al. 2020). Once the 

two desired salinities were obtained, fish were transferred into the acclimation tanks described 

above. We observed less than 5% fish mortality in all tanks, except for mosquitofish at 30ppt, 

for which we recorded 90% mortality after just 30 minutes from fish transfer into the tanks. 

Therefore, mosquitofish at this salinity treatment were excluded from subsequent analyses.  

- Block 2: mosquitofish population G2 and killifish population K2  

Mosquitofish from G2 and killifish from K2 were also caught in habitats with different salinities 

(Appendix E: Table E.1). As a result of the high mortality of mosquitofish from G1 at 30ppt, 
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we slightly modified the salinity acclimation protocol for fish from these populations. The new 

protocol consisted of gradually increasing or decreasing salinity by 5 ppt every two days until 

the experimental salinities were reached. Once obtained, fish were transferred into the 12 

aquaria as described above. Killifishô mortality in the tanks was ~14% whereas mosquitofish 

mortality was less than 5%. 

6.2.3 Experimental procedure  

All behavioural experiments were conducted in 2.8 L tanks (18 x 13.5 x 11.5 cm3, filled to a 

depth of 5.4 cm). The tanks were covered with opaque white plastic on all sides to minimise 

disturbance and prevent experimental subjects from seeing each other, and lighting was kept as 

uniform as possible. Water temperature was maintained at 25.0±0.7°C (i.e., as in the housing 

and acclimation tanks). This, together with a full water change after every trial, was done to 

avoid any potential confounding effects of temperature and chemical cues on fish behaviour. 

Both females and males were used in this study. Fish were starved for 24 hrs before 

observations to standardise hunger levels. After testing, fish standard length (SL), total length 

(TL) and mass (g) were measured. Fish were only tested once and after experiments, all killifish 

were released back into the wild (i.e., into their population of origin) while mosquitofish were 

killed by percussive stunning in accordance with local guidelines (Art. 2, paragraph b of 

Legislative Decree No. 26 of 04/03/2014), and preserved in 95% ethanol for future studies.  

6.2.3.1 Feeding experiments  

We investigated differences in food exploitation between and within species when kept at their 

natural salinity levels (baseline experiments, conducted for all populations) and when exposed 

to two salinity regimes (i.e., 15 and 30ppt for only mosquitofish populations G1/G2 and killifish 

populations K1/K2). During each trial, a randomly chosen fish of either sex was introduced into 

the experimental tank and given a 5-minute acclimation period, during which the fish could 

swim freely and explore the tank. Then, the fish was presented with dead Daphnia spp 
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(manually extracted from Tetra FreshDelica Daphnia natural gel) at one of four prey densities 

(5, 10, 20 and 40). Daphnia are common prey of mosquitofish (e.g., Pirroni et al. 2021) and we 

observed in pilot trials that killifish also readily accepted them. Food densities were also chosen 

based on previous literature (e.g., Tsang & Dudgeon, 2021) and our pilot studies. After one 

hour, the fish was removed from the tank and the number of prey eaten was counted. We 

performed three replicates (sessions with different fish) for each food density, except for 

kil lifish from K2 at 15ppt for which, given a higher mortality recorded in the acclimation tanks, 

we were not able to test female and male feeding behaviour at 5 Daphnia. We performed a total 

of 168 baseline feeding experiments, a total of 96 trials at 30ppt and a total of 90 trials at 15ppt. 

No mortality was observed during or after these trials. 

6.2.3.2 Competition experiments  

We investigated the influence of salinity (i.e., 15 and 30ppt) on the competitive interactions 

between invasive mosquitofish and native killifish, and whether the effects of this varied 

between the sexes. Specifically, we examined food competition between mosquitofish from G1 

and killifish from K1, and mosquitofish from G2 and killifish from K2. Observations began 

when one mosquitofish and one killifish of the same sex and similar size (Appendix E: Table 

E.2) were randomly chosen and transferred into the experimental tank. The fish were given 5 

minutes of acclimation during which they could swim freely and interact with each other. The 

pair was then presented with dead Daphnia spp. at one of the four densities (5, 10, 20 and 40 

prey, i.e., 0.64, 1.28, 2.55 and 5.10 prey/L) and left to feed undisturbed for one hour. Prey were 

not replaced during experiments, and we performed three replicates for each food density, for 

a total of 192 trials. No mortality was observed during trials. All trials were recorded using a 

GoPro Hero9, mounted ca. 70 cm above the tank. Following Alcaraz et al. (2008), we recorded 

for each species the number of prey eaten, the time taken to eat the first prey item, what species 

fed first, the number of orientations (fish orienting itself and swimming towards the other fish), 



236 
 

nips (i.e., one fish biting another), chases (measured for the aggressor not the victim) and 

defensive acts (i.e., fish response to an attack by another).  

6.2.4 Statistical analyses  

All statistical analyses were performed using the software R x60 3.5.1 (R Development Core 

Team, 2019). 

6.2.4.1 Functional response analyses 

FR data were analysed using the frair package (Pritchard et al. 2017). We used a 

phenomenological approach and fitted logistic regressions with the proportion of prey eaten as 

a function of prey density to investigate whether this relationship in each population within 

each testing condition was described by a type I, type II or type III FR. A significant negative 

first order term indicates a type II FR, while type III FR is characterized by a significant positive 

first order term and a significant negative second order term (Juliano 2001). Type I FR were 

modelled using a linear fit, type II FR using maximum likelihood estimation with the random 

predator equation (Rogers, 1972; equation 1) as prey were not replaced after being consumed 

during trials, and type III FR using non-linear least squares regression following Hassel et al. 

(1977; equation 2): 

Equation 1:     Ne = N0(1īexp(a(NehīT))                                                                         

where Ne is the number of prey consumed, N0 is the initial prey density, a is the attack rate, h is 

the handling time and T is total time. Maximum feeding rates were calculated as 1/hT and The 

Lambert W function was used to fit the model to the data (Mofu et al. 2019). 

Equation 2:     Ne = N0{1 ī exp [(d + b N0) (h Ne ī T) / (1 + c N0)]}                              

where b, c and d are constants, Ne is the number of prey consumed, N0is the initial prey density, 

T is the total time.  
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In addition to this approach, the best-supported FR model (i.e., the model with a better fit to the 

data) was identified by comparing FR curves using Akaikeôs information criterion corrected for 

small sample sizes (AICc) (Pritchard et al. 2017), where models with ȹAICc values less than 7 

values apart between them cannot be discounted (Burnham et al. 2011). 

After model fitting, we calculated bias-corrected and accelerated 95% confidence 

intervals (CI) around the response curves via non-parametric bootstrapping, following Mofu et 

al. (2019). Then, we investigated differences in FR parameters (i.e., attack rates and handling 

times) within and between-species, within and between individual and competition trials, and 

between sexes using the delta difference method provided by the frair_compare function. This 

method can, however, only be used to compare FR parameters between models fitted with the 

same type of FR curve (Pritchard et al., 2017). Therefore, we further examined differences in 

feeding efficiency by observing overlaps of the 95% CI where a lack of overlap indicates 

significant differences in model parameters. Nonetheless, both methods are highly sensitive to 

data quantity and quality (Pritchard et al. 2017), and we have been unable to calculate FR 

differences between the sexes for killifish populations K1 at 15 and 30 ppt and K2 at 30ppt. 

6.2.4.2 Feeding patterns analyses 

A generalized linear model (GLM) with a quasi-Binomial family and logit-link function was 

performed to examine variation in the proportion of prey eaten. The model was initially fitted 

with the proportion of prey eaten as response variable and prey density, salinity as scaling 

factor, presence/absence of competitors, sex, species and ñpopulation-nested-within-speciesò 

as independent variables and log10-transformed fish SL as covariate. We then refined the model 

using quasi-AICc (qAICc)-based backward selection via the bbmle package (Bolker & Bolker, 

2017), which led to a final model with prey density, salinity, presence/absence of competitors 

and species as independent variables and log10-transformed SL as a covariate.  
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To investigate variation in the time taken to eat the first prey during competition trials, 

a non-parametric Coxôs proportional hazard model was fitted with the time taken to eat the first 

prey as the dependent variable and sex, species and ñpopulation-nested-within-speciesò as 

predictors. We again employed backward model selection procedure using AICc comparisons.  

Finally, chi-square tests were performed to assess variation in the proportion of trials in 

which the species were the first to capture Daphnia at 15 and 30 ppt. We included all but one 

trial in these analyses, including those where one of the species did not feed on prey. The sole 

excluded trial had neither species feed during the trial. 

6.2.4.3 Aggression patterns analyses  

Variation in the number of orientations, nips and chases were assessed via quasi-Poisson GLMs 

(because initial fit with Poisson family led to overdispersion), while variation in the number of 

defensive acts were examined with a negative binomial GLM. The models were initially fitted 

with the number of aggressive and defensive acts as the dependent variable, prey density, 

treatment (15 and 30 ppt), sex, species and ñpopulation-nested-within-speciesò as independent 

variables and log10-transformed fish SL as a covariate. To reduce overfitting risk, model 

refinement based on AICc or qAICc values was then computed, which resulted in different final 

models for each count variable (i.e., each model had treatment, species and population-nested-

within-species as predictors, with the addition of sex and SL in the ñorientation-modelò, SL in 

the ñnips-modelò, SL and prey density in the ñchases-modelò, and prey density in the ñdefensive 

acts modelò). 

6.3 Results  

6.3.1 Salinity-dependent within and between-species variation in FR 

Mosquitofish and killifish differed in FR, with mosquitofish showing overall lower FR (i.e., 

lower attack rates and/or longer handling times) than killifish (Table 6.1). Moreover, FR type 
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varied between populations of each species, within and between treatments (i.e., alone vs with 

a heterospecific) and was salinity dependent (Table 6.1, Figure 6.2, Appendix E: Figure E.1). 

For Gambusia, type I and II FRs were each found for four out of ten population-treatment 

combinations and type III for the remaining two population-treatment combinations. Type I FR 

was observed for five out of ten population-treatment combinations for Aphanius, while four 

showed type II and one type III FR (Table 6.1). Focusing on those with the same type of FR, 

we statistically compared attack rates and handling times.  
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Figure 6.2. Functional response (FR) curves with bootstrapped 95% CI for each population at 

each salinity treatment. Solid lines indicate FRs during feeding trials (i.e., alone trials), while 

dashed lines FRs of individuals in the presence of a heterospecific competitor. Columns 

represent treatments (baseline, 15 and 30 ppt) and rows populations (G1 = Gambusia 1, K1 = 

Aphanius 1, and so forth).
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Table 6.1. Functional response (FR) type for each population (considering both sexes) within each testing condition. FR parameters: attack rate 

(a), handling time (h) and maximum feeding rate (1/hT), first order and second-order terms with p-values from the logistic regressions of prey 

consumed against initial prey are provided. Grey rows represent competition trials.  

Population Treatment Presence of 

 competitors 

FR First order  

term 

p 
Second

order 

 term 

p a (95% BCa-CI)  h (95% BCa-CI)  1/hT 

Gambusia holbrooki 

          
G1 Baseline [0 ppt] no II  -0.081 <0.001 - - 3.233 [1.711-8.849] 0.043 [0.025-0.064] 23.256 

G1 15 ppt no I 0.646 0.293 - - 0.678 [0.508-0.815] - - 

G1 15 ppt yes I 0.264 <0.001 - - 0.236 [0.155-0.321] - - 

G2 Baseline [15 ppt] no II  -0.102 <0.001 - - 6.042 [3.327-535.599] 0.051 [0-0.077] 19.608 

G2 15 ppt no II  -0.055 <0.001 - - 2.859 [1.431-5.906] 0.025 [0.003-0.049] 40.000 

G2  15 ppt yes I 0.334 <0.001 - - 0.329 [0.245-0.465] - - 

G2 30 ppt no III  0.196 <0.001 -0.003 <0.001 - 0.027 [0-0.53] 37.037 

G2 30 ppt yes I 0.117 0.025 - - 0.098 [0.045-0.175] - - 

G3 Baseline [0 ppt] no II  -0.062 <0.001 - - 2.154 [1.051-4.259] 0.059 [0.019-0.089] 16.949 

G4 Baseline [20 ppt] no III  0.113 0.019 -0.002 0.039 - 0.016 [0-0.079] 62.500 

Aphanius fasciatus                     

K1 Baseline [35.5 ppt] no I 0.667 0.326 - - 0.502 [0.322-0.658] - - 

K1 15 ppt no I 1.013 0.002 - - 0.858 [0.781-0.924] - - 

K1 15 ppt yes I 0.653 <0.001 - - 0.660 [0.519-0.768] - - 
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Table 6.1. Continued. 

 

 

  

 

 

 

  

Population Treatment Presence of 

 competitors 

FR First order  

term 

p Second order 

 term 

p a (95% BCa-CI)  h (95% BCa-CI)  1/hT 

K1 30 ppt no I 0.664 0.022 - - 0.884 [0.793-0.939] - - 

K2 Baseline [33.15ppt] no II  -0.016 0.025 - - 0.787 [0.407-2.274] 0.031 [0-0.118] 32.258 

K2 15 ppt no III   0.500 0.011 -0.010 0.010 - 0.009 [0.002-0.028]  111.111 

K2 15 ppt yes II  -0.027 <0.001 - - 1.368 [0.866-2.521] 0.027 [0-0.065] 37.037 

K2 30 ppt no I 1.000 <0.001 - - 42.940 - - 

K2 30 ppt yes II  -0.064 <0.001 - - 3.079 [1.781-6.809] 0.029 [0.003-0.049] 34.483 

K3 Baseline [35.5 ppt] no II  -0.045 <0.001 - - 1.303[0.584-2.657] 0.048 [0-0.11] 20.833 



 
 

Comparisons of FR parameters between mosquitofish baselines showed that G2 had the 

highest and G3 the lowest attack rate, while G4 had the highest maximum feeding rate (1/hT) 

and lowest handling time (Table 6.1). However, we only found a significant difference in attack 

rates between G1 and G2 (Da = -2.810, SE = 1.240, z = -2.270, p = 0.023) and between G2 and 

G3 (Da = 3.888, SE = 1.207, z = 3.221, p = 0.001). Regarding killifish baselines, K3 exhibited 

the highest attack rates and K1 the lowest, while K2 exhibited the highest maximum feeding 

rate and lowest handling time (Table 6.1). Nonetheless, model parameters did not significantly 

differ between K2 and K3 (attack rate: Da = -0.516, SE = 0.265, z = -1.946, p = 0.056; handling 

time: Dh = -0.016, SE = 0.015, z = -1.111, p = 0.266; note that statistical comparisons were 

only possible when populations exhibited the same type of FR). 

Mosquitofish and killifish FR also varied in individual and competition trials. With 

respect to feeding trials, attack rates and handling times differed for some populations between 

salinity treatments (baselines vs 15 ppt vs 30 ppt; Table 6.1). For instance, mosquitofish from 

G2 exhibited a type II FR during both baseline and experimental trials at 15 ppt, with mean 

attack rate and handling time being significantly greater during baseline trials (attack rate: Da 

= 3.183, SE = 1.210, z = 2.630, p = 0.008; handling time: Dh = 0.025, SE = 0.005, z = 5.221, p 

< 0.001). In contrast, killifish from K1 showed a type I FR in each treatment although attack 

rates were significantly lower during baselines versus the 15 and 30 ppt trials (Baseline vs 15 

ppt: Da = -0.356, SE = 0.029, z = -12.368, p < 0.001; Baseline vs 30 ppt: Da = -0.382, SE = 

0.028, z = -13.664, p < 0.001), but not between 15 and 30 ppt (Da = -0.027, SE = 0.022, z = -

1.196, p = 0.232). Regarding the competition trials, attack rates were significantly greater for 

G2 at 15 ppt (Da = 0.231, SE = 0.026, z = 8.820, p < 0.001) and K2 at 30 ppt (Da = -1.711, SE 

= 0.479, z = -3.574, p < 0.001). 

Species FR parameters also differed between individual and competition trials. As a 

result of study design constraints (see Section 6.2.4.1), we calculated statistical differences in 
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FR parameters between these trials only for mosquitofish from G1 and killifish from K1, with 

these comparisons revealing a significant reduction in attack rate when in the presence of a 

heterospecific competitor (G1: Da = 0.442, SE = 0.030, z = 14.861, p < 0.001; K1: Da = 0.198, 

SE = 0.028, z = 7.129, p < 0.001). However, the lack of CI overlap around the curves also 

indicated a significant difference in feeding efficiency for mosquitofish from G2 between 

individual and competition treatments at both 15 and 30 ppt (Figure 6.2). Conversely, an 

overlap of CI at low prey densities for K2 at both salinities indicated a non-significant 

difference in killifish feeding efficiency between these trials (Figure 6.2).  

Finally, we found that mosquitofish from G1 had significantly lower attack rates than 

killifish from K1 at 15 ppt in direct competition trials (Da = -0.424, SE = 0.030, z = -14.159, p 

< 0.001; Figure 6.3a). Furthermore, visual comparisons indicated a non-significant difference 

in feeding efficiency between mosquitofish from G2 and killifish from K2 at 15 ppt 

(overlapping CI; Figure 6.3b) but a significant one at 30 ppt (non-overlapping CI; Figure 6.3c). 
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Figure 6.3. First column: functional response (FR) curves with bootstrapped 95% CI for (a) 

mosquitofish from G1 vs killifish from K1 at 15 ppt, (b) mosquitofish from G2 vs killifish from 

K2 at 15 ppt and (c) mosquitofish from G2 vs killifish from K2 at 30 ppt during competition 

trials. Solid and dashed lines indicate mosquitofish and killifish FR curves, respectively. Second 

and third column: (d-i) Type II FR curves of female and male mosquitofish from G2 at 15 ppt 

during feeding trials; (e-j) Type I FR curves for mosquitofish from G2 at 15ppt during 

competition trials; (f-k) Type II FR curves for mosquitofish from G3 baseline; (g-l) Type II FR 

curves for killifish from K2 at 30 ppt during competition trials and (h-m) Type II FR curves for 

killifish from K3 baseline. Solid and dotted lines indicate females and malesô FR curves, 

respectively.   

 

6.3.2 Sex-specific differences in FR 

Males and females differed in FR in three out of ten mosquitofish population-treatment 

combinations and in four out of ten killifish population-treatment combinations (Table 6.2, 

Appendix E: Tables E.3 and E.4). Moreover, we uncovered significant sex-specific differences 
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in FR parameters in three mosquitofish and two killifish populations, but their direction was 

population and testing-condition dependent (i.e., dependent on salinity level and on 

presence/absence of an heterospecific competitor; Table 6.2, Figure 6.3). For instance, a 

significant sex difference in attack rates was reported for mosquitofish from G2 at 15 ppt during 

both individual and competition trials (Table 6.2). During individual trials, females exhibited 

higher attack rates than males, but this pattern was reversed during competition trials (Figure 

6.3). Moreover, females had significantly longer handling times than males for mosquitofish 

from G3 and killifish from K3, while this pattern was nonsignificant for killifish from K2 at 30 

ppt (Table 6.2, Figure 6.3).  



 
 

Table 6.2. Comparisons of attack rates and handling times between sexes using the function ñfrair_compareò (Pritchard et al. 2017); significant p-

values in bold. 

Population Treatment 
Presence of FR Attack rates Handling times 

competitors Female Male Da SE z p  Dh SE z p  

Gambusia holbrooki 

  

                   

G1 Baseline [0 ppt] no II  II  1.109 0.907 1.223 0.221 0.012 0.008 1.494 0.135 

G1 15 ppt no I I 0.458 0.038 11.918 <0.001 - - - - 

G1 15 ppt yes II  I - - - - - - - - 

G2 Baseline [15 ppt] no II  II  -6.939 3.497 -1.984 0.047 -0.015 0.008 -1.94 0.052 

G2 15 ppt no II  II  14.636 6.662 2.197 0.028 0.023 0.007 3.040 0.002 

G2  15 ppt yes I I -0.142 0.044 -3.250 0.001 - - - - 

G2 30 ppt no III  II  - - - - - - -   

G2 30 ppt yes I I -0.044 0.028 -1.590 0.111 - - - - 

G3 Baseline [0 ppt] no II  II  -0.239 0.822 -0.291 0.771 0.043 0.0158 2.700 0.007 

G4 Baseline [20 ppt] no II  I - - - - - - - - 

Aphanius fasciatus                         

K1 Baseline [35.5 ppt] no I I -0.009 0.047 -0.190 0.8496 - - - - 

K1 15 ppt no I I - - - - - - - - 

K1 15 ppt yes I II  - - - - - - - - 

K1 30 ppt no I I - - - - - - - - 

K2 Baseline [33.15ppt] no II  I - - - - - - - - 
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Table 6.2. Continued. 

Population Treatment 
Presence of FR Attack rates Handling times 

competitors Female Male Da SE z p  Dh SE z p  

 

K2 15 ppt no III  I - - - - - - - - 

K2 15 ppt yes I II  - - - - - - - - 

K2 30 ppt no I I - - - - - - - - 

K2 30 ppt yes II  II  2.224 0.959 2.319 0.020 0.010 0.007 1.402 0.161 

K3 Baseline [35.5 ppt] no II  II  -1.674 0.542 -3.090 0.002 0.108 0.036 2.994 0.003 
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6.3.3 Salinity-dependent between-species variation in food consumption 

Mosquitofish and killifish significantly differed in the proportion of prey eaten, with 

mosquitofish consuming less (mosquitofish: 53.49 ± 38.23%, killifish: 71.14 ± 32.88%; GLM: 

X2 = 61.089, d.f. = 1, p < 0.001). The proportion of prey eaten was also significantly influenced 

by salinity (X2 = 67.0514, d.f. = 4, p < 0.001), decreasing with increasing salinity. This pattern 

was particularly true for mosquitofish from G1 and G2, while killifish from K2 exhibited 

similar levels of food consumption at 15 and 30 ppt and killifish from K1 consumed few prey 

at 35.5 ppt (baseline) but consumed more prey at 30 ppt than at 15 ppt (Figure 6.4). 

Heterospecific presence had a significant negative effect on food consumption of both species 

(X2 = 84.5124, d.f. = 1, p < 0.001), and food consumption significantly varied with prey density 

(X2 = 20.959, d.f. = 3, p < 0.001). Specifically, the lowest and highest food consumption was 

recorded when fish were presented with 40 and 20 Daphnia, respectively (40: 53.8 ± 33.9%, 

20: 66.8 ± 34.1%, Appendix E: Figure E.2). Conversely, we did not find a significant effect of 

SL (X2 = 3.1290, d.f. = 1, p = 0.077) nor significant differences between the sexes and 

populations of each species (p Ó 0.138 in both cases).  

Time taken to eat the first prey was not significantly different between the species 

(mosquitofish: 120.98 ± 94.53 seconds; killifish: 120.84 ± 95.50 seconds; Cox model: X2 = 0. 

051, d.f. = 1, p = 0.822) nor between populations of each species (X2 = 4.473, d.f. = 2, p = 

0.087). Similarly, no significant difference was found between the sexes, although males had a 

tendency to take longer to catch the first prey than females (X2 = 3.594, d.f. = 1, p = 0.056; 

Appendix E: Figure E.3).  

Finally, we found that Aphanius captured the first Daphnia more often at both 15 and 

30 ppt, however, this pattern was only significant at 30 ppt (15 ppt: X2 = 2.574, d.f. = 1, p = 

0.109; 30 ppt: X2 = 13.500, d.f. = 1, p < 0.001). 



250 
 

 

 

 

 

Figure 6.4. Proportion of prey eaten by mosquitofish (Gambusia holbrooki) and killifish 

(Aphanius fasciatus) populations (mosquitofish: G1-G4; killifish: K1-K3) during baseline trials 

and 15 and 30 ppt. 

 

6.3.4 Salinity-dependent within- and between-species variation in aggressiveness  

Mosquitofish were much more aggressive than killifish, resulting in severe injuries for killifish 

on multiple occasions. Specifically, mosquitofish performed significantly more nips than 
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killifish (Gambusia: 5.69±11.12, Aphanius: 3.82±5.19), and, while not significantly, also more 

orientations (Gambusia: 49.74±37.93, Aphanius: 35.66±22.33) and chases (Gambusia: 

10.19±27.11, Aphanius: 1.04±3.42; Table 6.3, Figure 6.5). Conversely, killifish performed 

significantly more defensive acts (Gambusia: 0.21±0.47, Aphanius: 0.99±3.11; Table 6.3, 

Figure 6.5). We also uncovered significant variation between mosquitofish populations in the 

number of orientations, nips and chases performed, with G2 exhibiting significantly more 

aggression than G1. A significant difference between killifish populations was instead recorded 

for the number of defensive acts, with K1 showing a significantly lower number of these acts 

compared to K2 (Table 6.3, Figure 6.5). 

Salinity significantly influenced aggression, with both species showing a decrease in 

aggression with increasing salinity, although this decrease was greater for mosquitofish (Table 

6.3, Figure 6.5). Moreover, while SL significantly influenced the number of orientations and 

prey density influenced interspecific aggressive interactions, the sexes did not differ (Table 

6.3). Specifically, larger fish performed significantly more orientations than smaller specimens 

and the highest number of chases and defensive acts were recorded at a density of 40 and 5 

Daphnia, respectively (Table 6.3; Appendix E: Figure E.4 and E.5). 
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Figure 6.5. Number of orientations, nips, chases, and defensive acts performed by mosquitofish 

(Gambusia holbrooki) from populations G1 and G2 and killifish (Aphanius fasciatus) from 

populations K1 and K2 during competition trials at 15 and 30 ppt. The name of the locations 

where each population was sampled from is provided in brackets. 



 
 

Table 6.3. Wald Chi-Square statistics for generalised linear models (GLMs) investigating the 

effects of treatment (i.e., 15 and 30 ppt), sex, SL, prey density, species and ópopulation[species]ô 

on the number of (a) orientations, (b) nips, (c) chases and (d) defensive acts performed by 

mosquitofish and killifish during competition trials. (a-c) GLMs with quasi-Poisson family; (d) 

Negative Binomial GLM. Significant p-values in bold. 

Variable ɢ2 df p 

a) Orientations       

Treatment 24.723 1 <0.001 

Sex 2.383 1 0.123 

SL 7.711 1 0.005 

Species 3.841 1 0.050 

Population[Species] 25.085 2 <0.001 

b) Nips       

Treatment 13.377 1 <0.001 

SL 2.364 1 0.124 

Species 4.616 1 0.032 

Population[Species] 15.515 2 <0.001 

c) Chases       

Treatment 10.508 1 0.001 

SL 1.462 1 0.226 

Density 9.630 3 0.022 

Species 0.399 1 0.527 

Population[Species] 8.734 2 0.013 

d) Defensive acts 
  

  

Treatment 22.929 1 <0.001 

Density 10.168 3 0.017 

Species 17.051 1 <0.001 

Population[Species] 22.945 2 <0.001 
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6.4 Discussion 

We used a comparative FR approach to investigate competition between invasive eastern 

mosquitofish and native killifish across different populations and salinities. We also evaluated 

interspecific aggressive interactions in direct food competition trials to understand the potential 

role of aggression in successful mosquitofish invasions. We found salinity- and population-

dependent differences in FR, voraciousness, and aggressiveness between the species, with 

mosquitofish being more aggressive and less voracious at higher salinity. Our results show that 

salinity mediates the outcome of competitive interactions between invasive mosquitofish and 

native killifish, potentially limiting mosquitofish invasiveness and influencing the extent of 

their impact on invaded ecosystems.  

In contrast to our prediction 1 and previous studies (e.g., Dick et al., 2013; Alexander 

et al., 2014), mosquitofish and killifish differed in FR, with mosquitofish showing lower FR 

(i.e., lower attack rates and/or longer handling times) than killifish. However, the overall 

patterns of FR were not uniform but population-specific, with both species exhibiting all three 

FR types, which suggest they can have both destabilising and stabilising effects on prey 

populations. This supports prediction 2 and indicates that the nature of mosquitofish and 

killifishô predatory impact can vary remarkably amongst different populations of these species 

potentially due to abiotic factors (e.g., environmental conditions and competitorsô presence) 

and time since invasion across different locations. Type I FRs have often been considered 

exclusive to filter-feeders (Jeschke et al. 2004) and rare in predatory fishes (Dunn & Hovel, 

2020); yet, we found this type of FR for several population-treatment combinations, 

predominantly for killifish. Our study, therefore, indicates that type I FRs may occur more often 

than previously documented. Alternatively, this could also be related to habitat complexity. For 

instance, Dunn & Hovel (2020) suggested that a type I FR in predatory fishes could be observed 

in areas with little habitat structure and under advantageous environmental conditions such as 
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calm waters. While most of our sites had ample habitat structure, almost all of them were 

stagnant or very slow-moving water bodies, including the killifish site K1, for which we found 

type I FR during baseline trials. However, following previously established protocols (Mofu et 

al. 2019; Dominguez Amela et al. 2021; Tsang & Dudgeon, 2021), our experiments were 

performed in tanks with no vegetation and using only single prey species, potentially facilitating 

the occurrence of type I FRs. Moreover, comparisons of Type I and Type II FR curves based 

on AICc confirmed Type I models to have a better fit but also revealed that Type II FR was 

within ȹAICc < 7 (Burnham et al. 2011), indicating that Type II FR could not be discounted as 

a possibility. This could be due to prey densities not having been high enough and/or the number 

of replicates per prey density having been too low (e.g., Mofu et al. 2019 reported a type II FR 

for G. affinis using 8 prey densities with 7 replicates per prey density). These features could 

also have prevented prey switching, which is typically associated with type III FR (Dick et al. 

2014, Mofu et al. 2019) and could help explain why we found type III FRs in only two out of 

ten and one out of ten of the total number of mosquitofish and killifish population-treatment 

combinations, respectively.  

Mounting evidence suggests that environmental factors such as salinity can drive 

successful biological invasions and moderate the ecological impacts of invaders on native 

communities (Dickey et al. 2020). For example, elevated salinity may increase energetic costs 

for osmoregulation in fish, causing reduced metabolism, which can impair physiological 

performance such as swimming speed, aggressiveness and activity levels (Alcaraz et al. 2008, 

Lopez, 2017, Christensen et al. 2018). These physiological costs can, in turn, affect fish 

foraging and competitive ability (Alcaraz et al. 2008, Lopez, 2017). Although G. holbrooki and 

A. fasciatus are both euryhaline species capable of tolerating high levels of salinity stress, they 

still incur salinity-associated metabolic costs that have substantial ecological effects (Alcaraz 

et al. 2008, Lopez, 2017). For instance, Alcaraz et al. (2008) reported a decrease in prey 
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consumption and aggressiveness of G. holbrooki towards native A. fasciatus with increasing 

salinity, whereas killifish performance was not significantly influenced by salinity, potentially 

due to their higher salinity tolerance. Conversely, experiments on the congener A. dispar found 

reduced killifish critical swimming speed and routine activity levels at extreme salinities (Plaut 

2000). Here, we found mosquitofish and killifish FR, feeding and aggressive behaviour to be 

salinity dependent, matching prediction 1. In addition, congruent with our predictions and 

previous reports of Alcaraz et al. (2008) and Carmona Catot et al. (2013), mosquitofish were 

less voracious than killifish but much more aggressive, resulting in severe injuries (e.g., caudal-

fin damage). Aggressiveness of IAS towards native counterparts has also been reported in other 

fish species (e.g., Poecilia reticulata: Valero et al. 2008; Nile tilapia: Sanches et al. 2012), and 

G. holbrooki sexually harassed native A. iberus in a recent study by Magellan & Garcia-Berthou 

(2021). High aggression by mosquitofish may strongly influence their dispersal ability and 

spatial spread in novel environments by facilitating killifish (and other native species) 

displacement to habitats with reduced food availability and influencing killifish fitness through 

direct or indirect (through secondary infections caused by physical injury) increases in mortality 

rates. 

We uncovered significant population-specific variation for these species interactions, 

and while mosquitofish aggressiveness and prey consumption were significantly reduced in 

higher salinity, killifish consumption rates were higher at higher salinities. However, in contrast 

to Alcaraz et al. (2008), killifish aggressiveness (including defensive acts) also decreased with 

increasing salinity. Furthermore, both species responded to the presence of a heterospecific with 

reduced feeding rates, matching observations from previous research (e.g., Mofu et al. 2019). 

These results indicate that even though mosquitofish can partly mitigate the osmoregulatory 

costs associated with high levels of salinity stress, which can be extremely advantageous for 

their invasive success, their physiological performance can still be profoundly altered, and 
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salinity may, thus, be a limiting factor to their invasive success (see also Monti et al. 2021). As 

a result, while mosquitofish presence may profoundly affect killifish foraging in shared 

habitats, high salinity habitats may act as a refuge for native killifish. 

Body size can also influence competitive ability, with larger individuals being typically 

more aggressive, superior competitors and more effective foragers (Sanches et al. 2012, Dunn 

et al. 2020, Pirroni et al. 2021). In our study, fish size only significantly affected fish orientation 

behaviour, with larger individuals performing significantly more orientations than smaller 

specimens. Furthermore, we identified a trend of higher consumption rates for larger 

individuals during competition trials. These size-specific differences could be attributed to 

several factors such as gape size and visual acuity, which are reduced in smaller specimens 

(Singh & Gupta, 2010). Although both species are sexually dimorphic, with females usually 

being larger than males (Pilastro et al., 2003, Cavraro et al., 2013), we find it unlikely that 

differences between the sexes drove the observed size-specific differences in aggressive 

behaviour. Contrary to Carmona Catot et al. (2013) and our predictions ii and iv, significant 

sex-specific differences in aggressiveness and feeding rates were not found for either species.  

Comparisons of FR parameters, however, revealed significant differences between the 

sexes on some occasions, with the direction of these differences being population- and testing 

condition-dependent. This indicates that, while males of both species may spend considerable 

time attempting copulation (male mosquitofish through sexual coercion and male killifish 

through courtship), females may not necessarily devote more time to foraging and exploit more 

food resources than males in all populations. Of note, however, is that we applied two slightly 

different acclimation protocols to the two populations of mosquitofish and killifish used for 

competition trials. Although this could have influenced our results, we believe this to be 

unlikely for three reasons. First, the observed feeding patterns are the result of competition trials 

using two populations of each species but also the result of baseline feeding experiments 
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performed for an additional two mosquitofish populations and one killifish population, and 

these results also align with those of previous studies (e.g., Alcaraz et al. 2008, Carmona Catot 

et al. 2013). Second, we uncovered similar sex-specific patterns (i.e., salinity-dependent 

divergence in FR between the sexes within population) in mosquitofish and killifish populations 

within each of the two different acclimation protocols. Third, mosquitofish were highly 

aggressive towards killifish, shredding their fins and biting them in most competition trials, 

while killifish were passive and spent most of the time in a corner of the tank. We, therefore, 

believe that we would have still found the same patterns, even if we had been able to apply the 

same acclimation protocol to each population.  

In conclusion, our study shows that abiotic factors, such as salinity, and personality 

traits, such as aggression, can significantly affect the outcome of competition between IAS 

(here: invasive mosquitofish) and native counterparts (here: killifish). Our results indicate that 

aggressiveness, but not a higher FR, likely facilitates the invasive success of mosquitofish in 

Europe by enhancing their ability to outcompete and displace native Aphanius fasciatus (and 

other species) from low-salinity waters. While we recognize that understanding and predicting 

the ecological impacts of IAS on native communities is challenging, we demonstrated that a 

comparative FR approach might not always be an effective tool to detect and understand the 

mechanisms driving successful fish invasions and forecast the ecological impacts deriving from 

them. We, therefore, propose that behavioural traits (such as aggressiveness) and ecologically 

relevant factors (such as salinity in this system) be incorporated in sampling protocols and 

analytical models. Predator-prey dynamics and, consequently, the likelihood of impact of 

invasive mosquitofish may also be influenced by their abundance in the habitat. Thus, the use 

of the Relative Impact Potential metric (RIP; conceived by Dick et al., 2017), that compares the 

potential impact of an invader to that of a native counterpart by calculating the product of their 

functional response (i.e., maximum feeding rates) and field abundance/density, may provide 
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more accurate predictions of invasive G. holbrooki ecological impacts. To date, however, field 

abundance estimates of this species and native A. fasciatus are not available for our selected 

sampling sites and across the Italian range of G. holbrooki, hence, it is not possible to carry out 

a RIP analysis for investing their impact potential on prey populations in these habitats. 

Nonetheless, we were able to perform RIP analyses (following Dick et al., 2017 and Warren et 

al., 2021) using field abundance estimates reported in previous literature for A. fasciatus and 

for G. holbrooki in other parts of the invasive European range where both species occur 

(Appendix E.3, Table E.8), and considering all testing conditions together (i.e., baselines, 15 

and 30 ppt salinity treatments) as well as the low and high salinity treatments (i.e.,15 and 30 

ppt) separately (more details are provided in Appendix E.3). These analyses revealed a greater 

impact potential on prey (i.e., Daphnia spp.) populations for invasive G. holbrooki (RIP >1 in 

all cases, Appendix E.3, Table E.9). Superior abundance estimates recorded for G. holbrooki 

and not higher maximum feeding rates drove higher RIP scores, supporting the claim that the 

field abundance of an invader can be a strong determinant of the level of its ecological impact. 

Nonetheless, it is important to note that the pattern of a higher ecological impact of invasive G. 

holbrooki was less evident when using RIP biplots with abundance data from Zogaris (2017); 

i.e., where higher abundance was recorded for G. holbrooki but native A. fasciatus had also a 

relatively high abundance (Appendix E.3; Figure E.6). We, therefore, call for more field surveys 

and RIP analyses to verify these findings. Moreover, future research should consider the 

ecological impact of these species using also different prey types to see whether similar patterns 

are found. Furthermore, given that prey abundance and the strength of predator-prey interaction 

may also be influenced by abiotic factors, we encourage future research to also examine the 

ecological impact of mosquitofish by incorporating the Resource Reproduction Qualifier (i.e., 

the reciprocal of the proportion to which prey abundance changes under an environmental 

context (e.g., high vs low salinities) in the RIP metric as proposed by South et al., (2022). 
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Moreover, Dickey et al., (2020) also made a compelling case regarding the need to consider the 

impact potential of an invasive species by comparing RIP values between the front and long-

colonised areas. We also believe that other factors such as habitat characteristics (e.g., 

complexity; South et al., 2017; Médoc et al., 2018), interference between predator conspecifics 

(Médoc et al., 2015), and parasitism (Haddaway et al. 2012; Iltis et al. 2018) should also be 

considered to have effective predictions of the extent of mosquitofish ecological impacts. 

Furthermore, our study demonstrates that the use of single study populations fails to account 

for population-level variation, which can be substantial even for geographically proximate 

populations as our data show. Lastly, population divergence in FR and aggressiveness could 

result in mosquitofish being capable of invading diverse European habitats but with different 

impacts on native communities depending on the characteristics of the invading population and 

the salinity level. Due to salt pollution, freshwater habitats across the globe are becoming more 

saline (i.e., salinization) and alkaline (i.e., alkalinization), which has been called the freshwater 

salinization syndrome (Cunillera-Montcus² et al. 2022). While this can have many negative 

consequences for the biota inhabiting these habitats, it could potentially slow down 

mosquitofish spread in Europe and mitigate their impacts on native killifish populations (if all 

else remained equal). Our study, therefore, furthers our understanding of the different levels at 

which competition between native and invasive species plays out. This is essential to identify 

effective management strategies for highly invasive mosquitofish and other aquatic species, and 

implement conservation actions for native Mediterranean fish species such as Aphanius 

fasciatus.  
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Chapter 7- General Discussion 

7.1 Summary overview 

Invasive alien species (IAS) are widely recognised as one of the greatest threats to global 

biodiversity and ecosystem function (Taylor, 2016; Hsjung et al. 2021). As the number of IAS 

continues to increase worldwide, considerable research effort is needed to identify what traits 

and factors are associated with a higher likelihood of successful establishment and stronger 

ecological impacts. This is essential to predict how native communities may be impacted, and 

to prevent future introductions (Mathakutha et al., 2019). Knowledge of the evolutionary 

ecology of invaders and the mechanisms driving successful invasions can further aid in the 

development of their effective management and control (Mathakutha et al., 2019; Hsjung et al. 

2021). 

My thesis sought to assess the evolutionary ecology of invasive eastern mosquitofish 

(Gambusia holbrooki), identify some of the traits and mechanisms that facilitate their invasion 

and evaluate their subsequent impact on recipient communities. In addition, I performed a meta-

analysis of resource competition between IAS and native counterparts across multiple 

taxonomic groups. Overall, I found that the influence of traits on invasive success is highly 

context-dependent in this species and more broadly across IAS in general. The interaction 

between G. holbrooki and native competitors in Europe as well as the nature of their ecological 

impacts are influenced by multiple environmental variables and behavioural traits, as well as 

unidentified factors associated with location and population. The principal findings from each 

research chapter and how they fill current gaps in knowledge on the evolutionary ecology of 

mosquitofish are summarised in the subsequent sections. Based on these findings, I further 

provide suggestions for future research.  
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7.2 Maternal provisioning strategies in eastern mosquitofish  

Although the extent and the mode of maternal provisioning could impact mosquitofish 

invasiveness in addition to other traits explored in my research chapters (e.g., generalist diet in 

Chapter 4 and aggressiveness in Chapter 6), few studies have investigated their importance 

and variability across large geographical scales. In Chapter 2, using data from several 

populations from the native US and invasive European range (i.e., Italy, Spain, and France), I 

examined the extent of variability in maternal nourishment using the matrotrophy index (MI; 

i.e., changes in embryo mass during development) and the novel metric I developed: the fat 

index (FatI; i.e., changes in embryo fat content during development). Both indexes differed 

considerably between populations, geographic locations and year of sampling, resulting in 

variable patterns of offspring quality. Contrary to previous reports (Maddern, 2012; Vega-Trejo 

et al., 2015b), my analyses on MI values revealed that mosquitofish are not strictly 

lecithotrophic (i.e., maternal transfer of resources for embryonic development occurs before 

fertilization), but that they are instead capable of some levels of matrotrophy (i.e., maternal 

transfer of resources post-fertilization). Specifically, 45% of sampled populations were 

lecithotrophic and 55% showed low/moderate matrotrophy. Similarly, Marsh-Matthews et al., 

(2010) found that many poecilid species that were traditionally classified as lecithotrophic were 

instead capable of incipient matrotrophy. A similar result was found by Riesch et al., (2010) for 

Poecilia mexicana, where maternal provisioning was investigated using the MI for field-caught 

specimens and radio-tracer assay for females reared in the laboratory; but see Morrison et al., 

(2017) for how radiolabel uptake may not be evidence of matrotrophy. My results together with 

those of these studies emphasise the need of careful consideration and high spatial and temporal 

replication when characterising a species as either lecithotrophic or matrotrophic.  

My analyses on FatI also highlight the need of high spatial and temporal replication 

when investigating how embryo fat storage changes during development in a species. In the 
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absence of matrotrophy, embryo fat reserves are provided to the still-unfertilized egg during 

vitellogenesis (Wiegand 1996; Uribe et al., 2019). As embryos progress in their development, 

they may also develop the capability to catalyse and metabolize some of the nutrients originally 

stored in the oocyte to create body fat (Riesch et al., 2011). In the presence of matrotrophy, 

during the early stages of development, embryo fat likely represents fat reserves that were 

already stored in the oocyte while during later stages embryo fat can be the result of embryos 

converting lipids stored in the yolk into body fat, but also using additional maternal resources 

(Fraher et al., 2016; Uribe et al., 2019). Moreover, it is important to consider that in Gambusia 

holbrooki embryonic uptake of fat can occur through different mechanisms. Specifically, 

similar to other teleosts (e.g., zebrafish, Danio rerio: Riddle & Hu, 2021; Poecilia vivipara: 

Arcanjo et al., 2014), the transfer of lipids from the yolk to the embryo is mediated by the yolk 

syncytial layer (YSL; i.e., multinucleated mass of cytoplasm that surrounds the yolk 

completely). The YSL is formed during the blastula period and is lipid- and protein-rich 

(Mousavi & Patil, 2022; Sawaguchi et al., 2005). Furthermore, the YSL has high metabolic 

activity, can hydrolyse complex lipids to release fatty acids and synthesizes lipoproteins in the 

endoplasmic reticulum, which then export lipids to the circulatory system of the developing 

embryo (Riddle & Hu, 2021). In many poeciliids (e.g., Heterandria and Poeciliopsis spp.), 

mothers transfer nutrients including fat to embryos during gestation through a well-developed 

follicular placenta, which is formed by the association of embryonic absorptive tissue (i.e., 

highly vascularized pericardial sac) and the maternal follicular epithelium (Pollux et al., 2009; 

Uribe et al., 2019; Furness et al., 2021). G. holbrooki lacks a follicular placenta, however, they 

have the neck strap (i.e., derivate of the pericardial sac) that may function as a respiratory organ 

and aid nutrient transfer from mothers to embryos (Marsh-Matthews, 2011; Mousavi & Patil, 

2022). Mousavi & Patil (2022), investigating embryonic stages of development in G. holbrooki, 

found a placenta-like structure that during later stages of development becomes connected to 
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the embryonic pericardial vasculature, thickening and connecting each embryo to the maternal 

blood stream. The authors, therefore, suggested that some degree of placental nourishment may 

also occur in this species. Based on previous dissections, it does not appear that embryos of this 

species store body fat in the body cavity as often is observed in adults with really high body fat 

content. By contrast, they seem to store it subcutaneously, i.e., in areas where fat can be easily 

metabolised to use as energy source (e.g., intertwined in the muscle tissue; R. Riesch, personal 

communication, 18 January, 2023). Levels of fat in the embryo can be a strong determinant of 

offspring viability and fitness. Thus, high body fat reserves in the embryos, potentially due to 

resource conversion by embryos and/or maternal provisioning, are expected to increase neonate 

survival and fitness (Berg et al., 2001). 

Another important pattern emerging in Chapter 2 was the finding of a moderate 

positive correlation between MI and FatI. This suggests some co-dependency of offspring 

quality on the rate by which embryo mass and fat storage changes during development, whereby 

increases in body mass and fat content are often employed in combination to enhance offspring 

performance and fitness. On the one hand, these patterns seem to reflect phenotypic plasticity 

given the observed temporal variation in offspring provisioning strategies (i.e., differences 

between sampling years), that suggest that even in populations where both covary more strongly 

at one point in time, they might covary less at a later point. It is important to note that this co-

dependency, however, explained only about half the variation in MI. Hence, although these 

processes may vary largely independent from one another, they may sometimes go in the same 

and other times in the opposite direction as a result of phenotypic plasticity. According to the 

Trexler & DeAngelis (2003) model, resource availability in a habitat is the main ecological 

factor influencing the mode of offspring provisioning, with lecithotrophy likely to evolve in 

habitats where resource availability is low or highly variable, whereas matrotrophy is likely to 

evolve when resources are constant and abundant. If phenotypic plasticity was playing a role in 



273 
 

this co-dependency, we would expect, for example, that in low-resource environments 

lecithotrophy occurs but also that mothers produce neonates with high body fat reserves in order 

for them to survive in these habitats. Therefore, MI and FatI would be expected to go into 

opposite directions (i.e., a decrease in MI but an increase in FatI). It would be interesting to 

compare my findings with those of laboratory studies manipulating the frequency and amount 

of food resources being made available. A potential experiment could follow experimental 

protocols used by Pollux & Reznick (2011) and Hagmayer et al. (2018) who examined in other 

poeciliid species the effects of fluctuating resource conditions on offspring traits. It could 

involve the use of laboratory stocks collected from some of the same G. holbrooki populations 

I studied for Chapter 2 and the raising of females from each population randomly at ñlowò and 

ñhighò food treatments (e.g., using a fourfold difference in food quantity). Body fat content and 

dry mass of the offspring at birth could be examined to see whether they are both higher in 

neonates from the high-food treatments. Randomly chosen mothers from each population could 

then be dissected to see if MI and FatI values exhibit a statistically significant correlation and, 

if such a correlation was present, whether they covary across the food treatments and in both 

slightly matrotrophic as well as lecithotrophic populations. Moreover, to examine potential 

maternal and/or epigenetic effects on fat storage, common-garden experiments following well-

established protocols could be performed (e.g., Reznick 1993; Reznick & Endler, 1993). 

Specifically, embryo fat and offspring fat content could be quantified in F2 individuals, i.e., 

second generation descendants of wild-caught females from each population originating from 

high and low-resource habitats and reared in the laboratory under standard conditions. If, when 

comparing wild-caught and laboratory-reared G. holbrooki, patterns were found to be 

conserved after two generations in the laboratory (e.g., production of embryos with large fat 

reserves when food availability is high), this would indicate the presence of heritable genetic 

adaptations to food availability (i.e., non-epigenetic). By contrast, if laboratory-reared 
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specimens were found to exhibit a different pattern relative to what has been found for wild 

populations, this would suggest there is a plastic, i.e., most likely an epigenetic, effect. Genome 

DNA methylation analysis [e.g., using methylation-sensitive amplified polymorphism (MSAP) 

techniques as in Leung et al., 2016] could be used to tease apart the contribution of epigenetic 

from genetic variation on these patterns. Specifically, if patterns of DNA methylation were 

found to differ but not the DNA sequence between generations, this would indicate the presence 

of non-heritable epigenetic effects (Bossdorf et al., 2008; Kelley et al., 2021). 

Mothers have a finite number of resources to allocate to reproduction, so they need to 

balance a trade-off between offspring size and fecundity (OôDea et al., 2015). Mothers and 

offspring can, therefore, often conflict with respect to the provisioning strategy that maximises 

their respective fitness (Marshall et al., 2010; Moore et al., 2016). In general, in populations 

where mothers produced very large offspring and where part of this large size is due to having 

large body fat reserves, female fitness for that reproductive bout is expected to be increased 

because offspring survival should also be increased. However, investing resources in the 

offspring may reduce the amount of resources available for self-maintenance, thus, females may 

suffer from reduced future fecundity and survival. Therefore, females must also balance a trade-

off between current and future reproduction (Candolin 1998; Riesch et al., 2013; Skibiel et al., 

2013). How these trades-offs play out may depend on a wide variety of selective pressures (e.g., 

predation pressure, resource availability and toxicity; Hagmayer et al., 2018). Theoretical 

models predict that in benign habitats, females should invest more into future reproduction and 

fecundity rather than current reproduction. Furthermore, their fitness should be increased by 

giving birth to smaller offspring as being large does not provide any advantage to offspring 

fitness and survival (Marshall et al., 2010; Golden et al., 2021). On the contrary, in non-benign 

habitats, we would expect an opposite pattern with females producing fewer, larger offspring 

(Marshall et al., 2010; Hagmayer et al., 2018). These patterns have been, for example, observed 
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by Wilson et al., (2009) in soay sheep (Ovis aries), whereby females tended to give birth to 

twins in non-harsh conditions at the expense of offspring size, decreasing the likelihood of 

future female survival. Nonetheless, this decrease in offspring size did not occur to a large 

extent and the authors pointed out that they examined the post-partum survival of the mother 

only for a year, hence, additional costs associated with twinning could have manifested later 

and explain while twinning is relatively rare in this species. Riesch et al. (2013) have instead 

found that in hyper-arid desert habitats, sand gazelles (Gazella marcia) face a low likelihood 

of survival and future reproduction, hence, they maximise current reproduction by giving birth 

to twins. In contrast to these species, poeciliids have a greater capability to balance these trades-

off and have been reported to greatly increase offspring size at the expense of offspring number, 

and vice versa, in response to several selective pressures. For instance, Riesch et al., (2010) 

observed specimens of Poecilia mexicana from non-toxic habitats to produce an average of 

20.14 ± 7.87 offspring per clutch that were on average 2.59 mg in weight while specimens from 

dark/toxic habitats were found to produce a significant lower number of offspring (i.e., 5.79 ± 

7.91 offspring per clutch) but that were more than twice as heavy at birth (i.e., 6.61mg). It is 

tempting to argue that the interspecific variability in offspring size and fat content at birth 

observed within G. holbrooki in my study is the result of females experiencing a different risk 

of overwinter mortality. In populations from northern parts of the speciesô range that are subject 

to more severe winters, females cease reproduction in the autumn and face high uncertainty 

surrounding overwinter survival and future reproduction (i.e., reproduction in the following 

spring). Females from these populations would, therefore, be expected to invest more in current 

reproduction and produce larger offspring with more fat reserves compared to more southern 

populations that do not have to face harsh winters. However, from visual observation of my 

data, this pattern does not seem to emerge. For instance, I found relatively high MI and large 

offspring size at birth even in populations that were sampled in southern Italy (e.g., Porto 
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Cesareo and Torre di Castiglione in Puglia), hence, in habitats where harsh winters do not occur. 

Nonetheless, it is important to note that although most mosquitofish specimens were sampled 

at the end of their reproductive period, Italian specimens from 2013 were caught at the 

beginning of their reproductive period (Riesch et al., 2018; Santi et al., 2020). Thus, we cannot 

exclude that potential seasonal effects drove our findings. Future research looking at life-history 

patterns throughout the year is, therefore, necessary. It is plausible that, congruent with the 

terminal-investment hypothesis (Williams 1966), females would increase their reproductive 

investment throughout the reproductive season. Thus, females would be expected to invest 

more in future reproductive opportunities early in the season, and more in the last reproductive 

bout later in the season. Moreover, it is important to note that for all sampled populations, I did 

not have data on the body condition of the females (i.e., female fat content and mass). Therefore, 

it is difficult to know if in some of the populations exhibiting high MI as well as large offspring 

size and body fat content at birth, females were in good condition or were doing poorly. Future 

studies incorporating the cost to the female (i.e., future survival and fitness) as well as female 

characteristics such as body condition in the analyses are, therefore, strongly encouraged. 

Several studies on poeciliids have examined different female fitness components during 

pregnancy (e.g., swimming performance and risk-taking behaviour) even in relation to maternal 

provisioning and several selection pressures (e.g., Gambusia affinis: Plaut 2002; Phalloptychus 

januarius: Pollux & Reznick, 2011; Heterandria Formosa: Fleuren, 2017); yet female fitness 

after pregnancy has, to my knowledge, not been investigated. Future studies following well-

established protocols (e.g., Pollux & Reznick, 2011) could be performed to see if female fitness 

varies before and after parturition and if it is influenced by maternal provisioning strategies and 

offspring size. Wild-caught pregnant females could be collected from several populations and 

brought into the laboratory. Some of these females could be immediately tested for swimming 

performance (e.g., swimming speed and time) and boldness, and later be dissected to estimate 
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MI and FatI, maternal body condition (i.e., female body mass and fat content), reproductive 

allocation (total offspring dry mass divided by the sum of maternal somatic and total offspring 

dry mass), offspring dry mass and fat content at birth. Other wild-caught females could instead 

be tested for their fitness both during pregnancy and after giving birth to the first brood. This 

protocol would allow determining if (1) maternal body condition influenced female fitness 

during and after pregnancy, (2) females with high MI and FatI have lower or higher fitness and 

(3) if there is any association between offspring size and female fitness in this species.  

Maternal body size has also been proposed to be a strong determinant of the degree of 

maternal provisioning of nutrients to offspring, leading to variation in offspring size at birth 

and fitness (Marsh-Matthews et al., 2005; Hagmayer et al., 2018; Saleh-Subaie et al., 2021). 

Since female standard length is positively correlated with age in poeciliids (Reznick et al., 1996; 

Jennions & Telford, 2002; OôDea et al., 2015), the degree of maternal provisioning may vary 

throughout a female lifetime as a result of morphological and physiological constraints. For 

example, smaller, younger females would be expected to exhibit higher levels of post-

fertilization provisioning (i.e., matrotrophy) than larger, older females, in order to compensate 

for a smaller body cavity that limits the number and size of offspring they can produce and to 

meet higher energetic demands (i.e., need of allocating resources for body growth and 

reproduction) (Saleh-Subaie et al., 2021). Relatively low reproductive allocation deriving by 

being matrotrophic when young could, for example, allow them to invest excess energy to 

growth, without compromising fecundity (Saleh-Subaie et al., 2021). Therefore, it is possible 

that the intraspecific divergence in maternal provisioning strategies observed in Chapter 2 

could simply be driven by differences in female size. Although I did not have data on maternal 

body size for all native and invasive G. holbrooki populations of my dataset, I was able to 

extract female standard length estimates (mm) for some of these populations from previously 

published literature (for 9 populations within the native range from Riesch et al., 2018 and for 
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all invasive populations of my dataset from Santi et al., 2020). Using these data, I tested for 

potential association between female size and MI, and my analysis has revealed a non-

significant effect of maternal size on the degree of matrotrophy (GLM: X2 = 4.0135, d.f = 42, p 

= 0.830). This finding is in accordance with previous studies on other poecilid species (e.g., 

Heterandria Formosa: Schrader & Travis, 2009;  Poeciliopsis retropinna: Hagmayer et al., 

2018; G.geiseri and G.affinis: Marsh-Matthews et al., 2005) but in contrast with Saleh-Subaje 

et al., (2021) where higher MI values were found for smaller females of Poeciliopsis infans and 

P. turrubarensis. Although this finding suggests that maternal size does not influence the extent 

and the mode of offspring provisioning during a female lifetime in G. holbrooki, future studies 

using a larger dataset and potentially with a larger variability in the size of the females are 

highly encouraged to verify this. 

Could geographic variation in maternal provisioning strategy contribute to mosquitofish 

invasiveness? To date, there is no clear evidence linking maternal nourishment to species 

invasiveness in G. holbrooki and IAS in general. However, in my study, I found a strong 

positive association between MI and longitude, indicating that the rate of maternal provisioning 

was greater in invasive European populations compared to native populations. Potentially, this 

pattern could be the result of different predation pressures experienced by invasive and native 

populations. It is plausible that a higher risk of predation and competition with native analogues 

could result in higher levels of matrotrophy among invasive mothers as a strategy to enhance 

their swimming performance (Tobler & Culumber., 2019). This, in turn, may facilitate their 

escape from predators and their competitive ability against any local species that use a similar 

niche. Enhanced manoeuvrability and a less rotund body shape during pregnancy may also 

facilitate femalesô exploration and colonization of new environments. Moreover, a larger body 

mass and higher amounts of fat reserves at birth in response to high levels of maternal 

nourishment could increase the probability of survival of neonates in novel habitats and their 
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competitive superiority over natives (Bashey, 2006). Rubio Gracia et al. (2020) showed that G. 

holbrooki have higher critical swimming speeds than native Aphanius iberus in Spain, where 

the two species compete. However, mosquitofish are generally reported to have relatively low 

critical swimming speeds compared to other species of similar size (Srean et al. 2017).  Thus, 

mitigating loss in critical swimming speed and manoeuvrability in pregnant G. holbrooki may 

be under stronger selective pressure among invasive populations, compared to those occurring 

in their native range.   

While I do not have direct data on differences in predation regimes along latitude and 

longitude, body-shape and life-history traits are known to strongly respond to predation 

pressures, and high- vs. low-predation phenotypes have repeatedly been described for 

livebearing fishes (e.g., Poecilia reticulata, Reznick and Endler 1982; Brachyrhaphis episcopi, 

Jennions & Telford, 2002; G. hubbsi, Riesch et al., 2013; Phalloceros harpagos, Gorini-

Pacheco et al., 2018). Comparisons of life-history and body-shape variation between the native 

range of G. holbrooki (Riesch et al., 2018) and its invasive range (Santi et al., 2020), revealed 

some of the patterns that would be expected if the invasive range was characterized by a higher 

number of predators. Specifically, contrary to the predictions on predation effects on life-

history and body shape on other poeciliids (e.g., on G. hubbsi; Riesch et al., 2013), females 

from the invasive range did not show larger midbody/caudal regions and did not exhibit a higher 

reproductive investment nor a smaller body size. Nonetheless, as expected, invasive females 

had a higher lean mass and produced slightly smaller offspring, suggesting that there might 

indeed be some divergence in predation risk driving divergence life-history traits between 

invasive and native populations. 

Further studies that quantify predation pressure and population density in both the native 

and invasive ranges will, however, be necessary to confirm this. Moreover, I call for 

comparisons with other invasive poecilids to understand whether the differences in maternal 



280 
 

provisioning between native and invasive ranges are present only in G. holbrooki or are a 

feature shared with other species in this family which are successful invaders (e.g., G. affinis 

and P. reticulata). This would allow us to compare maternal provisioning patterns at an even 

larger geographical scale (i.e., across continents). If the patterns were remaining the same (i.e., 

higher MI always in the invasive ranges), then this would suggest a more direct function of MI 

in invasion success and an independence of factors such as predation pressure. 

7.3 Female mate choice in eastern mosquitofish  

Extensive research has been carried out on female mate choice in invasive eastern mosquitofish, 

however, no studies prior to my thesis have investigated the role of parasites and salinity in 

female preferences in G. holbrooki and to what extent females pay attention to the level of 

parasitism of harassing males. In Chapter 3, I presented females of several populations of this 

species with video animations of males differing in body size and in the presence of the 

ectoparasite Learnaea cyprinacea, and across different salinity levels. Contrary to my 

predictions, I did not find a female preference for non-parasitised males and large-bodied males 

in any of the populations and treatment combinations investigated, and no apparent influence 

of salinity on mate choice. My results, therefore, suggest that parasites and male body size may 

play a small role in the male-driven mating system of G. holbrooki. Furthermore, these findings 

also contrast those of several previous reports on this and other poecilid species. For instance, 

a preference for uninfected males has been reported in the close relative Gambusia affinis by 

Tobler & Schlupp (2008) and in P. formosa by Tobler et al. (2006). A significant preference 

for large over small males was, on the other hand, reported in previous study on G. holbrooki 

by Kahn et al. (2010) and on G. affinis by Chen et al. (2018). However, results similar to mine 

were presented by Tobler et al. (2006), whereby when given a choice between a non-parasitised 

male and a male infected with black spot disease, female P. latipinna and P. mexicana did not 
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exhibit any preference; and by Bisazza & Marin (1991) when investigating female preference 

for larger males in G. holbrooki.  

 Several factors may be invoked to explain my findings. For example, the lack of 

preference for larger males could be the result of G. holbrooki males not courting females but 

only mating by male coercion. Hence, females get harassed by males of all sizes and therefore 

the benefit (e.g., increased fecundity, enhanced offspring fitness and viability) of associating 

with a large male is not necessarily greater than the benefit that females could get if they 

associate with smaller males. Alternatively, it is plausible that what appeared to be a preference 

for a large male body size in previous studies using live male stimuli was instead a preference 

for other traits such as a preference for males with longer gonopodia as observed by Kahn et al. 

(2010) and/or for males exhibiting certain behaviours (e.g., higher activity and risk-taking 

behaviour; Chen et al., 2018). I used video-animations, so stimulus males did not differ in these 

traits. Hence, I have been able to disentangle the importance of male body size from other traits 

that can correlate with body size.  

With respect to the lack of female preference for uninfected males, this could be due to 

several reasons. For instance, as infections by L. cyprinacea often lead to the development of 

secondary infections and changes in behaviour of the infected males (e.g., reduction in their 

swimming performance), it is plausible that females did not perceived males as infected due to 

the lack of these characteristics in my setup. At the same time, it is possible that in the wild 

females of these species do not discriminate between parasitised and non-parasitised males 

based only on visual cues but they also need to process other cues (e.g., olfactory cues) in order 

to make a choice. Hence, my results could be due my experimental setup. However, to date, the 

mechanisms used by female mosquitofish to differentiate between parasitised and non-

parasitised have not been yet been investigated and further research is needed. While  different 

results could have also emerged if I had used a different parasite species such as black spot 
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disease (Tobler et al., 2006) or the monogean flatworm Gyrodactylus spp which is often used 

in experiments on three-spined sticklebacks (Gasterosteus aculeatus) (Rahn et al., 2015), these 

parasite species were not observed at any of my sampling sites. Albeit, it is plausible that the 

lack of observed Gyrodactylus infection was due to detachment of parasites from the fish as 

result of my fishing technique (i.e., hand netting).   

Interestingly, while expected mating preferences for uninfected and larger males were 

not observed at the population level, visual exploration of my data revealed some individual-

level variability in female choice with some females exhibiting a preference for these male 

traits. These patterns may be the result of individual females having fixed preferences for these 

male traits, Hence, they may reflect polymorphism of mating preferences within these 

populations. However, these individual preferences could instead simply reflect a random 

association of females with males, hence, corroborate with the finding of a lack of preference 

for these male traits at the population-level. The only way to test whether these were instead 

truly individual preferences would be to estimate repeatability of female choice and measure 

female preferences for large and uninfected males at least two to three times (e.g., across 

separate days) for each female.  

In conclusion, my findings highlight the need for further work to better understand what 

role (if any) parasites play in G. holbrooki mate choice and to confirm whether male body size 

really plays a small role in female sexual decisions as my data suggest. Furthermore, they 

indicate that to correctly interpret the mating behaviour of a species, it is important to combine 

experiments focusing on both the population-level and the individual-level. Comparing my 

findings with those of other laboratory experiments using different parasite species and 

potentially different experimental protocols (i.e., manually infecting experimental subjects with 

ectoparasites rather than using computer-animations) could provide a more detailed picture of 

the role of parasites in mosquitofish invasions. 
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7.4 Resource use and competition with native analogues 

When introduced into novel habitats, IAS can have substantial ecological impacts on native 

biota, often leading to their displacement and decline. These ecological impacts can be the result 

of IAS predating and outcompeting native analogues for resources (Simberloff & Rejmanek, 

2011; Damas-Moreira et al., 2020). The direction and strength of competition between IAS and 

native species can, at least in part, be determined by the extent of diet overlap. A high level of 

dietary plasticity may facilitate IAS persistence in habitats where their original preferred 

resources are scarce and reduce the risk of competitive interactions with native analogues by 

allowing them to exploit alternative resources (Jackson & Britton., 2014; Amaral et al., 2021; 

Dominguez Almela., 2022). Conversely, when IAS and natives highly overlap in their diet, 

competition is more likely to occur, and this can often lead to alteration of nativesô trophic niche 

and consequently reduced population abundance (García et al., 2020; Amaral et al., 2021; 

Balzani et al., 2021). Investigating dietary patterns of IAS is therefore essential to predict the 

outcome of trophic interactions with native species, and for performing effective risk 

assessments and management (Triay-Portella et al., 2022). 

In Chapter 4, I carried out a gut-content analysis on specimens of G. holbrooki from 

nine populations sampled in Italy and Spain, providing the first direct comparison of the dietary 

patterns in introduced populations on a large geographical scale (i.e., spanning roughly 8° 

latitude and 18° longitude). Congruent with my predictions and previous reports (e.g., Blanco 

et al., 2004; Singh & Gupta., 2010), I found mosquitofish to be omnivorous, with detritus and 

cladocerans being the most prevalent food categories. I identified significant population-

specific differences in the relative proportion of dietary items, potentially due to differences in 

the availability of prey resources in the habitats where populations were sampled. Mosquitofish 

opportunistic feeding behaviour could explain their ubiquity in the invasive European range, 

allowing them to exploit whatever food is locally abundant and thrive even in habitats where 
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generally sought-after food resources (e.g., cladocerans) are scarce or do not occur. This, in 

turn, may facilitate the displacement of resident communities. Like eastern mosquitofish, a 

highly flexible diet has been proposed to facilitate the establishment and spread of other 

invasive poeciliids [e.g., western mosquitofish (G. affinis: Lee et al., 2018) and Trinidadian 

guppies (Poecilia reticulata: Amaral et al., 2021; Ganassin et al., 2020)] giving them 

competitive superiority over native biota under a variety of resource scenarios. 

In addition to a broad diet, several studies have attributed the competitive superiority of 

many invaders to their ability to consume more resources and more efficiently than native 

analogues based on their functional response (FR) and functional response ratio (FRR; i.e., ratio 

between consumerôs attack rate and handling time) (Taylor, 2016; Xu et al., 2016; Grimm et 

al., 2020). In Chapter 5, I tested whether this pattern was universal across a wide range of taxa 

and contexts (i.e., heterospecific/conspecific presence, prey density, temperature) by 

performing the first meta-analysis investigating IAS-natives divergence in food consumption 

and FRR using data from at least 40 studies. My findings support the hypothesis that IAS exhibit 

higher feeding rates than native counterparts, suggesting that IAS can exert stronger ecological 

impacts than native analogues on local prey populations. Higher feeding rates among IAS can 

also result in the competitive displacement of natives, which can lead to a restriction in their 

distribution to specific habitats, or potentially their extinction (Médoc et al., 2018). An 

unexpected result emerging from Chapter 5 was the finding of only a non-significant trend for 

higher FRR (i.e., feeding efficiency due to higher attack rates and/or lower handling times) in 

IAS. This suggests that IAS competitive superiority may not always be determined by a higher 

feeding efficiency and that higher food consumption is not always associated with a capacity 

to exploit resources more efficiently than native counterparts. In support of this hypothesis, 

when evaluating whether G. holbrooki and native A. fasciatus differed in FR and aggressiveness 

across different salinities and populations sampled from Sardinia, Italy, I found that G. 
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holbrooki were significantly more aggressive than native A. fasciatus, but did not have a higher 

FR or a higher feeding efficiency (see Chapter 6). These results support findings by Alcaraz 

et al., (2008) and Carmona-Catot et al., (2013). Together, this demonstrates that aggressiveness 

more so than simply a higher FR is a strong determinant of the competitive outcome between 

invasive mosquitofish and native competitors, and the extent of their ecological impacts. 

Similar findings have also been observed by Amaral et al. (2021), whose comparative analysis 

of consumption rates and attack rates between invasive guppies (Poecilia reticulata) and native 

Brazilian poeciliids (Phalloceros harpagos) revealed higher consumption rates and similar 

attack rates in natives, indicating that behavioural characteristics of guppies are an important 

determinant of their invasive success.  

Together, my results in Chapters 5 and 6 indicate that FR can be similar between native 

and invasive species, or even greater for natives in some cases. Moreover, this could even occur 

despite evidence suggesting a competitive superiority of the invader over its native analogues 

(e.g., invasive G. holbrooki vs native A. fasciatus, Chapter 6). The impact of IAS on prey 

populations and the magnitude of their competitive interactions with natives can largely be 

dependent on other factors. Therefore, predictions on the competitive outcome between IAS 

and native analogues and IAS impacts should not be solely drawn from single metrics such as 

FR or FRR. Instead, several metrics should be used in combination to detect the underlying 

mechanisms driving successful invasions and forecast potential ecological impacts. Combining 

FR data with local field abundance estimates of invaders and natives may, for example, provide 

more powerful and accurate predictions of what species is likely to exert a stronger ecological 

impact on local prey populations and the degree of this impact (Dick et al., 2017). Moreover, 

incorporation of multiple prey species in the models may further increase predictive power 

since feeding rates of invasive fish species may profoundly change when alternative food 

resources are available (Tsang & Dudgeon, 2021). For a future perspective, it would be 
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interesting to examine whether the results of my competition experiments (i.e., higher 

aggressiveness but lower FR for G. holbrooki compared to native Aphanius fasciatus) are 

confirmed when adding multiple prey species in the experimental design and incorporating 

species abundance estimates recorded in the field. Moreover, it would also be interesting to 

investigate whether the capacity of G. holbrooki to displace natives potentially only through 

interference competition also occurs when it competes with other native European species such 

as the autochthonous Spanish toothcarps Valencia hispanica and Aphanius iberus.  

7.5 The importance of population-specific differences  

A unifying pattern across almost all research chapters was a substantial amount of intraspecific 

trait variability. Specifically, in Chapter 2, I found significant divergence in maternal 

provisioning and offspring quality (approximated by offspring dry mass and fat content at birth) 

between and within native and invasive G. holbrooki populations. In Chapter 4, I uncovered 

strong population divergence in G. holbrooki diet composition and gut morphology across its 

invasive European range. Lastly, in Chapter 6, I found FR parameters (i.e., attack rates and 

handling time), feeding rates, and number of aggressive acts performed within invasive G. 

holbrooki and native A. fasciatus to be population-specific. Overall, these findings supported 

most of my predictions, and align with what has been reported for other species in similar 

studies. For instance, population divergence in maternal provisioning strategies (i.e., based on 

calculation of MI) has also been reported for Poeciliopsis gracilis and P. infans by Molina-

Moctezuma et al., (2020). Population-specific differences in dietary patterns were observed in 

the invasive brown bullhead, Ameiurus nebulosus by Rechulicz & Pğaska (2018), and 

population-specific differences in FR have been documented in multiple other invasive species, 

among which are rusty crayfish, Faxonius rusticus (Chicatun, 2021); and bloody red mysid 

shrimp, Hemimysis anomala (Dick et al. 2013). In this latter example, Dick et al. (2013) found 

that although invasive Hemimysis anomala displayed a higher FR than the native analogues 
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Mysis salemaai and M. diluviana, the invaderôs maximum feeding rates differed between study 

populations. Observed interpopulation differences in my chapters likely arose from phenotypic 

plasticity (i.e., expression of different phenotypes from a single genotype in response to 

different environmental conditions; Engel et al., 2011) rather than being the result of heritable 

genetic differentiation between populations as also suggested in other studies on this and other 

poeciliid species (Hagmayer et al., 2018; Molina-Moctezuma et al., 2020; Santi et al., 2020). 

However, future comparisons with common-garden experiments (using native and invasive 

populations) are highly encouraged to be able to really tease apart the contribution of 

phenotypic plasticity on these differences and the invasive success of this species. Several 

studies have argued that invasive species have a high degree of phenotypic plasticity that 

facilitate their colonisation and persistence in novel habitats, enabling them to thrive in a broad 

range of environments and often increasing their competitive abilities against native species 

(Engel et al., 2011; Jardeleza et al., 2022). This has been demonstrated for a variety of 

organisms such as plants (as observed in a meta-analysis by Davidson et al., 2011), 

invertebrates (e.g., springtails, Chown et al., 2007) and fish (e.g., Gobio gobio and 

Pseudorasbora parva, Rosecchi et al., 2001). My thesis adds evidence for this on several 

different levels for mosquitofish. 

Another important pattern that was shared between most of my research chapters was 

that often the environmental parameters included in the analyses failed to provide a strong 

explanation for the population-specific patterns described above (or even failed to provide any 

explanation). For instance, in Chapter 2, population variation in MI and offspring dry mass at 

birth was found to not be associated with H2S-toxicity. Moreover, population-specific 

differences in maternal provisioning strategies did not vary according to resource levels 

(Trexler-DeAngelis hypothesis: matrotrophy is favoured in habitats where resources are 

abundant and constant while lecithotrophy is favoured in habitats were resources are scarce or 
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fluctuating; Trexler & DeAngelis, 2003), as previously found also in P. infans by Molina-

Moctezuma et al., (2021). In Chapter 4, none of the local environmental variables used in my 

analyses (i.e., water temperature, dissolved oxygen, pH, conductivity) had a significant effect 

on the variation in diet between populations of mosquitofish. By contrast, in Chapter 6, 

population-differences in FR and aggression within G. holbrooki and A. fasciatus are likely 

explained by salinity. Overall, it is possible that other environmental factors that I did not (or 

was unable to) quantify play a fundamental role in driving these patterns. For example, it is 

possible that different predation and competition regimes across habitats drove population 

divergence in maternal provisioning and offspring size (Chapter 2). Populations-specific 

differences in diet (Chapter 4) may reflect disparities in the abundance of specific food 

categories (e.g., Cladocera and Ostracoda) and other habitat-specific characteristics (e.g., 

presence or absence of vegetation). Habitat characteristics and time since invasion could also 

help explain, together with salinity and presence of heterospecifics, population differences in 

FR and aggression observed in Chapter 6.  Future studies should attempt to examine the 

contribution of these factors on these patterns, potentially by including in the analyses predator 

and prey abundance estimates measured in the habitats from which these populations were 

sampled. Alternatively, I cannot exclude the possibility that the lack of explanatory power of 

environmental variables across my analyses is the consequence of the use of single-point 

measurements of environmental factors that are known to vary not only across space but also 

across time (Blewett et al., 2022). For instance, Santi et al. (2020), when investigating the 

potential influence of several environmental variables (e.g., salinity and chlorophyll a) on body-

shape and life-history variation in Phalloptychus januarius, found many of these variables 

varying drastically between seasons (e.g., salinity in the Pitanga lagoon varying between 0.2 

and 9.3 ppt). Indeed, it is possible that my results would have been different when controlling 

for seasonal, yearly, or even daily variation of many of these environmental variables. Seasonal 
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environmental variation could have been, for example, accounted for by averaging climate 

variables across serval months as done by Santi et al. (2020) when investigating body-shape 

and life-history variation in invasive G. holbrooki European populations. A better estimate of 

environmental variation could have also been achieved by taking repeated measurements of 

each environmental variable during multiple days and running the analyses using the average 

of these measurements. This approach has been, for example, followed by Beatty et al., (2022) 

to examine the effects of several local environmental variables such as temperature and salinity 

on fin-napping by G. holbrooki in river systems in southwestern Australia. While this approach 

was not feasible for most of my research chapters (Chapters 2 and 4) due to time and logistic 

constraints, I followed it in Chapter 6 while investigating the influence of salinity on food 

competition between invasive mosquitofish and native killifish. There, given that I observed 

that salinity, as well as temperature and dissolved oxygen, varied strongly not only between 

sampling sites but also depending on the day and time of sampling, I took 3-4 measurements of 

salinity over consecutive days. Therefore, I encourage future studies analysing these patterns to 

account for temporal variation in environmental parameters whenever possible.  

Moreover, my research emphasises the need for large population-level studies to tease 

apart key predictors of invasive success and their knock-on effects on native population 

distribution and survival (Reichard et al., 2015). Studies conducted on multiple populations 

over large geographic ranges can account for strong population-level differentiation in traits in 

response to several biotic and abiotic factors, as demonstrated both in Chapter 2 (Italy, Spain 

and France) and Chapter 4 (Italy and Spain). The need to account for population-specific 

divergence in traits was also apparent at smaller geographic scales, including mosquitofish 

populations sampled within 10 Km in Sardinia, Italy (see Chapter 6). These population-

specific differences can impact their ability to invade novel habitats, thereby resulting in 

different competitive interactions between IAS and native counterparts, and different levels of 
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threat on prey populations (Reichard et al., 2015). With respect to G. holbrooki, observed 

population variability in offspring provisioning (Chapter 2), diet (Chapter 4), aggression and 

FR (Chapter 6) could result in mosquitofish being capable of invading several habitats within 

Europe, however their impact on native communities are likely to vary across this geographic 

range.  

7.6 The importance of studying context-dependencies   

The likelihood of successful colonization of novel habitats and the extent of IAS ecological 

impacts is highly context-dependent (Reichard et al., 2015; Dominguez Almela, 2022). 

Understanding how multiple potential interacting biotic and abiotic factors influence IAS 

ecological traits is challenging, but is essential to improve our understanding of traits that 

increase the invasion success. In my thesis, I investigated the effects of a wide range of 

environmental, climatic and biotic factors on several traits of invasive G. holbrooki, at both 

small and large geographical scales, and on competitive interactions between native species and 

IAS across a wide range of taxa.   

As mentioned in Section 7.4, in Chapter 5 I found IAS to exhibit significantly higher 

food consumption and there was a non-significant trend for higher feeding efficiency (i.e., FRR) 

in IAS. Moreover, contrary to my expectations and the results of my competition experiment 

(Chapter 6), I did not detect an overall significant effect of conspecific/heterospecific presence 

on IAS-native differences in feeding rates. However, I uncovered a significant effect of prey 

density, with IAS consuming more prey than native species and outcompeting them more 

strongly at higher food densities. Yet, the nature of this pattern differed between taxa (i.e., it 

was observed for invasive Actinopterygii and Crustacea, it was opposite for Reptilia, Insecta 

and Arachnida, and Mollusca showed natives consuming more prey than IAS at low food 

densities with this difference becoming smaller with increasing food density). Interestingly, this 

pattern was not observed in Chapter 6, whereby native A. fasciatus exploited more food 
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resources than G. holbrooki at each experimental prey density. Nonetheless, I found prey 

density to play an important role in the competitive interactions between these species by 

influencing the number of chases and defensive acts performed, with the highest number of 

chases being detected at the highest food density (i.e., in the presence of 40 Daphnia) and the 

highest number of defensive acts at the lowest food density (i.e., in the presence of 5 Daphnia). 

These findings suggest that the strength and direction of food density effects on IAS-natives 

competitive interaction may vary depending on the species considered.  

Temperature is generally considered a key abiotic factor regulating species invasiveness 

through effects on life-history, metabolism, feeding behaviour and distribution patterns 

(Hellmann et al., 2008). Investigating temperature effects on these traits could, therefore, 

provide more insights on the nature of competitive interactions between IAS and native 

counterparts and the extent of their ecological impacts. In Chapters 2, 4 and 5 I examined the 

effects of temperature on mosquitofish invasiveness and IAS in general. Specifically, in 

Chapter 2 I investigated the potential role of temperature in explaining population variability 

in offspring quality and maternal provisioning, while in Chapter 4, I instead examined whether 

population-specific differences in feeding patterns were associated with temperature. Lastly, in 

Chapter 5, I examined the relative contribution of temperature in IAS-native species 

divergence in consumption rates and FRR (i.e., ratio between predator attack rate and handling 

time). In Chapter 2, I uncovered a significant negative association between temperature and 

variability in MI. Moreover, contrary to my expectations, my meta-analysis (Chapter 5) 

revealed only a significant temperature effect on IAS-native species divergence in FRR, 

although this was observed only when restricting my analyses to few laboratory studies 

investigating divergence at several temperature levels. Mosquitofish feeding patterns were also 

found to not be driven by temperature despite populations often varying drastically in water 

temperature (see Chapter 4). These findings suggest that while climate warming might worsen 
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the ecological impacts of some IAS [e.g., lionfish (Pterois volitans), South et al., 2017; 

gammarid (Pontogammarus maeoticus), Cuthbert & Briski, 2022; tench (Tinca tinca),  Avlijaġ 

et al., 2022], by exacerbating their competitive and predatory effects on native species 

(Hellmann et al., 2008; Rahel & Olden, 2008), the ecological impacts of other IAS (like G. 

holbrooki) may remain unaffected or even weaken. However, it is important to consider that, 

even if temperature may not directly impact IAS, rising temperatures could still worsen their 

impact if temperature negatively affect their native competitors. Future studies should, 

therefore, examine the effects of rising temperature on native European species such as killifish. 

If rising temperatures were to significantly negatively impact them, this would suggest that 

global warming would still worsen mosquitofish ecological impacts. Nekrasova et al., (2021) 

carried out GIS modelling of occurrence data of invasive G. holbrooki in Europe using 18 

climatic variables (e.g., mean, min and maximum annual temperatures) and found that cold 

water temperature is one the main factors that limit the distribution of this species in Europe. 

Furthermore, the authors estimated that by 2090 mosquitofish are likely to expand their 

distribution range in Europe, with the United Kingdom and Ukraine becoming a potential 

suitable habitat for this species. Under extreme climate change scenarios, their suitable habitats 

could even increase to southern Scandinavia and western Russia. Jourdan et al., (2021), using 

a similar approach but utilizing global occurrence data, predicted that under future climate 

change scenarios many areas of central Europe will likely become suitable for mosquitofish, 

potentially as a result of a combination of microevolutionary change and/or adaptive plasticity. 

Nonetheless, the authors pointed out that a comprehensive global list of habitats such as small 

ditches and puddles where this species is often found is currently lacking (Jourdan et al. 2021). 

In 2015 the UKTAG Alien Species Group reported mosquitofish in the list of potentially future 

IAS invading British freshwater ecosystems (APEM), and they are also in the watch list in 

Germany (Nehring et al., 2010). However, it is important to consider that the main limitation 
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of the studies mentioned above and of similar species distribution modelling studies is that they 

treat the study species as static entities (i.e., they assume that individuals from all populations 

of that species respond equally to environmental changes during that time frame) and neglect 

the capacity of intraspecific variation in phenotypic plasticity and local adaptation to modulate 

species responses to changing environments (Valladares et al., 2014; Benito Garzón et al., 

2019). These models may, therefore, often overestimate or underestimate the future distribution 

range of a species (Merow et al., 2011; Valladares et al., 2014; Benito Garzón et al., 2019). 

Although mechanistic species distribution models (i.e., models that also incorporate the degree 

of species plasticity) may offer more accurate predictions (Valladares et al., 2014; Benito 

Garzón et al., 2019), they require data on intraspecific variability in phenotypic plasticity and 

local adaptation at really large geographical scales, which are currently lacking for G. 

holbrooki. 

Salinity is considered to be an important mediator of mosquitofish invasiveness driving 

their distribution patterns through effects on their physiology and behaviour (e.g., 

aggressiveness: Alcaraz et al., 2008). As their ability to successful establish in novel habitats 

may also depend on their ability to find suitable mates, salinity could influence mosquitofish 

invasiveness by also altering their sexual decisions. I investigated the effects of salinity in these 

traits in Chapter 3 and Chapter 6. I examined if and how salinity influenced the strength and 

direction of female preferences for large and non-parasitised males and the levels of female 

activity during choice in multiple populations of invasive G. holbrooki and native A. fasciatus 

from Sardinia, Italy. I also examined the role of salinity in divergence in functional response 

(FR) and aggressive behaviour in these populations, and on the outcome of food competition 

between these species. While I did not find an effect of salinity on mating preferences, salinity 

significantly affected female activity levels in both species, with invasive mosquitofish 

becoming more inactive at higher salinities and killifish displaying an opposite pattern (see 
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Chapter 3). To my knowledge, this is the first study to investigate salinity effects on female 

activity and preference in these species. My results partly align with findings on western 

mosquitofish (G. affinis), where a reduction in female activity was also observed with 

increasing salinity (Zhou et al., 2022). With respect to Chapter 6, I found G. holbrooki and A. 

fasciatus FR, voraciousness and aggressiveness to be strongly influenced by salinity. 

Mosquitofish were less voracious but more aggressive than killifish, and both food consumption 

and aggressiveness were significantly reduced at high salinities,  broadly confirming the 

findings of Alcaraz et al., (2008) and Lopez et al., (2018). Although mosquitofish are capable 

to withstand a wide range of salinities (Rubelowsky, 2017), if salinity increases over their 

tolerance limit, a decrease in their routine metabolism may occur. This, in turn may have various 

ecological effects, including a reduction in prey consumption and activity (Alcaraz et al., 2008; 

Uliano et al., 2010). Combined, the results from these chapters indicate that salinity may indeed 

be a limiting factor of mosquitofish invasiveness in Europe (Alcaraz et al., 2008; Monti et al., 

2021), with mosquitofish exhibiting changes in their behaviour (e.g., levels of sexual activity) 

to adapt to novel habitats and successfully establish.  

Increasing salinisation of freshwater ecosystems owing to increased human activities 

(e.g., agriculture and urbanisation) and climate change represents a serious threat to the 

biodiversity, functioning and services of freshwater ecosystems (Cunillera-Montcusí et al., 

2022). While freshwater salinisation is expected to promote the spread of salt-tolerant IAS [e.g., 

Chinese mitten crab (Eriocheir sinensis), shimofuri goby (Tridentiger bifasciatus); Rahel & 

Holden, 2008] in aquatic systems, thereby exacerbating their ecological impacts on recipient 

communities, it is likely to have a negative impact on mosquitofish spread in Europe and lessen 

their impact on native biota such as A. fasciatus. Similarly, given the finding of higher activity 

in invasive round gobies (Neogobius melanostomus) in response to elevated salinities but no 

effects of salinity on the behaviour of the native European perch (Perca fluviatilis), Backström 
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& Winkelmann (2022) have proposed that invasive round gobies will be highly sensitive to 

freshwater salinisation compared to their native counterparts and increase their levels of activity 

to move to lower-salinity habitats. Freshwater salinisation will likely decrease the proportion 

of refuge habitats favourable to G. holbrooki in Europe causing their distribution to shift 

significantly towards low-salinity habitats (Alcaraz et al., 2008; Ruiz-Navarro et al., 2013; Santi 

et al., 2020). Mosquitofish are, therefore, expected to disappear from coastal highly saline 

habitats (e.g., the lagoons where mosquitofish were sampled from in Sardinia; Chapter 3 and 

6) and move to less saline and freshwater inland habitats. The opposite pattern has been 

predicted instead to occur in other countries within their invasive range, such as Australia 

(Rashnavadi, 2010; Beatty & Morgan, 2013). Indeed, Beatty & Morgan (2013) have predicted 

an increased presence of G. holbrooki in salinized environments after observing that many 

secondarily-salinized rivers (i.e., rivers whose increased salinity was a result of anthropogenic 

disturbance) in South-Western Australia were colonised by G. holbrooki as well as other 

invaders such as G. brasiliensis. An opposite pattern in Australia could be due to mosquitofish 

in salinized Australian habitats not having to compete with co-occurring native species such as 

killifish that occupy a similar niche but have a higher salinity tolerance and have, therefore, the 

capacity to outcompete them (e.g., as observed in Chapter 6). The presence/absence of these 

competitor species could also affect mosquitofish future distribution in Europe. We can 

reasonably expect that due to a temperature increase in northern regions, mosquitofish will 

exhibit a further northward range expansion which may not be strongly limited by salinity 

because of the absence of killifish competitors (e.g., A. fasciatus and Valencia hispanica) in 

northern regions.  

The findings of my chapters could be used to inform more effective management for 

the highly invasive mosquitofish as well as other IAS exhibiting similar patterns. For instance, 

as proposed by Monti et al. (2021), the maintenance of suitable salinity levels coupled with a 
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reduction of freshwater input in the habitats may provide a viable management tool to allow the 

presence of refugia where native killifish and other highly salt-tolerant native species may 

escape from competition with mosquitofish, hence, reducing the level of ecological impact 

deriving from their presence. However, it is important to consider that these management 

strategies may not be effective in protecting other native fauna (e.g., fish but also plant species) 

that like mosquitofish will be negatively affected by freshwater salinisation. Although highly 

saline habitats, where G. holbrooki should exhibit reduced aggressiveness and antagonistic 

behaviours (Alcaraz et al., 2008; Lopez et al., 2018; Chapter 6), could offer a refuge for some 

local species such as like V. hispanica or other European prey species, the inability of several 

of them to tolerate elevated salinities will greatly hinder their ability to effectively exploit such 

habitats (Beatty et al., 2022). For instance, in freshwater wetlands in Iran, increased salinisation 

is expected to not only affect mosquitofish but also native amphibians that currently occur only 

in freshwater habitats due to their high sensibility to salinity, particularly at the larval stage 

(Yaghobi et al., 2020). Similar processes are also likely to occur in other habitats across the 

invasive range of G. holbrooki such as river systems of south-western Australia that are 

becoming more saline (Beatty et al., 2022). Furthermore, since the results of my thesis and 

those of previous studies (e.g., Carmona-Catot et al., 2013) suggest that temperature and salinity 

may be key factors mediating the competition outcome between invasive mosquitofish and 

native counterparts, I recommend future laboratory experiments to explore how these abiotic 

stressors interact on the outcome of competition between invasive G. holbrooki and native biota 

(in Europe and elsewhere). This could further aid in effectively predicting how and to what 

extent increasing global temperatures and freshwater salinisation will affect mosquitofish 

competitive superiority over native species, and to further understand mosquitofish invasive 

potential around the world. For example, Lopez et al., (2018) found that elevated temperatures 

increased aggression of invasive G. holbrooki towards the native Australian bass (Macquaria 
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novemaculeata), but this was partially or completely suppressed when salinity was elevated 

(i.e., 15 vs 35 ppt). The authors, therefore, proposed that increasing salinity and temperature 

will likely act antagonistically on interactions of mosquitofish with native counterparts, with 

negative impacts of invasive mosquitofish on native biota such as aggression towards them, 

reduced growth, body condition and higher mortality being expected to increase with water 

temperature if  salinity levels remain the same.  

In conclusion, several ecological impacts may occur as a result of eastern mosquitofish 

establishment. Since mosquitofish occupy an intermediate trophic position, their establishment 

is likely to affect several species and impact multiple trophic levels, potentially altering food 

web interactions and nutrient pathways (Pyke, 2008; Srean, 2015). These impacts may vary 

depending on the community assemblage and range from community composition shifts to 

altering established food chains to shift of the entire ecosystem regimes (Pyke, 2008; Srean, 

2015). Several studies have, for example, documented mosquitofish altering zooplankton 

community composition with top-down effects on phytoplankton (Pyke 2008; Srean, 2015; 

Cabrera-Guzmán et al., 2017). The results of my dietary analyses (Chapter 4) indicate that 

mosquitofish often feed predominantly on small prey species such as cladocerans (e.g., 

Daphnia spp.) but also extensively on detritus. Based on the hypotheses on the evolution of 

detritivory/herbivory in freshwater systems formulated by Sanchez & Trexler (2016), it is 

plausible that detritivory/herbivory will allow them to colonise habitats that might have high 

primary productivity but low abundance of animal prey. These habitats could even be preferred 

by mosquitofish to minimise the risk of interspecific competition (e.g., via decreased niche 

overlap). Due to their high diet flexibility, it is probable that by expanding their range to 

Northern Europe as a result of global warming, mosquitofish may then also become an 

additional threat for native amphibian species such as oriental tree frogs Hyla orientalis by 

feeding on eggs and tadpole/larvae, especially in habitats such as wetlands that are commonly 
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used by amphibians as breeding sites (Vannini et al., 2018; Nekrasova et al., 2021). High 

population densities of G. holbrooki in a habitat may also impact the composition and survival 

of local native fish fauna by directly competing for similar resources or, indirectly, by reducing 

or removing prey resources that these species usually feed on, and/or altering important 

physiochemical properties such as water turbidity as a result of cascading effects (Macdonald 

& Tonkin, 2008; Cabrera-Guzmán et al., 2017). It is important to note, however, that although 

species sharing dietary and habitat niches with eastern mosquitofish are generally expected to 

be the most severely impacted, possibly due to higher likelihood of competition (Alcaraz et al., 

2008), prey vulnerability may vary between species and depending on the biotic and abiotic 

context (Paolucci et al., 2013). For instance, invasive-native species interactions and predator-

prey interactions may be influenced by factors such as prey naïveté (i.e., the limited ability of 

prey to recognise and respond to novel predators with whom they donôt share a co-evolutionary 

history; Rehage et al., 2009; Paolucci et al. al., 2013), with naïve prey being more likely to be 

predated and with a higher risk of extinction (Paolucci et al., 2013). Moreover, the impact of 

IAS on prey populations may also depend on the type of habitat. In stagnant and shallow waters 

where mosquitofish usually occur in large numbers and they are the dominant species, we 

would expect them to pose a more significant threat to Daphnia and other prey communities. 

In larger habitats such as rivers and lakes where many species cohabit, by contrast, they are 

likely to have a lower impact.  

Overall, my thesis indicates that high context-dependencies make it difficult to 

generalise the drivers of ecological impacts of mosquitofish (and IAS in general). Moreover, it 

indicates that while climate models may be good for broad-scale predictions of IAS 

distributions, they are likely to not be accurate at a local scale where the success of an invader 

is determined by multiple factors (Rahel & Holden, 2008).  
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7.7. Concluding remarks  

My thesis has demonstrated that several traits and factors can mediate the successful 

establishment of G. holbrooki in novel habitats and influence the strength and direction of their 

competitive interactions with native biota. Among the traits that I examined, I found that high 

dietary flexibility coupled with high levels of aggressiveness likely help explain mosquitofish 

invasive success in Europe. Furthermore, I uncovered a strong variability in maternal 

provisioning strategies between and within the invasive and native ranges, suggesting that 

maternal provisioning may also be important for mosquitofish invasiveness. By contrast, their 

competitive superiority over their native counterparts does not appear to be attributable to 

higher functional response or feeding efficiency, similarly to what I observed for IAS in general 

in my meta-analysis. Moreover, my research suggests that parasites play only a minor role in 

the sexual selection of invasive mosquitofish and do not contribute to their European invasions 

by altering female mating preferences or activity levels during choice. Nonetheless, as 

previously mentioned, further research is needed to confirm these findings. 

In my thesis, I uncovered that salinity is a key mediator of mosquitofish invasiveness, 

not only acting on the strength and direction of the outcome of competitive interactions between 

invasive mosquitofish and native fish species (i.e., through effects on functional response and 

aggressiveness) but also on other behavioural traits such as sexual activity levels. However, my 

research emphasises that, while a single biotic or abiotic stressor (e.g., salinity) could play a 

key role in mosquitofish invasiveness and IAS more broadly, multiple stressors may act 

simultaneously (either synergistically or antagonistically) on invasive species traits, thereby 

influencing the outcome of their competition with native biota and the extent of their ecological 

impacts.  
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In conclusion, my thesis contributes considerably to advancing our understanding of the 

evolutionary ecology of invasive mosquitofish and it brings new insight into why they are such 

successful invaders. However, it highlights several areas where further investigation is needed 

and that a deep understanding of complex interactions between environmental, behavioural and 

life-history traits is necessary to fully understand what makes a species invasive and what drives 

their ecological damage. 
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Appendix A: Supplementary material for Chapter 2 - Variability in maternal provisioning 

and offspring quality in eastern mosquitofish (Gambusia holbrooki) 

Table A.1. List of the 50 sampling sites from which specimens of Gambusia holbrooki were collected including their location, preservation method 

(E: 95 % ethanol, F: 10% formaldehyde), number of fish caught (N), environmental parameters measured in the field (water temperature, 

chlorophyll a (Chl a) and phycocyanin (PhycoCyn). 

Population  N  

Preservation 

Compound year 

Water 

 temperature [°C] Chl a PhycoCyn Latitude Longitude 

United States                 

Charleston, SC [P1] 29 E 2011 31.6 6.425 2.754 32.73412 -79.995917 

Ditch off Hwy 98, FL [P2] 29 F 2012 - - - 29.79787 -84.744633 

Ditch St Marks, FL [P3] 32 F 2012 - - - 30.15457 -84.205422 

Green Springs, FL [P4] 54 F 2012 - - - 28.86307 -81.248564 

Hwy 45, NC [P5] 30 E 2011 32.7 6.364 4.147 35.58629 -76.503408 

Lake Lilly, NJ [P6] 29 E 2011 27.5 12.85 3.543 38.93829 -74.964164 

Lake Monroe, FL [P7] 35 F 2011 32.9 5.512 2.024 28.86233 -81.252753 

Lake Monroe, FL [P8] 22 F 2012 - - - 28.86233 -81.252753 

Melbourne, FL [P9] 78 F 2011 30.1 25.09 5.233 28.14445 -80.59733 

Melbourne, FL [P9] 32 E 2011 30.1 25.09 5.233 28.14445 -80.59733 

Newport Springs, FL [P10] 48 F 2011 21.2 2.01 0.467 30.21271 -84.178572 

Newport Springs, FL [P11] 48 F 2012 - - - 30.21271 -84.178572 

Panacea Mineral Springs, FL [P12] 43 F 2011 29.3 4.518 3.15 30.03448 -84.389817 

Panacea Mineral Springs, FL [P13] 24 F 2012 - - - 30.03448 -84.389817 

Rehoboth Beach, DE [P14] 42 E 2011 27.3 12.68 6.783 38.71799 -75.08268 
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Table A.1. Continued. 

Population  N  

Preservation 

Compound year 

Water 

 temperature [°C] Chl a PhycoCyn Latitude Longitude 

St Simon, GA [P15] 17 E 2011 33.3 10.02 6.901 31.16918 -81.41685 

Suffolk, VA [P16] 22 E 2011 29 0.966 0.304 36.89134 -76.44301 

Italy                

Comacchio [P17] 53 E 2013 20.7 - - 44.6908 12.1866 

Ditch near Marina di Grosseto [P18] 12 E 2017 23.7 - - 42.7335 11.0413 

Lago di Bolsena [P19] 47 E 2013 16.7 - - 42.6314 11.9944 

Lago di Fimon [P20] 20 E 2017 26.1 - - 45.4708 11.5408 

Lago di Garda [P21] 42 E 2013 17 - - 45.4605 10.6113 

Marina di Grosseto [P22] 20 E 2017 24.5 - - 42.7334 10.9652 

Porto Cesareo [P23] 66 E 2013 23 - - 40.2752 17.877 

Torre Castiglione [P24] 50 E 2013 19 - - 40.289 17.8234 

Torre Castiglione [P25] 22 E 2017 21.7 - - 40.2888 17.8235 

France           
    

Arles [P26] 68 E 2013 21.6 - - 43.6378 4.5549 

Avignon [P27] 66 E 2013 20 - - 43.7911 4.7547 

Briere [P28] 21 E 2013 18.9 - - 47.3697 -2.3133 

Garonne [P29] 46 E 2013 20.4 - - 45.0237 -0.5028 

La Charente [P30] 64 E 2013 19.6 - - 45.9824 -0.9242 

La Ligneron [P31] 61 E 2013 20.7 - - 46.7511 -1.9166 

Montpellier [P32] 48 E 2013 25 - - 43.5603 4.0298 

Spain           
    

Almanzora [P33] 21 E 2013 28.2 - - 37.3138 -1.8924 

Barcelona [P34] 34 E 2013 24.9 - - 41.2628 1.6399 
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Table A.1. Continued. 

Population  N  

Preservation 

Compound year 

Water 

 temperature [°C] Chl a PhycoCyn Latitude Longitude 

Doñana North [P35] 18 E 2017 25.5 - - 37.226 -6.1412 

Ebro Delta [P36] 87 E 2013 25.4 - - 40.7072 0.5943 

El Palmar [P37] 20 E 2017 28 - - 39.3116 -0.3205 

Guadalquivir [P38] 49 E 2013 32 - - 36.9378 -6.0975 

Guadalquivir [P39] 16 E 2017 21.3 - - 36.9379 -6.0974 

Guadiaro [P40] 66 E 2013 23.7 - - 36.3402 -5.3148 

Gualta [P41] 19 E 2017 28.1 - - 42.0311 3.1032 

Lebrija [P42] 15 E 2017 22.6 - - 36.9601 -6.0645 

Rio Ebro ï Tortosa [P43] 16 E 2017 27.1 - - 40.8078 0.5172 

Rio Segura [P44] 46 E 2013 24 - - 38.1226 -0.6965 

Riu Ter [P45] 30 E 2013 23.5 - - 42.045 3.1744 

Rio Vaca [P46] 11 E 2017 30.7 - - 39.0606 -0.2183 

Rio Xuquer [P47] 60 E 2013 25.1 - - 39.1532 -0.2448 

Rio Xuquer [P48] 12 E 2017 29.3 - - 39.1775 -0.2692 

Sagunt [P49] 45 E 2013 23.9 - - 39.7286 -0.2074 

Zadorra [P50] 91 E 2013 18.8 - - 42.8337 -2.7828 



 
 

Table A.2. Principal component analysis (PCA) performed to reduce data dimensionality of z-

transformed water temperature and geographic location data for populations sampled across the 

invasive and native range. Shown are PCA axes and variable loadings for input variables.  

Estimates PC1 

Eigenvalue 2.331 

Percentage of variance 77.710 

Cumulative 77.710 

Water temperature [°C] -0.880 

Latitude [N] 0.899 

Longitude [E] 0.866 



 
 

Table A.3. Principal component analysis (PCA) performed to reduce data dimensionality of z-

transformed environmental (water temperature, chlorophyll a and phycocyanin) and geographic 

location data for populations sampled in the native range. Shown are PCA axes and variable 

loadings for input variables. Bold values indicate the highest loading for each principal 

component. 

Estimates Principal components 

 

PC1 PC2 

Eigenvalue 2.771 1.454 

Percentage of variance 55.411 29.085 

Cumulative 55.411 84.496 

Water temperature [°C] -0.898 -0.186 

Chlorophyll a  -0.059 0.943 

Phycocyanin -0.128 0.791 

Latitude  0.875 -0.386 

Longitude  0.935 -0.242 
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Figure A.1. Scatter plots showing the association between the matrotrophy index (MI) and the 

novel fat index (FatI). 
 

  



 
 

Appendix B: Supplementary material for Chapter 3 ï 

Salinity limits mosquitofish invasiveness by altering female 

activity during mate choice 

 

 

Figure B.1. Example of a male eastern mosquitofish (G. holbrooki) digitally infected with the 

anchor worm Lernaea cyprinacea. 

 



 
 

Table B.1. List of Gambusia holbrooki and Aphanius fasciatus sampling sites, with site location, number of fish caught, and mean values ± SD 

of the environmental variables measured in situ.  

Population  Location  

No. of fish caught 

 (F/M)  

Temperature  

[°C]  

Salinity 

 [ppt]  Latitude  Longitude 

Gambusia holbrooki             

G1 Tirso river 232 (99/134) 27.63±1.42 0.30± 0 39° 56' 2'' N 8° 40' 49'' E 

G2 Channel Bau Mannu 339 (249/90) 26.40±3.68 23.30±7.26 39° 54' 42''N 8° 30' 43'' E 

G3 S'Ena Arrubia ditch 58 (28/30) 24.17±1.50 8.50±11.95 39° 48' 56'' N 8° 33' 35'' E 

G4 Santa Giusta pond  82 (63/19) 23.80±1.82 27.70±7.75 39° 52' 12'' N 8° 36' 31''E 

Aphanius fasciatus             

K1 Mistras lagoon 382 (257/125) 26.80±2.60 62.17±3.04 39° 54' 27''N 8° 28' 57" E 

K2 Santa Giusta canal 194 (105/89) 27.25±2.79 33.15±4.14 39° 52' 54'' N 8° 35' 11'' E 

K3 Is Benas pond 60 (30/30) 21.47±1.36 39.87±1.25 40° 2' 21''N 8° 27' 19'' E 

 

 

Table B.2. Mean values ± SD of SL (mm), TL (mm) and body mass (g) for all tested females. 

 Population No. tested females SL (mm) TL (mm)  W (g) 

Gambusia holbrooki    

G1 18 22.8±4.6 27.2±5.6 0.26±0.24 

G2 27 21.0±6.9 25.1±7.9 0.23±0.28 

G3 9 25.7±5.5 30.2±5.4 0.35±0.13 

G4 9 21.5±2.3 26.3±2.5 0.16±0.05 

Aphanius fasciatus     

K1 23 21.8±4.4 25.0±4.8 0.35±022 

K2 27 22.4±6.5 27.2±8.2 0.49±0.39 

K3 9 26.0±9.8 31.0±10.0 0.40±0.34 
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Appendix C: Supplementary material for Chapter 4 - Comparative gut content analysis of 

invasive mosquitofish from Italy and Spain 

Table C.1. List of the 9 sampling sites from which specimens of Gambusia holbrooki were collected including their location, number of fish caught 

(F: females; M: males), environmental parameters measured in the field (Dissolved oxygen, pH, conductivity, water temperature) and site-specific 

climate data (mean daily temperature, maximum and minimum daily temperature and daily precipitation sum) downloaded from the ECA&D ver. 

20.0e database at 0.1 degrees resolution (Cornes et al. 2018). 

Population Location Sampling 

date 

Latitude 

[N]  

Longitude 

[E]  

No. 

Samples 

(F\M)  

Dissolved 

oxygen 

[mg/L]  

pH Conductivity 

[mS/cm] 

Water 

temperature 

[°C]  

Daily mean 

temperature 

[°C]  

Daily minimum 

temperature 

[°C]  

Daily maximum 

temperature 

[°C]  

Daily 

precipitation sum 

(mm) 

P1 
Lago di Fimon N 

(IT) 
27/07/2017 45.471 11.541 16 (10\6) 12.15 6.33 0.18 26.1 22.4 15.8 29.5 53.4 

P2 
Lago di Fimon S 

(IT) 
27/07/2017 45.463 11.542 19 (10\9) 5.77 6.46 0.27 23.8 22.4 15.8 29.5 54.9 

P3 
Marina di 

Grosseto N (IT) 
29/07/2017 42.731 10.963 19 (6\13) 7.26 9.39 4.02 24.5 26.1 22.6 37.1 35.1 

P4 
Marina di 

Grosseto S (IT) 
30/07/2017 42.733 11.041 

23 

(10\13) 
3.72 6.36 1.58 23.7 21.3 24.9 37.2 29.7 

P5 El Palmar (ES) 07/08/2017 39.323 -0.320 18 (10\8) 2.53 6.44 1.63 28 25.9 21.2 31.9 54.9 

P6 Río Xuquer (ES) 07/08/2017 39.177 -0.269 
20 

(10\10) 
17.48 6.44 1.08 29.3 28.1 21.6 32.1 35.6 

P7 Río Vaca (ES) 07/08/2017 39.061 -0.218 
20 

(10\10) 
4.71 6.49 1.51 30.7 24.8 20.9 31.5 35.9 

P8 Lebrija (ES) 10/08/2017 36.960 -6.064 16 (10\6) 7.64 6.40 5.63 21.3 25.5 13.7 32.1 93.2 

https://surfobs.climate.copernicus.eu/dataaccess/access_eobs.php#datafiles
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Table C.1. Continued. 

Population Location Sampling 

date 

Latitude 

[N]  

Longitude 

[E]  

No. 

Samples 

(F\M)  

Dissolved 

oxygen 

[mg/L]  

pH Conductivity 

[mS/cm] 

Water 

temperature 

[°C]  

Daily mean 

temperature 

[°C]  

Daily minimum 

temperature 

[°C]  

Daily maximum 

temperature 

[°C]  

Daily 

precipitation sum 

(mm) 

P9 Doñana (ES) 10/08/2017 37.202 -6.262 12 (10\2) 6.28 6.38 2.65 26.7 25.8 15.9 34.6 85.5 
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Table C.2. Description of how the different diet measurements and indices were calculated. 

Measurement Description 

Frequency of occurrence (FO) 
Ὂὕ

ὔ

Ὕ
ρππ        

where N is the number of guts in which the prey items of one particular category are found and T is the total number of 

guts with food in the sample. 

Gut fullness (GF) Fullness of the whole gut visually assessed and expressed as a percentage 

Index of relative importance 

(IRI) 

ὍὙὍὊὕ Ϸὔ Ϸὠ 

where FO is the frequency of occurrence of a prey category, N is the proportion of a certain food organism and V is the 

food volume. 

Pianka overlap index 
ὕ

В ὴὭὮὴὭὯ

В ὴὭὮ В ὴὭὯ
 

where Ojk is Piankaôs index of dietary overlap between the populations j and k, varying between 0 (no overlap) and 1 

(complete overlap), pij represents the proportion of the i food resource in the diet of population j, pik is the proportion 

of the i food resource in the diet of population k, and n is the total number of prey items. 

Relative gut length (RGL) 
ὙὋὒ  

Ὃὒ

Ὓὒ
 

where GL is the gut length (mm) and SL is fish standard length (mm). 

Relative niche width (RNW) Ὑὔὡ  
ὲ

ὔ
 

 

where RNW is the relative niche width, n is the proportion of the food categories in the diet of the specimen i and N is 

the total number of prey categories (including detritus). RNW ranges from 0 (specimen consumed items belonging to a 

single category) to 1 (specimen exploited all prey categories).  
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Table C.2. Continued. 

Measurement Description 

Schoener overlap index 
 ρ πȢυ ȿ ὖ ὖȿ 

where Ŭ is the measure of the relative amount of dietary overlap, varying between 0 (no overlap) and 1 (complete 

overlap), Pxi represents the proportion of food category i in the diet of the population x, Pyi is the proportion of food 

category i in the diet of the population y, and n is the number of food categories.   
Shannon Wiener index (H) 

Ὄ ὴὭ ÌÎὴὭ 

where H is the Shannon Wienerôs index of prey diversity in the diet, p is the proportion of prey items of one particular 

food category i to the total number of prey categories found. 
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Table C.3. Principal component analysis (PCA) performed to reduce data dimensionality of 

environmental, climatic and geographic data. Shown are PCA axes and variable loadings for 

input variables. Bold values indicate the greatest and lowest loading for each principal 

component. 

Estimates   Principal components  

  PC1 PC2 PC3 PC4 

Eigenvalue 3.097 2.410 2.293 
1.412 

Percentage of variance 30.969 24.102 22.931 14.123 

Cumulative 30.969 55.070 78.002 
92.124 

Water temperature [°C] -0.344 0.753 -0.393 0.253 

Dissolved oxygen [mg/L] 0.003 0.020 -0.079 0.914 

pH 0.171 0.104 0.874 0.202 

Conductivity [mS/cm] -0.500 -0.496 0.661 -0.112 

Latitude [N] 0.986 0.065 -0.040 0.086 

Longitude [E] 0.964 0.198 0.173 0.006 

Daily mean temperature [°C] -0.762 0.144 0.251 0.527 

Daily maximum temperature [°C] 0.083 0.862 0.401 -0.195 

Daily minimum temperature [°C] -0.109 0.243 0.803 -0.360 

Daily precipitation sum [mm] -0.445 -0.849 -0.175 -0.080 
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Table C.4. Representation of the p-values associated with multiple comparisons of relative gut 

length (RGL) between populations. Significant values are highlighted in bold. 

  P1 P2 P3 P4 P5 P6 P7 P8 P9 

P1 -                 

P2 0.795 -               

P3 0.117 0.944 -             

P4 1.000 0.993 0.017 -           

P5 <0.01 <0.01  <0.01 <0.01 -         

P6 0.998 0.989 0.388 0.968 <0.01 -       

P7 1.000 0.855 0.126 0.999 <0.01 1.000 -     

P8 
0.249 <0.01  <0.01 0.319 0.861 0.026 0.807     

- 
  

P9 0.993 0.277 0.162 0.999 0.128 0.807 0.970     0.910   - 
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Table C.5. Representation of the p-values associated with multiple comparisons of relative 

niche width (RNW) between populations. Significant values are highlighted in bold. 

  P1 P2 P3 P4 P5 P6 P7 P8 P9 

P1 -                 

P2 <0.001 -               

P3 0.619   0.028 -             

P4 0.999 <0.001  0.903 - 
  

 
  

P5 0.999 <0.001  0.183 0.907 -  
  

 

P6 0.999 <0.001  0.161 0.901 1.000 - 
  

 

P7 
1.000 <0.001  0.785 

 

1.000 0.982 0.982 
- 

  

P8 0.853   0.013 1.000 0.989 0.422    0.403 0.952 - 
 

P9 0.996 <0.001  0.327 0.948 1.000 1.000 0.990 0.550 - 
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Table C.6. Representation of the p-values associated with multiple comparisons of gut fullness 

(GF) between populations. Significant values are highlighted in bold.  

  P1 P2 P3 P4 P5 P6 P7 P8 P9 

P1 -                 

P2 <0.01 -               

P3 0.972 <0.01 -             

P4 1.000 <0.01 0.929 -           

P5 0.823 <0.01 0.122 0.789     -         

P6 0.928 <0.01 0.205 0.912     1.000 -       

P7 0.763 <0.01 0.081 0.710     1.000 1.000 -     

P8 
0.987 <0.01 1.000 0.967     0.192 0.308 0.141 

- 
  

P9 0.977 <0.01 0.470 0.978     1.000 1.000 1.000 0.547     - 
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Table C.7. Parameter estimates of the linear regression models investigating the influence of 

environmental, climate and geographic parameters on Diversity index, Frequency of occurrence 

(FO) and Index of relative importance (IRI). Environmental, climatic and geographic 

parameters were incorporated using principal component analysis (PCA). 

 Estimate SE z ▬ 

Diversity index model 

    
Intercept 0.36 0.09 4.01 0.02 

PC1 -0.00 0.00 -0.04 0.97 

PC2 0.00 0.00 -0.06 0.96 

PC3 0.00 0.00 -0.19 0.86 

PC4 0.00 0.00 0.61 0.58 

FO model     

Intercept 119.48 17.84 6.70 0.00 

PC1 -0.35 0.23 -1.54 0.20 

PC2 0.08 0.21 0.38 0.72 

PC3 -0.02 0.22 -0.07 0.95 

PC4 0.11 0.21 0.51 0.64 

IRI model 
    

Intercept 34853.79 12632.77 2.76 0.07 

PC1 -118.92 187.08 -0.64 0.57 

PC2 168.46 141.48 1.19 0.32 

PC3 -94.95 151.73 -0.63 0.57 

PC4 -19.86 142.11 -0.14 0.90 
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Table C.8. Parameter estimates of the linear regression models investigating the influence of 

environmental, climate and geographic parameters on the total amount of prey ingested by 

eastern mosquitofish. Environmental, climatic and geographic parameters were incorporated 

using principal component analysis (PCA). 

  
Estimate SE z ▬ 

Intercept 189.89 115.39 1.646 0.175 

PC1 -95.79 122.39 -0.783 0.478 

PC2 173.18 122.39 1.415 0.230 

PC3 -107.88 122.39 -0.881 0.428 

PC4 -22.72 122.39 -0.186 0.862 

 

Table C.9. Parameter estimates of the linear regression models investigating the influence of 

environmental, climate and geographic parameters on the proportion of specimens with empty 

guts. Environmental, climatic and geographic parameters were incorporated using principal 

component analysis (PCA). 

  
Estimate SE z ▬ 

Intercept 50.378 11.188 4.503 0.010 

PC1 -14.975 11.866 -1.262 0.275 

PC2 8.432 11.866 0.711 0.517 

PC3 -16.338 11.866 -1.377 0.241 

PC4 -25.464 11.866 -2.146 0.098 
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Appendix D: Supplementary material for Chapter 5 - 

Resource competition between native and invasive species - 

A meta-analysis on consumption rates and functional 

response ratio (FRR)  
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D4: Equations used for effect size calculation 

To provide a standardise estimate of the divergence in consumption rates between invaders and 

native analogues, we used Hedgesôg. This effect size was calculated as follows: 

Ὠ  
 

  

  

Where ὣ  indicates the mean feeding rate of the invaders, ὣ  is the mean feeding rate of the 

native species, ὲ  and ὲ  are the sample sizes, ί  and ί  are the standard deviation of 

each group.  

The variance for Hedgesôg was estimated as: 
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Supplemental Figures 

 

 

Figure D.1. Bubble plot showing the overall relationship between temperature and effect size 

(Hedgesôg). Individual bubbles illustrate effect sizes weighted by their precision (i.e., inverse 

of sampling variance). The solid black line represents the fitted regression lines and grey 

shadings indicate the 95% confidence intervals. Positive values of Hedgesôg indicate higher 

prey consumption for invaders while negative values the opposite pattern. 
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Figure D.2. Funnel plot showing non-asymmetrical distribution of effect sizes (Hedgesôg) 

around the meta-analytical mean. Black diamonds indicate individual studies while contours 

indicate regions of studiesô significance (i.e., p < 0.005, p <0.025 and p < 0.01). 
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Figure D.3. Bubble plot showing the relationship between year of publication and effect size 

(Hedgesôg). Each effect size is weighted by its precision (i.e., inverse of sampling variance) and 

large bubbles indicate more accurate estimates while smaller bubbles less accurate estimates. 

The solid black line represents the fitted regression line and grey shadings the 95% confidence 

intervals. Positive values of Hedgesôg indicate higher prey consumption for invaders while 

negative values the opposite pattern.  
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Supplemental tables 

Table D.1. Results of meta-regressions investigating effects of  (a) taxonomic group; (b) temperature, taxonomic group and their interaction; (c) 

prey density, taxonomic group and their interaction; and (d) type of treatment, taxonomic group and their interaction on differences in consumption 

rates between invasive and native species considering all studies (i.e., L = laboratory, F = field and M = mesocosm) and only laboratory studies. 

QE indicates residual heterogeneity while QM indicates heterogeneity explained by moderators. Significant p-values are highlighted in bold.  

Study type Moderator  N QM d.f. p QE d.f. p 

L, F, M a) Taxonomic group           

Taxonomic group 42 7.193 5 0.207 2211.064 483 <0.001 

b) Temperature + Taxonomic group + Temperature × Taxonomic group 

Temperature 33 3.366 1 0.067 1663.710 393 <0.001 

Taxonomic group 8.493 5 0.131 

Temperature × Taxonomic group 6.675 5 0.352 

c) Prey density + Taxonomic group + Prey density × Taxonomic group 

Prey density 38 4.512 1 0.034 2072.910 451 <0.001 

Taxonomic group 2.955 5 0.707 

Prey density × Taxonomic group 38.346 5 <0.001 

d) Type of treatment + Taxonomic group + Type of treatment × Taxonomic group 

Type of treatment 5 1.062 2 0.588 29.009 13 0.006 

Taxonomic group 0.012 1 0.913 

Type of treatment × Taxonomic group 0.176 2 0.916 
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Table D.1. Continued. 

Study type Moderator  N QM d.f. p QE d.f. p 

L a) Taxonomic group 

Taxonomic group 38 6.867 5 0.231 2141.106 462 <0.001 

b) Temperature + Taxonomic group + Temperature × Taxonomic group 

Temperature 32 3.223 1 0.073 1661.250 386 <0.001 

Taxonomic group 8.139 5 0.149 

Temperature × Taxonomic group 6.305 5 0.385 

c) Prey density + Taxonomic group + Prey density × Taxonomic group 

Prey density 36 4.383 1 0.036 2051.844 439 <0.001 

Taxonomic group 2.633 5 0.756 

Prey density × Taxonomic group 38.386 5 <0.001 

c) Type of treatment + Taxonomic group + Type of treatment × Taxonomic group 

Type of treatment 4 0.757 2 0.685 28.986 11 0.002 

Taxonomic group 0.008 1 0.930 

Type of treatment × Taxonomic group 0.105 2 0.949 
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Table D.2. ANOVA statistics for linear mixed-effects (LME) models investigating effects of (a) taxonomic group and (b) temperature, taxonomic 

group and their interaction on differences in FRR between invasive and native species considering all studies (i.e., L = laboratory, F = field and M 

= mesocosm) and only laboratory studies. Significant p-values are highlighted in bold.  

Study type Moderator  N d.f Sum of Squares Mean Squares F-value p 

L, F, M a) Taxonomic group         

Taxonomic group 40 4 183626 45907 0.261 0.901 

b) Temperature + Taxonomic group + Temperature × Taxonomic group 

Temperature 38 1 461 461.1 0.002 0.960 

Taxonomic group 4 36705 9176.3 0.051 0.995 

Temperature × Taxonomic group 4 21962 10980.8 0.061 0.941 

L a) Taxonomic group 

Taxonomic group 37 4 194887 48722 0.260 0.902 

b) Temperature + Taxonomic group + Temperature × Taxonomic group 

Temperature 36 1 3346 3346.1 0.017 0.990 

Taxonomic group 4 54279 13569.8 0.071 0.896 

Temperature × Taxonomic group 4 53266 26632.8 0.139 0.871 
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Table D.3. Results of meta-regressions investigating effects of (a) prey density, taxonomic group and their interaction and (b) temperature on 

differences in consumption rates between invasive and native species considering only the studies that manipulated these factors (i.e., L = 

laboratory, F = field and M = mesocosm) and only laboratory studies. QE indicates residual heterogeneity while QM indicates heterogeneity 

explained by moderators. Significant p-values are highlighted in bold.  

Study type Moderator  N QM d.f. p QE d.f. p 

L, F, M a) Prey density + Taxonomic group + Prey density × Taxonomic group 

Prey density 22 4.895 1 0.027 1039.646 351 <0.001 

Taxonomic group 5.717 5 0.334 

Prey density × Taxonomic group 41.568 5 <0.001 

L  a) Prey density + Taxonomic group + Prey density × Taxonomic group 

Prey density 22 4.693 1 0.030 1019.327 341 <0.001 

Taxonomic group 5.542 5 0.353 

Prey density × Taxonomic group 40.801 5 <0.001 

b) Temperature  

Temperature 3 0.087 1 0.768 547.089 44 <0.001 



 
 

Table D.4. ANOVA statistics for linear mixed-effects (LME) models investigating effects of 

temperature on differences in FRR between invasive and native species considering only the 

studies that manipulated temperature (i.e., L = laboratory and M = mesocosm) and only 

laboratory studies. Significant p-values are highlighted in bold.  

 

 

 

  

Moderators N Study 

type 

Sum of 

squares 

Mean 

Squares 

d.f. F-value p 

               

Temperature 3 L, M 32843 32843 1 0.628 0.438 

2 L 703443 703443 1 7.633 0.020 



 
 

Appendix E: Supplementary material for Chapter 6 - Competition in the face of salinity: 

invasive Gambusia holbrooki and native Aphanius fasciatus  

 

Appendix E.1: Sampling sites and body measurements 

Table E.1. List of Gambusia holbrooki and Aphanius fasciatus sampling sites with coordinates, number of fish caught and mean values ±SD of 

measured environmental variables.  

Population  Location  Latitude  Longitude 

No. of fish caught 

 (F/M)  

Temperature  

[°C]  

Salinity 

 [ppt]  

Gambusia holbrooki             

G1 Tirso river 39° 56' 2'' N 8° 40' 49'' E 232 (99/134) 27.63±1.42 0.30± 0.00 

G2 Channel Bau Mannu 39° 54' 42''N 8° 30' 43'' E 339 (249/90) 26.40±3.68 23.30±7.26 

G3 S'Ena Arrubia ditch 39° 48' 56'' N 8° 33' 35'' E 58 (28/30) 24.17±1.50 8.50±11.95 

G4 Santa Giusta pond  39° 52' 12'' N 8° 36' 31''E 82 (63/19) 23.80±1.82 27.70±7.75 

Aphanius fasciatus             

K1 Mistras lagoon 39° 54' 27''N 8° 28' 57" E 382 (257/125) 26.80±2.60 62.17±3.04 

K2 Santa Giusta canal 39° 52' 54'' N 8° 35' 11'' E 194 (105/89) 27.25±2.79 33.15±4.14 

K3 Is Benas pond 40° 2' 21''N 8° 27' 19'' E 60 (30/30) 21.47±1.36 39.87±1.25 

 



 
 

Table E.2. Mean SL (mm) ± SD for all pairings used in the experiment. 

Experiment Population pairings Species 
Salinity 

15ppt 30 ppt 

Female competition 

     

G1-K1 
Gambusia holbrooki 25.6 ± 4.2 - 

Aphanius fasciatus 22.9 ± 3.7 - 

       

G2-K2 
Gambusia holbrooki 19.4 ± 4 18.7 ± 4.4 

Aphanius fasciatus 18.9 ± 3.8 20.8 ± 4.5 
          

Male competition 

G1-K1 
Gambusia holbrooki 20.4 ± 1.1 - 

Aphanius fasciatus 18.9 ± 2.3 - 

       

G2-K2 
Gambusia holbrooki 18.8 ± 0.8 17.8 ± 1.7 

Aphanius fasciatus 17.2 ± 1.3 17.6 ± 1.9 
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Appendix E.2: Additional results of FR, food consumption and aggression analyses 

Table E.3.  Type of functional response for each population (considering only males) within each testing condition. Functional response parameters 

(a, h,1/hT), first order and second-order terms with p-values from the logistic regressions of prey consumed against initial prey are provided. Grey 

rows represent competition trials. 

Population Treatment 

Presence of 

 

competitors FR 

First order  

term  p 

Second

order 

 term  p a (95% BCa-CI)  h (95% BCa-CI)  1/hT 

Gambusia holbrooki           

G1 Baseline [0 ppt] no II  -0.051 <0.001 - - 2.564 [0.985-9.915] 0.036 [0-0.060] 27.800 

G1 15 ppt no I 0.409 0.609 - - 0.449 [0.298-0.650] - - 

G1 15 ppt yes I 0.414 <0.001 - - 0.258 [0.145-0.359] - - 

G2 Baseline [15 ppt] no II  -0.160 <0.001 - - 10.658 [3.176-538.255] 0.057 [0.023-0.077] 17.544 

G2 15 ppt no II  -0.023 0.047 - - 1.639 [0.85-3.839] 0.015 [0-0.095] 66.667 

G2  15 ppt yes I 0.451 0.006 - - 0.400 [0.271-0.619] - - 

G2 30 ppt no II  -0.026 0.034 - - 1.922 [0.992-5.052] 0.016 [0-0.094] 62.5 

G2 30 ppt yes I 0.132 0.060 - - 0.120 [0.047-0.205] - - 

G3 Baseline [0 ppt] no II  -0.059 <0.001 - - 2.361 [0.886-36.229] 0.043 [0-0.08] 23.256 

G4 Baseline [20 ppt] no I 1.120 <0.001 - - 0.729 [0.445-0.901] - - 

Aphanius fasciatus                  

K1 Baseline [35.5 ppt] no I 0.542 0.654 - - 0.507 [0.236-0.774] - - 

K1 15 ppt no I 1.026 <0.001 - - 0.742 [0.679-0.795] - - 

K1 15 ppt yes II  -0.044 <0.001 - - 2.545 [0.817-7.948] 0.039 [0-0.093] 25.641 

K1 30 ppt no I 0.461 0.350 - - 0.827 [0.707-0.923] - - 

K2 Baseline [33.15ppt] no I 0.458 0.659 - - 0.48 [0.220-0.694] - - 

K2 15 ppt no I 1.000 <0.001 - - 41.076 - - 

K2 15 ppt yes II  -0.070 <0.001 - - 2.613 [1.284-8.192] 0.082 [0.039-0.11] 12.195 

K2 30 ppt no I 1.000 <0.001 - - 40.646 - - 

K2 30 ppt yes II  -0.037 0.002 - - 2.190 [1.231-4.338] 0.023 [0-0.055] 43.478 

K3 Baseline [35.5 ppt] no II  -0.059 <0.001 - - 2.454 [0.963-0.751] 0.029 [0-0.5] 34.483 
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Table E.4. Type of functional response for each population (considering only females) within each testing condition. Functional response 

parameters (a, h,1/hT), first order and second-order terms with p-values from the logistic regressions of prey consumed against initial prey are 

provided. Grey rows represent competition trials. 

Population Treatment 

Presence of 

 

competitors FR 

First order  

term  p 

Second

order 

 term  p a (95% BCa-CI)  h (95% BCa-CI)  1/hT 

Gambusia holbrooki           

G1 Baseline [0 ppt] no II  -0.1199 <0.001 - - 3.672 [1.291-554.681] 0.087 [0.011-0.087] 11.494 

G1 15 ppt no I 0.883 0.0795 - - 0.907 [0.758-0.990] - - 

G1 15 ppt yes II  -0.032 0.009 - - 0.631 [0.126-39.401] 0.120 [0-0.481] 0.008 

G2 Baseline [15 ppt] no II  -0.064 <0.001 - - 3.713 [1.494-319.285] 0.041 [0.015-0.078] 24.3902 

G2 15 ppt no II  -0.187 <0.001 - - 16.465 [6.33-91.37] 0.038 [0.025-0.047] 26.316 

G2  15 ppt yes I 0.217 0.021 - - 0.258 [0.134-0.346] - - 

G2 30 ppt no III  0.394 <0.001 -0.007 <0.001 - 0.029 [0-0.043] 34.483 

G2 30 ppt yes I 0.103 0.229 - - 0.076 [0.018-0.212] - - 

G3 Baseline [0 ppt] no II  -0.072 <0.001 - - 2.122 [0.988-5.738] 0.086 [0.047-0.144] 11.628 

G4 Baseline [20 ppt] no II  -0.073 <0.001 - - 1.449 [0.292-5.675] 0.107 [0.34-0.282] 9.346 

Aphanius fasciatus             

K1 Baseline [35.5 ppt] no I 0.792 0.362 - - 0.498 [0.329-0.726] - - 

K1 15 ppt no I 0.999 <0.001 - - 0.973 [0.914-0.994] - - 

K1 15 ppt yes I 0.103 0.229 - - 0.076 [0.018-0.212] - - 

K1 30 ppt no I 0.868 0.005 - - 0.942 [0.876-0.985] - - 

K2 Baseline [33.15ppt] no II  -0.027 0.013 - - 1.074 [0.302-99.844] 0.078 [0-0.217] 12.820 

K2 15 ppt no III  0.529 0.008 -0.010 0.008 - 0.029 [0-0.045] 34.483 

K2 15 ppt yes I 0.747 <0.001 - - 0.698 [0.600-0.835] - - 

K2 30 ppt no I 1.000 <0.001 - - 40.646   

K2 30 ppt yes II  -0.109 <0.001 - - 4.413 [1.681-0.056] 0.033 [0 -0.056] 30.303 

K3 Baseline [35.5 ppt] no II  -0.063 <0.001 - - 0.781 [0.186-3.644] 0.137 [0-0.432] 7.800 
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Table E.5. Population and testing conditions for which the functional response (FR) model was of type I using the phenomenological approach 

(i.e., frair_test) and comparing the model fit of Type I and Type II using Akaikeôs information criterion corrected for small sample sizes (AICc).  

The table provides results for models run considering both sexes. Grey rows represent competition trials. 

Population Treatment 
Presence of 

competitors 

FR best model  

resulting from frair _test  

AICc  

FR Type I 

AICc  

FR Type II  

FR model with 

lowest AICc 
ȹAICc 

 

Gambusia holbrooki 
      

 

G1 15 ppt no I 282.8557 285.0768  I 2.22  

G1 15 ppt yes I 167.9784 170.368 I 2.39  

G2  15 ppt yes I 168.2018 170.5914 I 2.39  

G2 30 ppt yes I 133.5026 135.8928 I 2.39  

Aphanius fasciatus         

K1 Baseline [35.5 ppt] no I 320.8029 323.1925 I 2.39  

K1 15 ppt no I 131.3031 133.6185 I 2.32  

K1 15 ppt yes I 229.328 231.6653 I 2.34  

K1 30 ppt no I 127.3206 129.7102 I 2.39  

K2 30 ppt no I 122.571429 125.571429 I 3.00  
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Table E.6. Population and testing conditions for which the functional response (FR) model was of type I using the phenomenological approach 

(i.e., frair_test) and comparing the model fit of Type I and Type II using Akaikeôs information criterion corrected for small sample sizes (AICc).  

The table provides results for models run considering only males. Grey rows represent competition trials. 

 

Population Treatment 
Presence of 

competitors 

FR best model resulting 

from frair_test  

AICc  

FR Type I 

AICc FR  

Type II  

FR model with 

lowest AICc 
ȹAICc 

 

Gambusia holbrooki 
       

 

G1 15 ppt no I 103.1985 105.419 I 2.22  

G1 15 ppt yes I 74.00781 76.94118 I 2.93  

G2  15 ppt yes I 87.47025 90.4036 I 2.93  

G2 30 ppt yes I 60.32241 63.25575 I 2.93  

G4 Baseline [20 ppt] no I 200.6712 202.6712 I 2.00  

Aphanius fasciatus         

K1 Baseline [35.5 ppt] no I 200.8247 203.7581 I 2.93  

K1 15 ppt no I 44.83187 47.25656 I 2.42  

K1 30 ppt no I 69.73819 72.67152 I 2.93  

K2 Baseline [33.15ppt] no I 169.3018 171.6436 I 2.34  

K2 15 ppt no I 132 135 I 3.00  

K2 30 ppt no I 123 125.333333 I 2.33  
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Table E.7. Population and testing conditions for which the functional response (FR) model was of type I using the phenomenological approach 

(i.e., frair_test) and comparing the model fit of Type I and Type II using Akaikeôs information criterion corrected for small sample sizes (AICc).  

The table provides results for models run considering only females. Grey rows represent competition trials. 

Population Treatment 
Presence of 

competitors 

FR best model  

resulting from frair _test 

AICc  

FR Type I 

AICc  

FR Type II  

FR model with 

lowest AICc 
ȹAICc 

 

Gambusia holbrooki 
       

 

G1 15 ppt no I 63.2384 65.7388 I 2.50  

G2  15 ppt yes I 72.9788 75.7762 I 2.80  

G2 30 ppt yes I 73.25934 76.19271 I 2.93  

Aphanius fasciatus         

K1 Baseline [35.5 ppt] no I 122.5607 125.5406 I 2.98  

K1 15 ppt no I 33.16458 36.0983 I 2.93  

K1 15 ppt yes I 114.7069 117.6402 I 2.93  

K1 30 ppt no I 44.89641 47.82974 I 2.93  

K2 15 ppt yes I 83.48934 86.48934 I 3.00  

K2 30 ppt no I 122 125 I 3.00  
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Figure E.1. Functional response (FR) curves generated from feeding data collected during 

baseline trials (i.e., trials at the natural salinity levels) for four populations of mosquitofish (G. 

holbrooki; i.e., G1-G4) and three populations of killifish ( A. fasciatus; i.e., K1-K3). Type II FR 

was observed for all killifish and mosquitofish baselines except for the mosquitofish population 

G4 (Type III) and the killifish population K1 (Type I).  

  




























