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Abstract 1 

This study investigated interactions between native Galaxias maculatus and invasive Gambusia 2 
holbrooki, from the freshwater and tidally influenced wetlands of the kanamaluka/Tamar River 3 
system in cool temperate northern Tasmania. Galaxias maculatus is a valued species for human 4 
consumption and as a member of the ecosystem, and Gambusia is the target of an eradication 5 
program since its illegal introduction into the area in 1992, due to its detrimental impacts on the 6 
native habitat and the native fish and frog fauna. In addition to manual removal methods, the 7 
approach being developed (Trojan Y) aims to eradicate the population through the release of 8 
genetically manipulated Trojan Y fish which, through breeding with wild fish, would bias the sex ratio 9 
of the population to males. To maximise efficacy, we need to understand the behaviour of released 10 
fish and how they interact with wild fish. This study examines sublethal effects of predation and 11 
competition, including changes in habitat use, social interaction, and behaviour, with implications for 12 
interrupted feeding, potentially decreasing tolerance and raising vulnerability to other predators. 13 
Cover was chosen for the main habitat variable as it is important in the field and often used in 14 
habitat restoration. As these effects can have as strong an impact on the affected species’ fitness as 15 
lethal effects, this study will inform G. maculatus management and G. holbrooki eradication, 16 
including providing a baseline against which the behaviour of sex-reversed Trojan Y fish can be 17 
compared. 18 

To examine how sexual dimorphism affects G. holbrooki behaviour, all-male, all-female, and mixed-19 
sex groups of fish were tested in experimentally manipulated tanks for changes in aggression, 20 
schooling, and position in the water column. Male G. holbrooki were more aggressive, but there was 21 
more display behaviour in all-female groups. Fish were mostly solitary, which was more marked in 22 
males. Males used surface water less than females, even when in single sex groups. 23 

The effect of cover on social, aggressive, and protective behaviours was tested separately for each 24 
species. Galaxias maculatus had low rates of conflict, usually formed schools, and used cover 25 
regularly, which allowed them to increase swimming activity (swimming in and out of cover), 26 
presumably due to the protection it provided reducing the need to use relative immobility as a 27 
defence. Conversely, G. holbrooki rarely used cover, and both sexes were mostly solitary with high 28 
aggression towards other fish, with higher rates in males. 29 

The role of different levels of cover and G. holbrooki sex ratios were tested with the two species 30 
combined, focussing on interspecific aggression, avoidance, and co-existence. Gambusia holbrooki 31 
positioned themselves higher in the water column than G. maculatus when both species were 32 
present, similar to when each species was in mono-specific groups. Galaxias maculatus used cover 33 
less than without G. holbrooki, but still increased activity when cover was present. Aggression by 34 
G. holbrooki was lower than when in mono-specific groups, but the rate of aggression was not35 
reduced by cover. The presence of G. holbrooki, especially females, greatly reduced G. maculatus 36 
schooling, while Galaxias aggression, both towards conspecifics and G. holbrooki, increased in the 37 
presence of G. holbrooki males. 38 

Social, aggressive, and defensive behaviours were examined for adult and immature G. maculatus to 39 
test if these behaviours changed with size in G. maculatus and whether there was greater 40 
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vulnerability in smaller fish. It was found that behaviours were generally similar with size, with the 41 
only major difference being that large fish swam in small groups more often than small fish. 42 

Although interspecific aggression was much rarer than intraspecific aggression, G. holbrooki 43 
primarily affected G. maculatus behaviour by reducing schooling and cover use. In addition, 44 
G. maculatus increased intraspecific aggression when G. holbrooki was present, whereas 45 
G. holbrooki decreased their intraspecific aggression in the presence of G. maculatus.  46 

This research provides the most detailed baseline of behaviour in G. maculatus and G. holbrooki in 47 
for both monospecific groups and interspecific interactions; and adds to the understanding of the 48 
behaviour of these species in temperate conditions. This can be used to evaluate the behaviour of 49 
sex-reversed (Trojan Y) fish. Behavioural changes play a major role in G. maculatus impacts, 50 
suggesting that habitat restoration alone may not be sufficient to mitigate G. holbrooki impacts on 51 
G. maculatus. The observed higher intra- and lower inter-specific aggression in male G. holbrooki 52 
suggests that a male-biased ratio, a potential outcome of a proposed control program (Trojan Y), 53 
may be positive for native fish populations.54 
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1. General Introduction 55 

 56 

Predation plays a key role in structuring ecosystems, since predation influences prey demography, 57 
population size and reproductive success (Lima 2009, McDowall 1968). Traditional models of the role 58 
of predation in ecological systems focus on the effects of direct lethal predation events (Creel and 59 
Christianson 2008, Lima 1998, Preisser et al. 2005). The direct removal of individuals through 60 
predation impacts population dynamics and is easily included in population models, such as for 61 
estimates of top-down (predators control prey numbers) versus bottom-up (primary production 62 
controls consumer numbers) population regulation (Creel and Christianson 2008, Ripple and Beschta 63 
2004) or trophic cascades (Ripple and Beschta 2004, Werner and Peacor 2006). These can 64 
dramatically restructure ecosystems, for example predatory Gambusia removing the bulk of the 65 
zooplankton allowing algae to dominate the system (Hurlbert et al. 1972); wolf (Canis lupus) 66 
restoration producing changes in vegetation and reproductive success in a number of animal species 67 
through elk (Cervus elaphus)(Creel et al. 2005) and coyotes (Canis latrans)(Barnowe-Meyer et al. 68 
2010) changing their behaviour to avoid them; or predator suppression and range expansion of 69 
herbivorous sea urchins (Heliocidaris erythrogramma and Centrostephanus rodgersii) grazing a kelp 70 
(Ecklonia radiata) ecosystem into urchin barrens in Australia (Kriegisch et al. 2019, Tracey et al. 71 
2015). For this study, predation is defined as killing rather than consumption, as the result is the 72 
same for the prey species either way, so prey strategies should be the same or similar in both cases. 73 

In addition to lethal effects, there are also a variety of indirect effects of predation events (Cresswell 74 
2008, Peacor and Werner 2001, Ripple and Beschta 2004) (Table 1). These negative effects of 75 
predator presence and unsuccessful predation attempts can reduce fitness significantly in subtle and 76 
complex ways. For example, reproductive success can be significantly reduced by choice of safer but 77 
marginal habitats in frogs (Litoria aurea)(Hamer et al. 2002), reduced fecundity from stress in trout 78 
(Oncorhynchus mykiss)(Contreras-Sánchez et al. 1998), or parental behavioural responses in impala 79 
(Aepyceros melampus)(Setsaas et al. 2018) and flies (Drosophila melanogaster)(Elliott et al. 2017). 80 
Injuries carry the risk of infection and can hamper feeding, sometimes leading to starvation (Rowe et 81 
al., 2007). Effects can be felt by ‘neighbours’ of the predated individual and on survivors of 82 
unsuccessful predation events (Malmqvist 1993), particularly by influencing the ‘landscape of fear’ 83 
(Ripple and Beschta 2004, Swanson et al. 2016). The landscape of fear involves the degree of 84 
perceived predation risk and the effect this has on decision making (such as when to forage and 85 
what parts of their habitat to use) in the short and medium term (Swanson et al., 2016, Wisenden et 86 
al., 1994, Fortin and Fortin, 2009). Over recent decades, these indirect effects have been recognised 87 
as having great importance in the structure and function of ecosystems (McCormick 1998, Schmitz et 88 
al. 1997), sometimes having a greater impact than direct effects (Nelson et al. 2004, Preisser et al. 89 
2005, Trussell et al. 2002, Turner et al. 2000, Werner and Peacor 2003). Therefore, it is important to 90 
consider both direct and indirect effects in our understanding of ecosystems (Cresswell, 2008, 91 
Allouche and Gaudin, 2001), and to factor these effects into planning of management and 92 
conservation schemes (Carlsson et al. 2004, Creel and Christianson 2008). Due to the large impact of 93 
indirect effects, animals have evolved a variety of responses to mitigate these impacts.  94 
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Table 1  95 
An outline of key types of indirect effects of predation.  96 
Indirect effect Details Example studies 
Habitat use changes Avoiding habitats where 

predators are detected, using 
different microhabitats when 
predators are around 

(Binckley and Resetarits 2003, 
Griffen and Byers 2006) 

Morphological defences Spines, altered development 
to increase escape ability 

(Harvell 1990, McCollum 1997, 
Relyea 2000, Relyea 2001) 

Behavioural changes Reduced activity and foraging, 
more grouping, changed time 
of day of activities 

(Bool et al. 2011, Creel et al. 
2005, Cresswell 2008, Kelley et 
al. 2011, Lima 1998) 

Weight loss Reduced feeding or hormonal 
impacts reduce body condition 

(Lima 1998, Wang et al. 2011) 

Impeded reproduction Reduced fecundity or offspring 
survival 

(Lima 1998, Nakaoka 2000). 

Physiological stresses and 
functional alterations, 
prolonged elevation of stress 
hormones 

Exhaustion, raised metabolic 
rate, developmental 
instability, neuroplasticity, 
delayed 
metamorphosis/maturity 

(Cooke et al. 2003, Gonda et 
al. 2010, Richardson 2002, 
Stoks 2001) 

Reduced growth and adult size Lack of food reduces growth 
ability, which means adults are 
smaller, especially in species 
that metamorphose 

(Allouche and Gaudin 2001, 
Ball and Baker 1995, Ball and 
Baker 1996, Nicieza 2000, 
Skelly 1992,, Skelly and 
Werner 1990, Werner and 
Anholt 1996, Werner et al. 
1983) 

Maternal effects Parent condition effects 
offspring condition and 
behaviour trough provisioning 
and hormones 

(McCormick 1999, Mommer 
and Bell 2013), 

Injury Wounds can get infected, 
damage to limbs and fins 
reduces movement ability,  

(Figiel and Semlitsch 1991, 
Rowe et al. 2007, Zajac 1995) 

Responses to predation risk 97 
Habitat type (both biotic and abiotic) plays a large role in an organism managing the risk of 98 
predation. When potentially risky habitats are also more profitable (i.e. better food, permanent 99 
water), this results in a trade-off, leading to safer, poorer habitats chosen preferentially except 100 
under higher risk conditions, such as poor food availability (Allouche and Gaudin 2001, Heithaus et al. 101 
2008, Pangle et al. 2007). Temporal changes in habitat use are another response to predation 102 
pressure (Cabido et al. 2009, Sönnichsen et al. 2013, Wisenden et al. 1994). Habitat complexity 103 
(Baber et al. 2004, Lima 2009, Werner et al. 1983), distance to known predator presence (Heithaus 104 
et al. 2007, Thomson et al. 2006) and distance to cover (Creel et al. 2005) all influence the risk found 105 
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in each microhabitat, and therefore relationships between risk and habitat use are found in a 106 
number of species in terrestrial (Cresswell et al. 2010, Ripple and Beschta 2004, Whittingham and 107 
Evans 2004) and aquatic (Allouche 2002, Bernot and Turner 2001) ecosystems. Structural complexity 108 
can cause either increases or decreases in perceived risk, offering either protective concealment 109 
(positive association)(Bernot and Turner 2001, Edenbrow et al. 2011, Turner and Mittelbach 1990) or 110 
sites for predator concealment (negative association)(Arthur et al. 2004, Brown et al. 1992, 111 
Cresswell et al. 2010). Furthermore, the same species may treat cover as either positive or negative 112 
depending on which of their predators are detected (e.g. Turner et al. 2000, Turner et al. 1999). Thus, 113 
the relationship between habitat type and predation risk is time and context specific. Of these 114 
responses, cover use and behavioural changes, including group behaviour, were chosen for study 115 
because cover is an important environmental feature relatively easily manipulated in field settings 116 
(Hickford and Schiel 2014) and behaviour is an important dimension of ecology that is under-117 
considered in management (Creel and Christianson 2008).  118 

Predation risk can be mitigated by anti-predator behaviour. Behavioural changes in relation to 119 
predation risk are varied and can involve multiple simultaneous responses to predators (Cresswell, 120 
2008), which have been relatively well-studied (Li et al., 2009). Antipredator behaviours such as 121 
vigilance (Favreau et al. 2010, Sönnichsen et al. 2013), avoidance (Schmidt 2006), or truncated 122 
foraging (Martel and Dill 1993, Romero et al. 2011) often represent a trade-off with feeding (Zimmer 123 
et al. 2011), and therefore are often sensitive to the risk of predation, such as more foraging being 124 
done by larger, harder to catch individuals (Romero et al. 2011). General reduction in activity is also 125 
a common response (Anholt et al. 2000, Babbitt 2001, Fraser and Gilliam 1992, Relyea 2001, Strobbe 126 
et al. 2011), which also leads to a lower likelihood of predator encounters while also reducing 127 
foraging opportunities (Nakaoka 2000, Peacor and Werner 1997, Turner and Mittelbach 1990), and 128 
may therefore be abandoned when resources are scarce (Dill and Fraser 1984, Wojdak and Luttbeg 129 
2005) or the animal is in poor body condition (Heithaus et al. 2007). Individual variation can also be a 130 
factor, though this is a newer, ongoing area of research (Aplin et al. 2013, Davies and Sewall 2016, 131 
Edwards et al. 2013). 132 

Therefore, behaviour is highly adaptable to rapid changes in the risk environment (Giles and 133 
Huntingford 1984, Lima 1998, Pujol-Buxó et al. 2013) with a wide range of outcomes, including 134 
variation at species, population and individual levels (Giles and Huntingford 1984, Seress et al. 2011). 135 
One important strategy used widely by many animal clades is forming groups, over both the short 136 
and long term, which can alter individual contributions to anti-predator vigilance (Li et al., 2009) and 137 
dilutes the risk to each individual (Jaatinen et al., 2011), which may greatly increase survival.  138 

Grouping impacts the prey species’ antipredator capacity (Krams et al. 2010), both positively, as 139 
protection (Morgan 1988, Thaker 2010) and negatively, as conspicuousness (Ford and Swearer 2013). 140 
Therefore the risk environment influences the strength of social interactions (Kelley et al. 2011, 141 
Magurran and Pitcher 1987) and the degree of aggression towards conspecifics (Huntingford 1982, 142 
Martel and Dill 1993). Along with advantages to grouping such as gathering information (Ashton et al. 143 
2019), finding food (Ranta and Kaitala 1991) and mates (Agrillo et al., 2008a), predation threat may 144 
increase co-operation with neighbours (Krams et al. 2010) or increase the optimal group size 145 
(Hellström et al. 2011, Jaatinen et al. 2011, Thaker 2010), offset by other expenses of group living; 146 
such as feeding efficiency (Herczeg et al. 2009) and competition (Fortin and Fortin 2009, Zhao et al. 147 
2011), reproductive conflict (Heg and Taborsky 2010, Jaatinen et al. 2011) or changing the 148 
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demographics of groups (Meldrum and Ruckstuhl, 2009). This includes both increasing group 149 
conformity, as dissimilar animals can allow predators to pick them out of the confusion of the group 150 
(Croft et al. 2009, Hasenjager and Dugatkin 2017, Tucker and Suski 2019) or homogenised growth 151 
rates (Allouche and Gaudin, 2001); and decreasing it through an overarching importance of group 152 
size (for risk dilution and increased vigilance ability)(Meldrum and Ruckstuhl, 2009). Both co-153 
operation and social behaviour such as herding/schooling, competition and dominance interactions 154 
are often highly situation-specific; and may change significantly under different levels of risk, either 155 
on ecological timescales, such as in species that form groups of different sizes (Fortin and Fortin 156 
2009) or at different frequencies (Hasenjager and Dugatkin 2017, Kelley et al. 2011) depending on 157 
current trade-off conditions; or on evolutionary timescales through fixation of behaviours based on 158 
the expected risk within the population (Herbert-Read et al. 2017, Herczeg et al. 2009). 159 

These responses represent individual and group-level ‘decisions' about risks (Tucker and Suski 2019) 160 
that, when performed by larger groups, impact the survival and reproduction within animal 161 
populations. Habitat use changes can reduce the number of predator encounters, including avoiding 162 
dangerous areas (Thomson et al. 2006) or areas of recent predator presence (Thaker 2010, 163 
Wisenden et al. 1994), changes in water depth for aquatic species where predators occupy a 164 
particular level (Turner et al., 2000, Rowe et al., 2007), or restricting use of risky microhabitats to 165 
less dangerous times of day/night (Fraser and Cerri 1982). Cover represents one such habitat feature; 166 
a prey animal may avoid cover in response to ambush predators (Lima and Valone 1991, Valeix et al. 167 
2009), seek cover to avoid being seen (Creel et al. 2005, Turner et al. 2000) and to provide a shield 168 
(Stuart-Smith et al., 2007), or a mixture of both depending on which type of predator poses the 169 
greatest risk in that microhabitat (Potash et al. 2019). Flight (Nelson et al. 2004) or emigration 170 
(Fraser and Gilliam 1992) away from predators is often used; when that is unfeasible reduction in 171 
activity (Cerezer et al. 2016, Costanzo et al. 2011, Milano et al. 2010) and truncated foraging (Thaker, 172 
2010, Creel et al., 2005) are used. Behavioural changes such as forming groups (Beauchamp 2016, 173 
Kelley et al. 2011, Ruckstuhl 2007) and vigilance (Laundré et al. 2001, Sönnichsen et al. 2013) are 174 
also important.  175 

Where the sexes of an animal species differ, responses can also differ at both individual (Rose 1994) 176 
and group (Piyapong et al. 2010) levels. Sexes can be under different levels of risk due to size 177 
differences (Ruckstuhl and Neuhaus 2000), colouration (Cabido et al., 2009), and behaviour such as 178 
mating displays (Lima, 2009); with corresponding differing responses to this risk (Cabido et al. 2009, 179 
Candolin and Voigt 1998). Aggression levels can differ, with it being higher in either females 180 
(Cabrera-Guzmán et al. 2017) or males (Agrillo et al., 2006) depending on the situation. Behavioural 181 
syndromes such as boldness have also been demonstrated to be more prominent in males in some 182 
cases (Giles and Huntingford 1984, Piyapong et al. 2010).  183 

Ecological consequences of indirect predation/behavioural suppression  184 
As the effects of predation are an important aspect of ecological systems, with extensive fitness 185 
consequences, so understanding the mechanisms that drive it, especially in relation to protective 186 
cover, will improve our ability to interpret and predict current ecosystem states and future changes. 187 
Fish represent a particularly relevant research case, as there are significant conservation issues 188 
surrounding the clade, and research is complicated by their habitat being difficult for humans to 189 
navigate, the variety of life histories and behaviours within this clade, and the economic and 190 
conservation challenges they present. Aquatic habitats are widely degraded and threatened across 191 
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the world (Fenoglio et al. 2010, Koehn and Lintermans 2012, Mack et al. 2000), many cultured fish 192 
stocks are prone to disease and collapse (Leung and Bates 2013), and commercial harvesting of wild 193 
stocks has driven many species into endangerment or commercial collapse, and fish reintroductions 194 
have a low historical success rate and many issues (Seddon et al. 2007). These factors make fish 195 
ecology, especially behaviour, a sensitive and urgent area of study. Underestimation of the 196 
complexity and adaptive nature of fish ecology has also impacted past studies (Beck et al. 1994), 197 
with real ecological implications. In particular, the poor success rate of reintroductions appears to be 198 
often caused by poor understanding of fish behaviour, which represents a small percentage of the 199 
published literature (Roberts et al. 2011, Seddon et al. 2007).  200 

Another consideration is the heritability (Dingemanse et al. 2020) and phylogenetic constraints 201 
(Royauté et al. 2020) of responses, which is important in determining the degree by which selection 202 
can act on the indirect effects of predation, or what antipredator responses can be learned (Brown 203 
and Godin 1999, Chivers and Smith 1994). Therefore, it is vital to understand them to get the full 204 
picture of the ecology of a species and function of an ecosystem. Without this knowledge, adequate 205 
environmental management is much harder, as important parameters may be missed. 206 

Competition 207 
Interspecific competition occurs when similar species seek to occupy the same niche or use the same 208 
resources such as food (Carmona-Catot et al. 2013) or space (Burger et al. 1979). Competition can 209 
take multiple forms, often in combination; direct interactions such as fighting (Carmona-Catot et al. 210 
2013, Grether et al. 2013, López 2017), faster or more efficient use of resources such as food 211 
(Cabrera-Guzmán et al. 2017), or faster reproduction outnumbering the competing species (Bednarz 212 
1979). In direct interactions (interference competition), where one competitor species is more 213 
aggressive than the other(s), equal sized or smaller competitors can control access to important 214 
resources like food (Britton et al. 2009) or shelters (Grabowska et al. 2016). Competitive responses 215 
can either be innate (i.e. Neptune and Bouchard 2020) or learned (Peck et al. 2014); though novel 216 
competitors make both these responses harder. Commonly, novel competitors (as well as predators), 217 
take the form of introduced species (Hinchliffe et al. 2017, Keller and Brown 2008). 218 

Invasive species 219 
Invasive species (defined as being out of their natural range and unwanted) present a major threat 220 
to ecosystems worldwide, with freshwater particularly impacted (Macdonald and Tonkin 2008, 221 
Woodford and McIntosh 2013). Humans are involved in many of these invasions, either by 222 
deliberate introduction (Kroon et al. 2015, McDowall 2011) and post-introduction restocking 223 
(Hurlbert et al. 1972, White and Pyke 2011), or by providing means of transport for unintentional 224 
introductions (Ross et al. 2004). Not all introductions are successful, and establishment derives 225 
partly from the behaviour of the introduced species (Alemadi and Jenkins 2008, Rehage et al. 2005, 226 
Rehage and Sih 2004), as well as invasive species biology (Courtenay and Meffe 1989, Macchi et al. 227 
2007), competition (Thompson et al. 2012), human (Jackson et al. 2004, Purcell and Stockwell 2014) 228 
and abiotic factors (Alcaraz and García-Berthou 2007, Priddis et al. 2009). Evolutionary fixation of 229 
antipredator and competition-resistance traits can lead to mismatches as animals may not recognise 230 
novel situations, such as introduced species (Pujol-Buxó et al. 2013); for example such species may 231 
not be detected by antipredator monitoring specifically evolved to detect native species (Buttermore 232 
et al. 2011, McLean et al. 2007, Smith et al. 2008). Invasive species can exploit niches not filled in the 233 
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native environment (Simon and Townsend 2003) and thus provide novel threats to members of the 234 
invaded ecosystem (Hamer et al. 2002). Defensive behaviours and social/ group structures can be 235 
inadequate to handle these new dangers, especially when the predator or competitor is very 236 
different from any native species (Flecker and Townsend 1996, Tilzey 1976). The ability to use 237 
normal protection methods may be hampered in the presence of exotics, with the knock-on effect of 238 
increased risk from other threats (Macchi et al. 2007, Mills et al. 2004). The speed at which native 239 
species can learn to recognise invasive species and develop strategies to survive or escape is also 240 
variable (McLean et al. 2007, Pujol-Buxó et al. 2013). Where native species can coexist with invasives, 241 
they often show contracted ecological niches (Vidal et al. 2020), which may result in lower fitness 242 
(Carmona-Catot et al. 2013).  243 

In addition, invasive species can have significant effects on the recipient population without 244 
attempting predation by outcompeting them for resources (McDowall 1968, McIntosh et al. 1992), 245 
displacement from prime habitats (McIntosh et al., 1992) or through interference (McDowall 2011, 246 
Meffe and Snelson 1989). Competition can be serious enough to cause local extinction of native 247 
species (Kerezsy 2015). When the native species is able to co-exist, they show altered diets (McHugh 248 
et al., 2012, Penaluna et al., 2009), use of different (Penaluna et al. 2009) or lower quality habitat 249 
(Hamer et al. 2002, Woodford and McIntosh 2013), using habitats at different times (Bool et al. 2011, 250 
Stuart-Smith et al. 2008), and displaying lower fitness as a result (Elliott et al. 2017, Pangle et al. 251 
2007).  252 

Study species 253 
Galaxias maculatus 254 
Galaxiidae are a large, diverse clade of Salmoniform fishes from the southern hemisphere 255 
(McDowall 2010). Tasmania has 16 species of Galaxiids (11 endemic)(Hardie et al. 2006), 11 of which 256 
are listed as nationally Threatened and three of those are also listed as Critically Endangered by the 257 
IUCN (Hardie et al., 2006). Risks to galaxiid species include restricted distribution, habitat 258 
degradation and loss, and introduced species (Hardie 2007, Hickford and Schiel 2014).  259 

Galaxias maculatus (adults ~30-150mm)(Chapman et al. 2006, Laurenson et al. 2012) is an abundant 260 
species in both riverine and lacustrine habitats with a range running from mainland Australia to 261 
southern New Zealand and Peru (Berra et al. 1996).The populations vary considerably over this area 262 
in biology and life history, thus it is unclear how well information from one geographic region can be 263 
related to others (Barbee et al., 2011). Galaxias maculatus eats plankton, fish eggs and invertebrates 264 
(both aquatic and terrestrial invertebrates that had fallen into the water)(Allibone 2003, Cervellini et 265 
al. 1993, Pollard 1973). The species can live in both fresh and salt water (Barbee et al. 2011, Jung et 266 
al. 2009), is tolerant of some degree of environmental degradation (Mitchell 1989, Rowe et al. 1999), 267 
and both cool and warm temperatures (<15°C to >25°C)(Boubee et al. 1991, Laurenson et al. 2012). 268 
Galaxias maculatus prefers the midwater when in freshwater (Slinger, 2012, Jowett, 2002) and 269 
occupies cover when available (Bonnett and McIntosh, 2004). Galaxias maculatus preferentially 270 
forms schools (Bonnett and McIntosh, 2004) and has a record of low intraspecific conflict (Rowe et 271 
al., 2007, Slinger, 2012).  272 

Galaxias maculatus have two life history strategies depending on location, either estuarine spawning 273 
(diadromous) or landlocked (Allibone 2003, Chapman et al. 2006, Hickford et al. 2018). In both cases 274 
fish spawn en masse with eggs laid in vegetation at the high-water mark, where they develop in air 275 
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before being washed into the water to hatch and develop. Landlocked fish migrate upriver to spawn, 276 
and eggs are washed downstream by subsequent water level increases, where fry develop in lakes 277 
before migrating to the river or lake they occupy as adults (Chapman et al. 2006, Jellyman and 278 
McIntosh 2008, Laurenson et al. 2012). Eggs of diadromous G. maculatus are laid in estuaries at the 279 
highest tides, and are then washed into the sea at the next months’ highest tide, developing in the 280 
sea before returning to freshwater at a larval (whitebait) stage to migrate to their adult habitat 281 
(Allibone 2003, Barbee et al. 2011, Benzie 1968a).  282 

Galaxias maculatus is an important commercial species in New Zealand and South America with 283 
lucrative fisheries (Baker and Hicks 2003, Vega et al. 2013). It is not a focus of commercial whitebait 284 
fishing in Australia at this time, but is part of a recreational fishery (Inland Fisheries Service 2018). 285 
Galaxias maculatus is of specific research interest both due to its commercial importance and its 286 
potential as a model species for ecological study (Mitchell 1989). 287 

Gambusia holbrooki   288 
Gambusia holbrooki (formerly considered a subspecies of Gambusia affinis) is a small (female to 289 
~50mm, male to ~30mm (Bisazza and Marin 1995)) poecilid fish native to the south-eastern United 290 
States of America and Mexico (Meffe and Snelson 1989, Mischke et al. 2013). It will take most 291 
available food (Blanco et al. 2004, García-Berthou 1999), including larval and small fish (Ivantsoff and 292 
Aarn 1999, Laha and Mattingly 2007, Meffe 1985), zooplankton (Cabral et al. 1998), algae (Blanco et 293 
al., 2004), tadpoles (Komak and Crossland 2000, Mischke et al. 2013), detritus (Blanco et al., 2004), 294 
insects (Cabral et al. 1998, Linden and Cech 1990) and other invertebrates (Gkenas et al. 2012). It 295 
prefers the upper sections (García-Berthou 1999) of shallow, fresh water that is slow moving or still 296 
(in both rivers and lakes); but is versatile in habitat requirements (Meffe and Snelson, 1989), is found 297 
both with and without aquatic vegetation (Pyke, 2008), and tolerates a wide range of temperatures, 298 
salinities and deleterious chemicals in the water (Hubbs 2000, Meffe 1992, Pyke 2005).  299 

Gambusia holbrooki have high intraspecific (Caldwell and Caldwell, 1962) and sexual (Dadda et al. 300 
2005, Pilastro et al. 2003) conflict, with particularly high levels of aggression from male fish (Agrillo 301 
et al. 2006, Deaton 2008). In spite of females being larger, male fish can harass females extensively 302 
and the mating system is coercive (Agrillo et al. 2006, Evans et al. 2003). Gambusia holbrooki is 303 
viviparous (Pyke, 2005), capable of producing multiple large broods in a year and females can store 304 
sperm from a single mating to fertilise multiple broods of eggs (Pyke, 2005). Sex ratios in populations 305 
vary widely across both time and location (Cabral and Marques 1999, Fryxell et al. 2015, Nguyen et 306 
al. 2021). Much of the recent work on Gambusia spp. has concerned reproduction; including 307 
fecundity (Norazmi-Lokman et al. 2016), sex differentiation (Kwan and Patil 2019), and parental 308 
effects (Aich et al. 2020, Kruuk et al. 2015). This work has also included work on genetic control 309 
mechanisms such as Trojan Y (Norazmi-Lokman 2016, Patil et al. 2020). In Trojan Y, modified fish 310 
that produce only male offspring (due to phenotypically female fish having YY sex chromosomes) are 311 
released in order to sex-bias the receiving population towards males (Patil 2012). These are bred by 312 
hormonally modifying XY parent fish to reverse their phenotypic sex, which are then bred with 313 
regular XY males to produce YY offspring (Norazmi-Lokman 2016, Patil et al. 2020). Sex-reversing 314 
female to male fish is also under investigation (Norazmi-Lokman 2016, Patil et al. 2020). Cannibalism 315 
of young fish and dead conspecifics is also common (Dionne 1985, Remon et al. 2016). 316 
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In the early to mid-20th century, G. affinis and G. holbrooki were (interchangeably) introduced to 317 
over 50 countries across six continents as a biological control for mosquitoes (Welcomme 1988). This 318 
program was generally unsuccessful due to Gambusia spp. having a generalist diet (Blanco et al. 319 
2004, Pen and Potter 1991), often preferring other prey to mosquitoes when available (Pyke, 2005), 320 
and consuming no more mosquitoes than native species in Australia (Lawrence et al. 2015). However, 321 
it did lead to the establishment of the two Gambusia species as a widespread pest with significant 322 
impact on ecosystems around the world (Hinchliffe et al. 2017, Pyke 2008). Gambusia spp. are 323 
aggressive competitors of other fish, including larger ones, and target fish can die from injuries 324 
(Rowe et al., 2007), as well as serious mortality and habitat displacement in frogs (Pyke and White 325 
2000, Webb and Joss 1997), small fish (Lydeard and Belk 1993, Nicol et al. 2015), and invertebrates 326 
(Lopez et al. 2016). Growth and reproduction in native fish and frogs can also be seriously affected 327 
(Howe et al. 1997, Patil 2012). Therefore, they can also cause local extinction of prey and competitor 328 
species (Macdonald et al., 2012, Nicol et al., 2015) and trophic cascades due to predating most or all 329 
of a trophic group (Hinchliffe et al. 2017, Kerezsy 2015, Pyke 2008). Gambusia holbrooki was 330 
introduced into Australia in 1925 as part of the mosquito control attempt (White and Pyke 2011), 331 
but were not found in Tasmania until an illegal introduction in 1992; it is currently found in the 332 
kanamaluka/Tamar river catchment area (Patil, 2012) in northern Tasmania. The genus is not 333 
currently considered a species of commercial importance, being considered poor eating (Pyke, 2005) 334 
and overlooked in the aquarium trade in favour of more colourful poecilids such as guppies or 335 
swordtails (Meffe and Snelson 1989, Morgan et al. 2004). 336 

Ecological management of Galaxias spp. and Gambusia spp. 337 
Galaxias maculatus overlaps in distribution with G. holbrooki or G. affinis widely across mainland 338 
Australia including on both the east and west coast (Macdonald and Tonkin 2008, Morgan et al. 339 
2004), Tasmania (Neira and Keane 2004), both main islands of New Zealand (Ling et al. 2011, Purcell 340 
and Stockwell 2014), and parts of South America (Andreoli Bize and Fernández 2019, Welcomme 341 
1988), meaning that research on interactions between the two species is applicable over a wide 342 
geographical range. Galaxias maculatus is a valuable species ecologically, recreationally and 343 
commercially (Baker and Boubée 2006, Inland Fisheries Service 2018), so it is useful to understand 344 
the conditions in which it is most likely to thrive and resist the impacts of invasive species, including 345 
G. holbrooki. Some habitats suitable for G. maculatus are less suitable for G. holbrooki, such as 346 
brackish sites (Alcaraz et al. 2008, Chapman et al. 2006), swiftly flowing water (Glova 2003, Pyke 347 
2005), and deeper parts of the water column (Rowe et al. 2007), presenting those areas as potential 348 
refuges for G. maculatus. While it also has the natural defence of eggs that G. holbrooki are less 349 
likely to reach (Allibone 2003, Hickford et al. 2010), habitat restoration that benefits G. maculatus 350 
(Stuart-Smith et al., 2007, McHugh et al., 2012) while deterring G. holbrooki would be useful if 351 
possible, as the fry may also be vulnerable to G. holbrooki (Rowe et al., 2007). In addition, factors 352 
that reduce the negative behavioural impact of G. holbrooki on G. maculatus, or produce negative 353 
effects on G. holbrooki from G. maculatus behaviour, are desirable (Magellan and García-Berthou 354 
2016, Rowe et al. 2007, Sanches et al. 2012, Slinger 2012, Stammler and Corkum 2005). 355 

Due to its widespread pest status, Gambusia spp. are the subject of multiple attempts to control 356 
(limit the numbers and/or spread) or eradicate (complete removal from the target area (Gozlan et al. 357 
2010) the invasive populations. A variety of options for Gambusia spp. eradication are used 358 
worldwide, but tend to be labour-intensive and expensive; including manual removal (Brookhouse 359 
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and Coughran 2010, Ruiz-Navarro et al. 2013), poison (Kerezsy 2015), draining (Coleman et al. 2016, 360 
O'Meara and Darcovich 2008), and genetic methods such as Trojan Y (Thresher et al. 2013).Trojan Y 361 
differs from most traditional techniques in that it involves introduction of modified fish, which 362 
requires careful planning to ensure the fish behave as desired in the population. Invasive species 363 
may reach very high local densities, which can also affect the methods chosen (Hansen et al. 2013). 364 
Some methods also effect non-target species effects, such as poison (Britton et al. 2009), though in 365 
some cases the effect on non-target species is unknown, as with Trojan Y in Tasmania. 366 

In Tasmania, G. holbrooki is the subject of an active program of control of fish numbers and spread 367 
at present, with the aim to eradicate the species in the future (Inland Fisheries Service 2017, Inland 368 
Fisheries Service 2019). Currently, manual removal is the main method used in Tasmania (pers. 369 
comm., DPIPWE) with genetic methods (Trojan Y) under development (Patil, 2012) for use in the 370 
field (Inland Fisheries Service 2017). Monitoring, research and poison are also part of the program 371 
(Inland Fisheries Service 2016, Inland Fisheries Service 2017, Inland Fisheries Service 2019, Lynch 372 
2008, Slinger 2012); this study will also contribute to Inland Fisheries Service planning. 373 
Understanding sex-based behaviour in G. holbrooki is also of use in determining risks and constraints 374 
of removal methods based on producing sex-biased populations, e.g. Trojan Y (Patil 2012) or 375 
Estradiol-E2 treatment (Norazmi-Lokman 2016), and whether fish produced during these processes 376 
behave as normal for their phenological sex. Determining which cover regimes suit G. maculatus and 377 
not G. holbrooki could inform habitat restoration schemes that benefit the native fish and allow 378 
them more resilience against G. holbrooki (Pyke, 2008, Allouche, 2002). Information gained from 379 
G. maculatus may be of use in developing conservation plans for other, more endangered Galaxias 380 
species such as Galaxias pedderensis and Galaxias auratus (Hamr 1995, Hardie et al. 2004).  381 

Study Aims 382 
This study investigated defensive behaviour, cover use and aggression in captive G. maculatus and 383 
G. holbrooki both separately and together to determine how threats and refuge presence changes 384 
behaviour, and the management implications of this. Existing work has also used a variety of 385 
different experimental protocols (Lima, 1998) which lead to results that are not always comparable 386 
(Werner and Peacor 2003). This means that many of the factors that determine the reactions and 387 
interactions between those factors are difficult to pin down owing to their specificity. Many 388 
experiments examine a single factor at a time (Skelly 1992), which necessarily fails to reveal 389 
interaction effects (Lima, 2009). Here, multiple data types and factors are used to reduce these 390 
issues.  391 

This is a laboratory study, chosen as high turbidity and variable water levels at the field site for this 392 
study make this level of behavioural observation difficult, especially over longer time periods. 393 
Additionally, attempts have been made to examine multiple factors simultaneously with groups of 394 
fish to closely replicate a natural system while still controlling for extraneous variables. Future field 395 
studies, potentially at other sites, could then build on the information gathered here. Chapters 2 and 396 
3 were undertaken first to establish baselines for each species an investigate whether G. holbrooki 397 
sexual dimorphism needed to be considered as a factor in Chapter 4, while Chapter 5 was done to 398 
help compare to future studies on field demographic data. After data collection, analysis was done 399 
to determine the most appropriate subsampling method to deal with the large quantity of data (see 400 
Chapter 2, Appendix 1).    401 
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Chapter 2. Gambusia holbrooki behaviour patterns based on fish sex ratio 402 
The first portion of the study examines whether the sex ratio of groups of G. holbrooki, which is 403 
sexually dimorphic, plays a role in habitat use and behaviour by comparing rates of aggression, 404 
activity levels, sociality, and use of surface water in all-female, all-male and 1:1 female:male 405 
G. holbrooki groups, as directly comparable research between G. holbrooki sexes is lacking. It is 406 
hypothesised that males will be more aggressive than females, but that aggression reduces over 407 
time as larger female fish control the upper sections of the water column. Loose aggregations of fish 408 
are expected rather than close schooling, with more schooling expected from females.  409 

Chapter 3. Galaxias maculatus and Gambusia holbrooki use of cover and its role in 410 
modifying behaviour 411 
Secondly, G. maculatus and G. holbrooki single-species groups were provided three different levels 412 
of cover; none, ~15% and ~40%, to test for the use of cover, and any behavioural changes in the 413 
presence of cover, in each study species, with the prediction that G. maculatus would be more social 414 
and use cover more while G. holbrooki would have more intraspecific aggression. This establishes a 415 
fundamental niche for cover use with relevance to management of these species; and allows for 416 
comparison to cover relationships when the two species are tested together later in the study. 417 
Aggression levels between the two species will also be compared to provide a baseline for when the 418 
species were placed together. It was hypothesised that G. maculatus would have higher cover use 419 
and schooling than G. holbrooki, but that both would reduce schooling when cover was present. It 420 
was also expected that there would sex-related differences in behaviour in G. holbrooki, and there 421 
will be less aggression under higher levels of cover. 422 

Chapter 4. Galaxias – Gambusia interaction with different cover levels and G. holbrooki 423 
sex ratios 424 
Thirdly, the two species were tested together in the same system to examine how they interacted, 425 
and the impacts of the invasive G. holbrooki on the native G. maculatus. After Slinger (2012) 426 
determined that species ratio impacted interactions, a 1:1 species ratio was chosen to examine both 427 
interspecific and intraspecific interactions for both species. Five G. maculatus were placed in a tank 428 
with five G. holbrooki, which were either all female, all male or 5:4 female:male (ratio changed due 429 
to lack of male fish). This was crossed with the three levels of cover used above. This allows 430 
examination of aggression and association between the two species, and the role cover and 431 
G. holbrooki sexual dimorphism plays in altering these interactions. It was hypothesised that cover 432 
would act as a refuge for G. maculatus from G. holbrooki, and that the sexes of G. holbrooki would 433 
differ in their aggression towards G. maculatus. We also investigated the effect of the other species 434 
on water column use for both G. maculatus and G. holbrooki, and the effect of G. holbrooki on 435 
G. maculatus schooling and aggression.  436 

Chapter 5. Galaxias maculatus water column use, activity and intraspecific interactions 437 
examined by fish size 438 
Finally, small and large G. maculatus were compared to determine if there are behavioural 439 
differences between the size classes in key characteristics, and if these contribute to or mitigate the 440 
differential vulnerability to invasive species reported for G. maculatus (Rowe et al., 2007) and 441 
congeners (Woodford and McIntosh 2010). The research question is whether small G. maculatus 442 
show different levels of activity, schooling, and surface water use, which are defensive behaviours. 443 
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2. Effects of the sex ratio of Gambusia holbrooki on group behaviour, 444 

antagonism, and water column use 445 

 446 

Abstract 447 
Animals often live in groups, with benefits including protection, foraging assistance, and closeness to 448 
potential mates. However, there are also costs to grouping, and group-living usually only occurs 449 
when the benefits outweigh the costs. Within a species, the costs and benefits of grouping can vary, 450 
altering both the tendency to group closely and intra-group interactions and aggression. Gambusia 451 
holbrooki (Mosquitofish) is a widely invasive, well-studied fish that is known to form loose 452 
associations but not known for close schooling. This study tested whether the sex ratio of the fish in 453 
a group influenced the amount of aggressive behaviour, degree of schooling or association, and time 454 
at the water’s surface. It also tested whether this changed temporally due to habituation. There was 455 
little evidence of behavioural changes over the course of the 10 hour experiment. Groups consisting 456 
solely of female fish showed lower rates of aggressive (33% the frequency) and avoidant (50% the 457 
frequency) behaviour than groups containing males; but had >150% the rate of displays. All-female 458 
groups also spent twice as much time at the top of the water column than all-male groups, with 459 
mixed groups intermediate; and female groups spent more time associating without conflict than 460 
groups containing males. All-male and mixed groups showed similar levels of aggression. The depth 461 
results suggest an intrinsic difference in preferences between male and female fish, with male fish 462 
using the surface water less than females by choice rather than through competitive exclusion by 463 
larger female fish. These results can inform managers dealing with commonly skewed sex ratios in 464 
the field, and to compare them to the behaviour of fish that have been sex-reversed using Trojan Y 465 
and chemical treatment programs. 466 

 467 

Introduction 468 
Group-living (also called schooling or shoaling in fish) is widespread amongst a variety of taxa as it 469 
provides many benefits, most obviously protection from predation (Krams et al. 2010, Meldrum and 470 
Ruckstuhl 2009). However, a portion of the time and resources of an individual in a group must be 471 
allocated to behaviours related to sociality, such as social vigilance (Beauchamp 2016, Dalmau and 472 
Manteca 2010, Li et al. 2009) and maintenance of social relationships (Meldrum and Ruckstuhl, 473 
2009). Living in groups entails additional costs including competition for resources (Barker et al. 2016, 474 
Beauchamp 2016) and changes in foraging (Dumke et al. 2016). Group-living occurs when the 475 
benefits, such as protection (Agrillo et al. 2006, Herbert-Read et al. 2017, Kelley et al. 2011, Morgan 476 
1988), locating food (Morand-Ferron and Quinn 2011, Ranta and Kaitala 1991) or being closer to 477 
potential mates (Agrillo et al., 2008a) outweigh the costs, i.e. competition, aggression and visibility 478 
(Herczeg et al. 2009, Snekser et al. 2006). This variability means that flexibility in group formation is 479 
useful, especially in changeable environments such as those found in seasonal climates.  480 

While some species are obligate group-livers, group living can be fluid (i.e. fission-fusion, loose 481 
association, or seasonal associations) and results from the behaviour of individuals responding to 482 
current local conditions (Fortin and Fortin 2009, Hellström et al. 2011, Kelley et al. 2011). In these 483 
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circumstances, the formation and splitting of groups is determined by the shifting intensity of the 484 
current costs and benefits of grouping (Kelley et al., 2011). These differences may result from 485 
behavioural flexibility, which may allow animals to gain the benefits of group-living while also 486 
reducing costs (Huntingford, 1982). Different group compositions result in different costs and 487 
benefits (Favreau et al. 2010), and consequently, fluid grouping patterns provide an ideal 488 
opportunity to look at the proximal costs and benefits of grouping (Hamer et al. 2002). 489 

The sex ratio of a group can influence the costs and benefits of being in the group, because of the 490 
different pressures faced by different sexes. Where there is substantial physical sexual dimorphism, 491 
sex differences in behaviour may also be expected as a result of those anatomical and physiological 492 
differences (Majolo et al. 2016), such as different food choices or foraging time patterns . For 493 
example, female chaffinches’ cryptic plumage helps offset the risks of foraging but allows the longer 494 
foraging times required by egg production and chick rearing (Götmark et al. 1997). Sexually 495 
dimorphic behaviour complicates group behaviour dynamics, both for single and mixed-sex groups 496 
(Ruckstuhl 2007, Weckerly et al. 2001). This includes differential foraging strategies due to, for 497 
example, different body sizes and nutritional needs (Meldrum and Ruckstuhl 2009, Rose 1994) and 498 
increased sexual harassment and male-male conflict (Agrillo et al., 2006). Where within-species 499 
aggression occurs, mixed groups can be more dangerous for the smaller and/or less aggressive sex. 500 
This has the potential to favour single-sex groups in sexually dimorphic species except during 501 
breeding seasons (Lei et al. 2001, Ruckstuhl and Neuhaus 2000) and under adverse environmental 502 
conditions (i.e. Meldrum and Ruckstuhl, 2009). However, given the existence of mixed-sex groupings 503 
under all conditions (Favreau et al., 2010), aggression cannot be the only important factor. 504 
Aggression within groups can be mitigated by increasing social vigilance (Beauchamp 2016) or single-505 
sex subgroups within the group, for example animals of one sex spending time with each other and 506 
avoiding the other sex (Agrillo et al., 2008a).  507 

The widespread environmental pest fish Gambusia holbrooki is sexually dimorphic, including body 508 
size differences (females are larger)(Pyke, 2005, Al-Daham et al., 1977), and potentially show sexual 509 
segregation (Agrillo et al., 2006). They are an interesting research model as males are more 510 
aggressive, rather than aggression correlating with size as is seen in some fish (Agrillo et al. 2006, 511 
Cureton et al. 2010). These fish are of interest due to their environmental impacts (Cabral and 512 
Marques 1999, Webb and Joss 1997) over multiple continents (Pyke 2008, Rehage and Sih 2004). 513 
Prior research on Gambusia social behaviour has primarily investigated mating and male/female 514 
interactions (i.e. Cureton et al. 2010, Pilastro et al. 2003, Toft 2004). For example, both male and 515 
female fish prefer to join larger all-female groups above other options, the males looking for 516 
opportunities to mate and the females for protection from harassment by males (Agrillo et al., 2006, 517 
Agrillo et al., 2008a). Mating is attempted by males at high frequency regardless of female interest; 518 
courtship and female choice are rarely observed in this species (Bisazza et al. 1989). Interpreting 519 
previous research is complicated by the grouping of G. holbrooki with the genetically and 520 
behaviourally distinct G. affinis in earlier studies (Pyke, 2005, Bisazza and Marin, 1991). 521 
Gambusia  holbrooki is not considered a consistently tightly schooling species (Herbert-Read et al. 522 
2011), but forms temporary groups on occasion (Agrillo et al. 2008a, Bisazza and Marin 1991, Burns 523 
et al. 2012, Pyke 2005), and has been reported feeding in schools (Al-Daham et al., 1977, though the 524 
exact Gambusia species in this study is unclear). They also respond quickly to changes in fish 525 
numbers within the group (Caldwell and Caldwell, 1962), suggesting they are a useful candidate for 526 
behavioural plasticity in group living.  527 



13 
 

Many of the behavioural studies on G. holbrooki have focussed on reproduction; sexual selection 528 
(Bisazza and Marin 1995, Pilastro et al. 1997), sexual harassment (Agrillo et al., 2006, Pilastro et al., 529 
2003), parental effects (Aich et al. 2020, O'Dea et al. 2015), and mate choice (Agrillo et al. 2008a, 530 
Norazmi-Lokman et al. 2016). Aspects of group behaviour that have been under-investigated include 531 
non-mating interactions, especially with both sexes represented (Alcaraz et al. 2008, Caldwell and 532 
Caldwell 1962), an important dataset for comparison with Trojan Y fish (Patil 2012), where sex-533 
reversed and YY chromosome fish may not behave as normal fish of their phenotype, thus requiring 534 
a clear baseline of what normal behaviour is. However, Itzkowitz (1971) described the behaviour of 535 
males in a mixed-sex group, and Matthews and Wong (2015) and Carmona-Catot et al. (2013) that of 536 
females in a mixed-sex group. To our knowledge, the behaviour of male, female, and mixed sex 537 
G. holbrooki groups has never been compared in a full matrix in the same study, allowing more 538 
interactive behaviour to be examined. Studies examining timescales greater than ~30 minutes total 539 
(Martin 1975, Pilastro et al. 2003, Smith 2007, Smith and Sargent 2006, Toft 2004) are also rare. In 540 
addition, behaviour in larger (≥5) groups, both in general and in relation to sex-related differences, 541 
has not been fully investigated.  542 

Aims and Hypotheses 543 
Here, the group behaviour of G. holbrooki was investigated, with single-sex and mixed-sex groups 544 
being monitored in the laboratory and analysed for sex-related differences in social behaviour and 545 
aggression. This study also sought to determine the extent of schooling and close association 546 
between individuals in G. holbrooki. Gambusia holbrooki (and G. affinis) regularly use the upper 547 
portions of the water column as it is profitable for feeding and oxygenation (they are sometimes 548 
known as ‘topminnow’)(Al-Daham et al., 1977, Pyke, 2005), and the larger females use the surface 549 
waters more than males in both cases (Pyke, 2005). This study quantified these patterns and 550 
investigated their mechanism. It will also provide a baseline with which to compare G. holbrooki with 551 
G. maculatus later in this thesis. The investigation also considered longer timescales than other 552 
behavioural studies to examine longer-term issues such as habituation, biological rhythms and 553 
dominance by larger fish (Caldwell and Caldwell 1962, Matthews and Wong 2015), as those studies 554 
only examined one sex ratio each (the first all-male, the second mixed-sex); as well as to investigate 555 
whether patterns of behaviour such as surface water use and schooling change over the course of 556 
the day.  557 

Specifically, the hypotheses were that: 558 
1. Gambusia holbrooki will show lower levels of agonistic behaviour in all-female groups than in all-559 
male or mixed-sex groups (Magellan and García-Berthou, 2015, Pyke, 2005). Aggressive interactions 560 
are reduced over time as larger female fish control the upper sections of the water column (Caldwell 561 
and Caldwell 1962, Matthews and Wong 2015, Pyke 2005). 562 

2. Loose aggregations of fish occur rather than close schooling, the literature suggests aggregation is 563 
most common with females (Agrillo et al. 2007, Pilastro et al. 2003), but both those studies 564 
considered mixed-sex groups only.  565 

 566 
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Methods 567 

Ethics 568 
This work was undertaken under animal ethics permit A0013577 for animal experimentation 569 
(University of Tasmania) and fish captured and held under Tasmanian Inland Fisheries Service permit 570 
numbers 2015-26 and 2016-21.  571 

Husbandry 572 
Gambusia holbrooki individuals were collected using dip netting throughout the year from the Tamar 573 
Island wetlands, Tasmania (41°23'29.2"S 147°04'26.4"E) in conjunction with an eradication program 574 
for the species (Patil, 2012). Fish were transported for 20 minutes to the experimental laboratory in 575 
50 L translucent plastic barrels at densities less than 3 fish/L containing water from the wetlands 576 
with portable pumps and airstones (Aqua One) to supply dissolved oxygen to the fish.  577 

The experimental system was housed in a dedicated, insulated room in the IMAS aquaculture centre 578 
on the University of Tasmania Newnham campus, Launceston, Australia. Fish were temperature 579 
acclimated overnight in the aerated barrels before being transferred to stock housing tanks. Fish 580 
were housed in single-sex groups of similar sized fish numbering up to 30 per tank (1.2 fish/L). 581 
Housing comprised of 25L opaque tanks supplied with bio-filtered, recirculated dechlorinated tap 582 
water and aerated by airstones. The water temperature was maintained at 13°C, reflecting field 583 
conditions (Attard 2012, DPIPWE 2004), and photoperiod set at 14:10 Light:Dark with lights on at 584 
07:00h, the same as used for all experiments in this and subsequent chapters. Water quality 585 
(ammonia and pH) was tested weekly using aquarium test kits (API), and water was changed weekly 586 
from a holding tank in the same room, conditioned to temperature and dechlorinated. The fish in 587 
each tank were hand-fed ~2g of commercial micro pellets (Hikari) once daily at variable times to 588 
avoid habituation; this ration was delivered onto the water surface and was close to or exceeded 589 
satiation (for a single meal) as uneaten food was often found in tanks following food delivery. Excess 590 
pellets were skimmed from the tank with a small net several hours after the meal delivery was 591 
completed to all tanks. 592 

Equipment 593 
Experimental tanks with a volume of 400L, and dimensions of 2000mm (l) x 366 mm (w) x 600 mm (d) 594 
were separated by vertical opaque acrylic dividers into seven 57L sections and video recording 595 
cameras mounted approximately 41cm over the water surface at four points with a field of view 596 
covering one or two sections each (Figure 1). Tanks were bare of any extraneous structures and not 597 
lidded; all parts of each tank were visible to the camera simultaneously. Cameras used for filming 598 
were GoPro2 and GoPro3 water resistant compacts. Dechlorinated tap water was added and was 599 
aerated during acclimation but not during filming for visibility reasons. Due to the short timeline of 600 
the experiments and low fish density the absence of aeration did not compromise oxygen levels. 601 
Water was drained and replaced with fresh dechlorinated water between trials to avoid ammonia 602 
build-up (based on time taken to build up ammonia in stock tanks during monitoring, see Husbandry 603 
section above). A water recirculation system was not used during the experiments, the regular water 604 
changes, cool conditions, and low stocking meant that water quality remained within acceptable 605 
limits during the 10h experiments, based on prior use of this protocol by Slinger (2012). 606 
Temperature and light regimes were the same as above for husbandry.  607 
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Fish were introduced to the test tank the evening before the test, approximately two hours before 608 
the lights turned off, and acclimated overnight without separation from each other; as Gambusia are 609 
diurnal and show greatly reduced interaction at night (Slinger, 2012). The experiment was run for 10 610 
hours, starting three and a half hours after lights turned on, as responses to disturbance (from 611 
experimental setup and lights turning on) was not the focus of the study. Video footage was 612 
recorded for the duration of the experiment, food was not offered during filming (this did not 613 
appear to produce food stress due to the high ration in stock tanks). Ten adult G. holbrooki were 614 
used in each treatment replicate, with six replicates per treatment. Treatments were comprised of 615 
the sex ratios of 10:0, 5:5 or 0:10 female:male fish. Female fish were 25-60mm (TL), mean 616 
40.95mm± 10.17 mm SD, male fish were 20-45mm (TL), mean 24.93mm± 5.29 mm SD. Treatments 617 
were run simultaneously over multiple days over the course of 18 months (an initial set of replicates, 618 
and a second set across all experiments to replace the replicates that had equipment failure issues), 619 
with replicates of all treatments interspersed with each other. Fish were used for a maximum of 620 
three replicates (across all experiments in the thesis), being returned to stock tanks for at least two 621 
weeks recovery between uses. Fish re-use was managed by organising stock tanks by the number of 622 
experimental trials in which fish had been involved, and fish were then assigned randomly to future 623 
experiments. 624 

 625 
Figure 1. Diagram of the experimental tank. Whole tank is 400L in volume and 2000mm (l) x 366 mm (w) x 600 mm (d) in 626 
size. Each segment (of seven) is 57L and 280mm (l) x 366mm (w) x 600mm (d). Experimental units were sealed from each 627 
other visually and from water exchange. Black boxes represent camera mounts.  628 

Data  629 
Of the total 10h video recordings (per tank) the footage was subsampled by taking the first five 630 
minutes of every 15 minutes of footage (total footage analysed = 20 min/h) throughout the length of 631 
the experiment, after allowing 30 minutes at the start of the experiment to reduce edge effects from 632 
the operator starting the experiment. This maximised statistical independence while capturing a 633 
representative sampling of behaviour, as determined by preliminary statistical analysis (See 634 
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Appendix 1). These video segments were visually scored on playback by counting all behaviours 635 
shown by the fish (Table 1) using JWatcher 1.0 software (Blumstein and Daniel 2007). Details of the 636 
behavioural scoring are as follows; event-based behaviours, which take place over a single time 637 
point, were Aggression (chases, bites, and charges), Display (with fanned fins and parallel swimming), 638 
Avoid (a ‘submissive’ behaviour), Anti-predator (active threat response), and Mating attempt. 639 
Meanwhile, duration-based behaviours, which have a start and end point, were Slow swimming (all 640 
fish at once) and Motionless (all fish at once), as well as Top and Bottom distribution in the water 641 
column (see below). Qualitative observations of unusual behaviours were also made. 642 

At 300 second intervals, a still photograph was taken and the position and sex of all fish in the water 643 
column (top, middle and bottom) was determined, as well as whether the fish were schooling, 644 
associated or dispersed. These were defined as: ‘Close schooling’ - five or more fish within one body 645 
length, facing in the same direction; ‘Loose association’ - three or four fish within one body length, 646 
not necessarily facing same direction; ‘Dispersed’ - fish singly (more than one body length) or in pairs, 647 
fish not facing in a consistent direction. 648 

Vertical location of fish was measured in two ways, due to the variety of methodologies used in 649 
previous research: (i) from the video recordings, the proportion of each five minute subsample spent 650 
by at least half of the fish in the top and bottom halves of the water column (‘Halves’)(Table 1), and 651 
(ii) from the still photograph samples, the proportion of fish in the top, middle and bottom sections 652 
of the water column (‘Thirds’). Both measures were measured indirectly, from the top down, by 653 
calculating the relationship between each fish and set positions in the tank, such as the surface, 654 
bottom, and lines marked on the tank walls at set levels. 655 

Both before acclimation and the morning following the experiment, each fish was placed in a small 656 
side-lit tank half filled with water from the stock tanks and photographed to check fin condition 657 
(averaged across the tank). This approach removes the need for anaesthesia which could influence 658 
subsequent behaviour and allows for general body condition of the fish to be assessed for data 659 
collection and ethics reasons. Fish could not be individually identified as tags or marks allowing 660 
individual identity could influence fish behaviour. 661 

Table 1  662 
Behaviours considered. Aggression, Avoid, Display, Mating attempt, and Anti-predator are classified as ‘event-based’ 663 
behaviours, which take place at a single point in time. Motionless, Top, Bottom and Slow swimming are classified as 664 
‘duration-based’ behaviours with a start and end time.  665 
Behaviour Definition   

Aggression Fast swimming towards another fish to chase, 
bite or intimidate 

 (Martin, 1975, Magurran and 
Pitcher, 1987) 

Avoid Quick movement of a fish away from another 
fish to avoid an interaction 

 (Slinger, 2012) 

Motionless All fish in tank are motionless  (Huntingford, 1982) 

Top When at least 50% of the fish have moved into 
the top half of the water column 

  

Bottom When at least 50% the fish have moved into 
the bottom half of the water column 

  

Display Wiggling body with fanned fins directed at  (Itzkowitz, 1971), here 
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another fish, parallel, mirror-image swimming gender-neutral 

Mating attempt Male swiftly approaches female from 
behind/below and attempts copulation, with or 
without the female fish fleeing 

 (Pilastro et al., 2003) 

Slow swimming Slow and/or undirected swimming by all fish  (Itzkowitz, 1971), there 
labelled ‘swim’ 

Anti-predator A rapid moving together, as into a fishball, or 
rapid separation, the sudden cessation of 
schooling behaviour in favour of individual 
flight 

 (Magurran and Pitcher, 
1987), the latter there 
labelled ‘flash expansion’ 

Analysis  666 
Video data 667 

Event-based behaviours (acts of aggression, displays, mating attempts and flight from confrontations) 668 
were scored as the number of occurrences per five minute subsample for each replicate, and 669 
averaged across replicates within treatments. The duration-based behaviours were recorded as the 670 
time in seconds from the start of the behaviour and the calculated end, either the appearance of a 671 
mutually exclusive behaviour or the end of the subsample. These behaviours were the Halves states 672 
of being in the top or bottom of the water column, time spent in Slow swimming (which is not 673 
mutually exclusive with movement between the two vertical halves), and motionless, and they were 674 
expressed as a proportion of time per five minute subsample for each replicate, an averaged across 675 
replicates within each treatment when required.  676 

Behaviours were analysed for behavioural differences between treatments and differences over 677 
time with Generalised Estimating Equations (GEEs). These provide a robust alternative to ordinary 678 
least squares and provide more straightforward tests of fixed effects than Generalised Linear Mixed 679 
Models (Ziegler et al. 1999). Where appropriate, Tukey’s HSD was used for unplanned comparisons 680 
between means. The Poisson distribution was used for all count (integer) data and Gaussian 681 
distribution for data expressed as proportion of time. Inspection of residual plots and other common 682 
diagnostics showed no substantive violations of assumptions. Where there was no significant 683 
temporal component from the subsamples, data were aggregated across time for each replicate and 684 
Generalised Linear Models (GLMs) using a Poisson distribution were used to test for treatment 685 
differences. 686 

Photo data 687 
Thirds and the percentage of samples with fish ‘Schooling’ and in ‘Loose associations’ was analysed 688 
using Gaussian GEEs, with Tukey’s tests for comparisons between treatments and schooling states.  689 

A fin-nipping score for each replicate was calculated as the number of fish per tank that sustained 690 
damage over the course of the experiment, as fish could not be individually identified. This was 691 
scored as ‘the difference in the count of nipped fins at the end of the experiment from the beginning; 692 
and was also calculated separately for each sex of fish in the Mixed treatment. GLMs with Poisson 693 
error distribution were used to identify any significant differences between treatments.  694 
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All analyses were conducted in R version 3.5.1 (R Core Team 2019); GEEs were fitted with ‘geepack’ 695 
(Højsgaard et al. 2006), marginal means, confidence intervals, and unplanned comparisons were 696 
computed with ‘emmeans’(Lenth 2018), and visualisation used ‘ggplot2’ (Wickham, 2016). The 697 
behaviour of each sex in the Mixed treatment is considered further in Chapter 3. 698 

 699 

Results 700 
Aggressive behaviour  701 
The total average frequency of aggressive behaviour in the Male treatment was 3.25 times that of 702 
the Female treatment frequency (χ2

2: 13.58, P = 0.003), and Female had 4.36 times less than the 703 
Mixed treatment (P < 0.001) treatments (Figure 2). The Male and Mixed treatments were not 704 
significantly different from each other (P = 0.9)(Figure 2). No significant changes in frequency over 705 
the ~10 h sample period were found for agonistic behaviour (χ2

1: 0.04, P = 0.83), and there was no 706 
significant interaction between treatment and behaviour over time (χ2

2: 0.38, P = 0.83). 707 

 708 
Figure 2. Average number of aggressive interactions between fish per five minutes (y axis) by treatment (x axis). Points are 709 
mean over 10 hours; error bars are 95% confidence intervals and letters represent significant differences between 710 
treatments. P ≤ 0.03 for female comparisons, P = 0.9 for Male-Mixed, χ22: 13.58, N per treatment = 6. 711 

Display  712 
Whole-experiment average rates of Displays were 1.97 times higher in the Female treatment than in 713 
the Male (χ2

2: 13.51, P = 0.034) and 2.16 times higher than in Mixed (P < 0.001) treatments; the Male 714 
and Mixed treatments were not significantly different from each other (P = 0.84)(Figure 3). Display 715 
frequency did not significantly change over time (χ2

1: 0.01, P = 0.93) across all treatments (χ2
2: 4.02, 716 

P = 0.13). 717 

 A          B                B 
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 718 
Figure 3. Average frequency of displays per five minute block (y axis) by treatment (x axis). Points are whole day mean, 719 
error bars are 95% confidence intervals and letters represent significant differences between treatments. Female 720 
comparisons P ≤ 0.034, Male-Mixed P = 0.84, χ22: 13.51, N per treatment = 6. 721 

Avoidance 722 
‘Avoid’ is a submissive behaviour in which Male and Mixed treatments were not significantly 723 
different from each other in either total frequency (Male average 1.63/5 minutes, Mixed average 724 
2.25 / 5 minutes, χ2

1: 1.06, P = 0.56) or changes over time (both decreased at effect sizes 7.2% per 725 
hour (Male) and 10.73% per hour (Mixed), χ2

1: 0.42, P = 0.51)(Figure 4). Female had lower whole-726 
experiment average frequency (average 0.71 /5 minutes) than the Male (χ2

2: 19.57, P = 0. 005) and 727 
Mixed (P = 0.038) treatments, and significantly increased over the day (effect size 6.23% per hour, 728 
χ2

2: 15.44, both P < 0.001)(Figure 4).  729 

 A          B    B 
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 730 
Figure 4. Frequency of fish avoiding interactions with conspecifics in five minutes (y axis) by time of day (x axis) for each sex 731 
treatment. Thin lines are individual tanks, thick line is the rolling mean with 95% confidence intervals, letters represent 732 
significant differences between treatments. Female - others P ≤ 0.038, Male - Mixed P = 0.56, time effect χ21: 7.42, 733 
P < 0.001, N per treatment = 6.  734 

Other behaviours 735 
Mating behaviours were observed only in mixed replicates; it was not analysed due to not being the 736 
focus of this study, but data are presented in Appendix 2. Anti-predator behaviours were too rare for 737 
statistical testing (Female 4 occurrences, Male 1 occurrence, Mixed 2 occurrences). 738 

Activity 739 
Over the entire experiment, the Female treatment spent 2.07 times the amount of time slow 740 
swimming than the Mixed treatment (χ2

2: 12.23, P < 0.001)(Figure 5), while the Male treatment 741 
spent 1.84 times more than the Mixed, but this was non-significant (P = 0.062). Male and Female 742 
were not significantly different from each other (P = 0.43) for this behaviour (Figure 5). Time spent in 743 
slow swimming increased over the day for all treatments (0.2% per hour, χ2

2: 7.1903, 744 
P = 0.007)(Figure 6).  745 
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 746 
Figure 5. Average proportion of total subsampled time spent in the Slow swimming behaviour (y axis) per treatment (x 747 
axis). Points are whole day mean, error bars are 95% confidence intervals and letters represent significant differences 748 
between treatments. Female - Mixed P < 0.001, Female - Male P = 0.43, Male - Mixed P = 0.062, N per treatment = 6. 749 

 750 
Figure 6. Proportion of each five minute sample where all fish were swimming slowly (y axis) over time (x axis) for each 751 
G. holbrooki sex treatment (rows). Thin lines are individual tanks, thick line is the rolling mean with 95% confidence 752 
intervals. Χ22: 7.19, P = 0.007, N per treatment 6. 753 

‘Motionless’, where no fish were moving, was rarely recorded in any treatment, with no significance 754 
testing possible due to behaviour rarity (mean whole-experiment percentages: Female 0.00037%, 755 
Male 0.00053%, Mixed 0.00079%, all as % of time over the whole experiment). 756 
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Fin damage 757 
Fins damaged were the dorsal and tail fins in both sexes, and the anal fin in females, while pectoral 758 
fins and male anal fins (gonopodia) were not damaged. There were no significant differences in the 759 
incidence of damage to the tail (Female 1.22, Male 1.5, Mixed 0.7, all as fish per tank, χ2

2: 5.42, 760 
P = 0.07), or dorsal (Female 1.44, Male 2.0, Mixed 0.9, all as fish per tank, χ2

2: 4.59, P = 0.1) fins 761 
between treatments, or for total fin damage (Female , Male , Mixed, all as fins per tank, χ2

2: 2.66, 762 
P = 0.26)(Appendix 3 Figure A2). There were also no differences found between sexes in the Mixed 763 
treatment for tail (female 0.8, male 0.6 fish per tank, χ2

1: 0.16, P = 0.69) and dorsal fins (female 0.6, 764 
male 1.2 fish per tank, χ2

1: 1.1, P = 0.3). There were no significant differences in fin damage for 765 
female fish between the Female and Mixed treatments: Dorsal 1.44 vs 0.6 fish per tank, χ2

1: 0.27, 766 
P = 0.6. Anal 1.22 vs 1.6 fish per tank, χ2

1: 2.73 (Appendix 3 Figure A2), P = 0.98, Tail 1.22 vs 0.6 fish 767 
per tank, χ2

1: 0.23, P = 0.63. There were also no significant differences for male fish between the 768 
Male and Mixed treatments: Dorsal 2.0 vs 1.2 fish per tank, χ2

1: 0.087, P = 0.77, Tail 1.5 vs 0.6 fish 769 
per tank, χ2

1: 0.15, P = 0.70.  770 

Vertical water column use 771 
Halves 772 
Figure 6 shows the whole-day average for halves. The Female treatment had fish spending 773 
significantly more time (66%) in the top half of the water column than the Male treatment, with 17% 774 
(χ2

2: 24.14, P < 0.001)(Figure 7). Fish in Mixed tanks spent an intermediate amount of time (48%) in 775 
the top half of the water column; this was significantly more than the Male treatment (P = 0.007) but 776 
not significantly different from the Female treatment (P = 0.30)(Figure 7). Fish moved between the 777 
top and bottom of the water column (movements per five minutes, whole-day average) with 778 
frequencies of: Female = 5.18, Male 3.26, Mixed 4.79 (F2: 0.35, P = 0.72).  779 

Thirds 780 
Conversely, significant whole-day average differences in thirds were identified between all three 781 
contrasts (Female 54.2% at top, Male 26.5% at top, Mixed 45.5% at top)(χ2

2: 75.57, P < 0.001); Male-782 
Female (P < 0.001), Male-Mixed (P < 0.001), and Female-Mixed (P = 0.022)(Figure 8). In the Mixed 783 
treatment, 70.2% of fish observed in the top third were females (averaged over the 784 
experiment)(χ2

1: 19.3, P < 0.001)(Figure 9).  785 

Time of day 786 
No significant changes over time were found in halves (χ2

1: 2.36, P = 0.12) or thirds (χ2
1: 2.527, 787 

P = 0.11) of the water column. 788 
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 789 
Figure 7. Proportion of time (y axis) ≥50% of the fish spent in the top half of the water column, by treatment (x axis). Points 790 
are whole day mean, error bars are 95% confidence intervals and letters represent significant differences between 791 
treatments. Female - Male P < 0.001, Female - Mixed P = 0.30, Male - Mixed P = 0.007, χ22: 24.14, N per treatment = 6. 792 

 793 
Figure 8. Percentage of sightings (y axis) in each of the three sections of the water column by fish sex treatment (x axis), 794 
averaged over the whole experiment. χ22: 75.57, P < 0.002, and N per treatment = 6. Letters represent significant 795 
differences between treatments.  796 
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 797 
Figure 9. Percentage of sightings (y axis) in each of the three sections of the water column in the mixed treatment by fish 798 
sex (x axis), averaged over the whole experiment, N = 6. χ21: 19.3, P < 0.001.  799 

Schooling 800 
Fish spent significantly less time across the entire experiment Schooling than in either Loose 801 
associations (P < 0.001) or Dispersed P < 0.001), and Dispersed was significantly more common than 802 
Loose association (P < 0.001)(see Table 2 for values).  803 

Table 2  804 
Global percentage of recorded sightings G. holbrooki spent in each association state, by treatment. 805 
 Schooling Loose association Dispersed 
Female 7.99% 36.56% 55.45% 
Male 0.72% 21.11% 78.17% 
Mixed 2.88% 20.95% 76.17% 
 806 
The Female treatment had a higher overall average Schooling than the Male (χ2

2: 9.58, P = 0.0064), 807 
while Female-Male (P = 0.74) and Female-Mixed (P = 0.067) treatments were not significantly 808 
different (Table 2), though the latter had marginal support. Loose association was more common in 809 
Female than Mixed (χ2

2: 7.42, P = 0.026), and no differences were found between Female-Male 810 
(P = 0.2) and Male-Mixed (P = 0.75)(Table 2). When G. holbrooki formed schools or associations in 811 
Mixed, they were usually all female or male/female; all-male schools/associations were rare. 812 
 813 

Discussion  814 
Results of experiments in this chapter suggested that there were sex-based differences in most 815 
G. holbrooki behaviours, but not always in the ways predicted by the hypotheses. The all-male and 816 
mixed-sex treatments had higher levels of aggression and conflict avoidance than the all-female 817 
treatment; however the all-female treatment had more displays than all-male or mixed. There were 818 
no significant differences in fin nipping between sexes, except that the gonopodium (male anal fin) 819 
was not nipped. Avoidance showed a slight decrease over time in the mixed-sex and male 820 
treatments, with a slight increase over time in all-female.  821 
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Slow swimming, where there was no aggressive interactions or fast movements in the tank, was 822 
significantly more common in the two single-sex treatments than in the mixed-sex treatment, and it 823 
increased slightly over the day; fish were rarely motionless. The all-female treatment spent the 824 
majority of the time in the top portion of the water column, while the all-male groups tended 825 
towards the bottom. In the mixed-sex treatment, fish spent about 45% of the time at the top of the 826 
water column, ~70% of them female. In practice, this appeared to be driven by male fish moving to 827 
the top of the water column to pursue females. It is unclear whether there was a difference between 828 
all-female and mixed-sex in water column use however, with a significant difference in thirds but no 829 
significant differences for halves; showing either an undetected temporal component to the data or 830 
that the measures are not equivalent. The proportion of time spent in slow swimming and at the top 831 
of the water column did not significantly differ throughout the day.  832 

The most common association behaviour was Dispersed, with Close schooling the least common. 833 
Both Close schooling and Loose association were significantly more common in the all-female 834 
treatment than the all-male treatment, while the mixed-sex treatment was not significantly different 835 
than either single-sex treatment. This suggests G. holbrooki has flexible schooling, without it being 836 
used as an antipredator defence in the absence of direct predator presence. This is also supported 837 
by observations at the field site the G. holbrooki were sourced from, where undisturbed fish did not 838 
align to each other, even at high densities, and when disturbed by the presence of the author, 839 
mainly fled singly (pers. obs.).  840 

The all-female treatment had a lower level of aggressive behaviour than other treatments, 841 
consistent with Hypothesis 1, that males would be more aggressive than females, while avoidance 842 
rates seem correlated with aggression levels, i.e. avoidance increases with increased aggression. 843 
However, the reverse is true of display behaviour, which suggests that female fish engage 844 
aggressively with each other, but a lower proportion of conflicts are escalated to physical contact 845 
than with male fish. The lack of difference between the all-male and mixed-sex treatments suggests 846 
that the presence of males is the main factor in increasing G. holbrooki aggression levels, as males 847 
were aggressive to fish of both sexes. Unlike the results in this study, Itzkowitz (1971) found less 848 
male aggression in all-male groups than mixed groups, though that study took place within the 849 
species’ native range and invasive populations may differ due to founder effects (Purcell and 850 
Stockwell 2014) and differential likelihood to disperse within a species (Cote et al. 2010). Overall 851 
levels of aggressive behaviour were within the same order of magnitude, so this is not a full 852 
explanation for the difference. In many other poecilid fish, including G. affinis (Hughes 1985), male 853 
fish display to females as part of courtship behaviour, but this is not recorded for G. holbrooki, which 854 
has a coercive mating system, reported previously (Dadda et al. 2005, Evans et al. 2003) and here. 855 
Therefore, display appears to be used only in aggressive contexts in this species. Rates of slow 856 
swimming also indicate less aggression in the all-female treatment than the mixed-sex treatment 857 
due to lower activity levels, but this is not the case for the all-male treatment, meaning either more 858 
concentrated periods of aggression in the all-male treatment or higher overall activity in the mixed-859 
sex treatment.  860 

Fin damage from aggressive encounters may have important ecological consequences, rendering fins 861 
non-functional in severe cases (Rowe et al., 2007) and increasing infection risk generally (Keller and 862 
Brown, 2008). This study did not produce debilitating fin damage, and had high variability, possibly 863 
due to fish being from different cohorts, where there may be more variation than within a single 864 
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cohort. Chasing and other aggressive behaviours in Gambusia spp. are reported as being higher in 865 
captivity than the wild (Itzkowitz, 1971, Martin, 1975), probably as a result of confined areas 866 
reducing the ability of fish to avoid each other (Polverino et al. 2016). This necessitates caution in 867 
applying the magnitude of chasing to wild populations in large water bodies, though it could be 868 
applicable in small ponds, such as farm dams and isolated ponds where G. holbrooki can be found 869 
and targeted in northern Tasmania (Lynch 2008).  870 

Contrary to Hypothesis 1, very few effects of time of day were found, with little evidence of 871 
habituation, and the only significant differences found being a slight decrease in activity levels in all 872 
treatments, and a small reduction (all-male and mixed) or increase (all-female) in avoidance of other 873 
fish. Therefore, any major changes in behaviour patterns must happen either during the acclimation 874 
period of our study, as suggested by Caldwell and Caldwell (1962), where aggression decreased over 875 
the 30 minute experiment, cued by field conditions such as movement of the sun (Pyke, 2005), or 876 
over longer timescales than we studied, though longer studies tend to focus on different data 877 
(Cabrera-Guzmán et al. 2017, Rowe et al. 2007). A ‘Time of day’ difference in behaviour was noted 878 
for G. affinis by Deaton (2008) but the details were not mentioned.  879 

In G. holbrooki, access to the top of the water column is usually considered to be controlled by larger, 880 
dominant females (Itzkowitz, 1971). In this study, however, even where no females were present, 881 
male fish were associated with the lower part of the water column. This suggests an intrinsic 882 
difference in behavioural preferences between the sexes, not just displacement of males by larger 883 
females, perhaps due to an instinctive response because of the greater background predation risk 884 
smaller fish have (Rowe and Chisnall 1996, Werner et al. 1983), or differences in diet between large 885 
(usually female) and small G. holbrooki (Fryxell et al. 2015, Gkenas et al. 2012). The inconsistent 886 
results between measures of top third use and top half use could be a real difference, but most of 887 
the fish in the top half were in the top third as well, due to the middle third having the lowest 888 
occupation for all treatments. This may be caused by differences in the way the two measures were 889 
recorded, which complicates comparison with other studies as variation in data collection is 890 
commonplace. 891 

As expected in Hypothesis 2 (that aggregation is uncommon, but found more in females), the all-892 
female treatment had the highest percentage of schooling, though the difference was only clearly 893 
statistically significant compared to all-male. The most common state was for fish to be dispersed or 894 
solitary, and when fish associated, schooling was more likely to be loose than in organised schools. 895 
Schooling in G. holbrooki females has previously been shown to increase with the presence of males 896 
as an anti-harassment tactic (Dadda et al. 2005). This study did not find this, with no clear change in 897 
Close schooling with the addition of males to the female fish, though there was some schooling by 898 
females in the mixed-sex treatment, and the amount of Loose association was reduced. This 899 
difference may be caused by the lower water temperature in this study, as there were lower rates of 900 
male harassment than studies conducted in warmer water, and temperature affects the quantity of 901 
male harassment and therefore schooling pressure (Wilson 2005). This is supported by the relative 902 
similarity in rate between our data and that from other studies from colder water (Itzkowitz, 1971, 903 
Martin, 1975). The temperature used here regularly occurs in the wild at the fish source during 904 
spring and autumn (Attard 2012, DPIPWE 2004), so it has field relevance for the early part (Lynch 905 
2008, Neira and Keane 2004) and probable tail-end of the breeding season in this area (Pyke, 2005). 906 
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Proportions of time where all fish were motionless were negligible for all treatments, which has not, 907 
to our knowledge, been quantified for G. holbrooki before. This contrasts with nocturnal behaviour 908 
reported by Slinger (2012) where G. holbrooki were preferentially stationary; and reinforces 909 
evidence for a strong day/night division of behaviour in this species. 910 

Applications and future work 911 
The sex ratios of wild Gambusia spp. populations vary considerably between locations (Fryxell et al., 912 
2015) and over time (Pen and Potter 1991, Sloterdijk et al. 2015) through mechanisms such as size-913 
specific predation (Britton and Moser 1982), time of year (Nguyen et al. 2021, Pen and Potter, 1991), 914 
location (Fryxell et al. 2015) and differential effects of salinity (Alcaraz and García-Berthou 2007). 915 
Therefore, all three treatment scenarios used here can be expected in the wild, at least at localised 916 
scales. Among these, an increase in aggression by females may happen when there is a larger 917 
proportion of males due to the increased harassment, provided the population density is high 918 
enough (Martin, 1975). These data will also be used as a comparison for when G. holbrooki is placed 919 
with G. maculatus in Chapter 4.  920 

Often laboratory experiments translate poorly to the field (Lima 1998, Schmitz 1998, Turner 2004, 921 
Zimmer et al. 2011), which has conservation implications given that these laboratory studies are 922 
often the only data on which managers have to base strategies. This is concerning considering the 923 
importance of these strategies, and may be a factor in the poor success rate of reintroductions into 924 
the wild in fish (Beck et al. 1994, Seddon et al. 2007). Therefore, careful interpretation of laboratory 925 
studies, as cross-checking with field information, is of key importance, both here and for subsequent 926 
chapters.  927 

Current eradication work being considered for G. holbrooki in Tasmania (Inland Fisheries Service 928 
2016, Patil 2012) includes induced sex-reversal in fish, such as Trojan Y, which are released to 929 
produces a male bias in the populations of the progeny (Patil, 2012); or Estradiol-E2 treatments that 930 
produces a population numerically dominated by females (Norazmi-Lokman 2016). These fish may 931 
behave as their original sex, reversed sex or neither. Comparison between these data and studies on 932 
Trojan Y fish will help determine this, along with whether this will help or hinder the program, 933 
particularly aggression levels and ability to mate, including how sex ratios influence this.  934 

A potential future direction is the behaviour patterns that occur in different sex ratios to the ones 935 
considered here, such as the reaction of males outnumbered by females, or G. holbrooki size-936 
selected to investigate the relationships (or lack thereof) between size and aggression in this species. 937 
Preliminary work with mixed-sex G. holbrooki groups (Slinger, 2012), producing results within the 938 
range of this one; and studies on related species (Smith 2007) have been done, but more 939 
comprehensive behaviour analysis, more ratios and fish densities are lacking. This will help provide 940 
more information for the interaction between sex ratio, density, and Trojan Y fish behaviour. 941 
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Appendix 1 942 
Code for determining subsampling regime: 943 
#' title: "Preliminary analyses of durations" #' author: "Leon Barmuta" #' date: "22 September 2015" 944 
if(file.exists(".RData")){ 945 
  load(".Rdata")} else{ 946 
    cat('.Rdata not in current directory',"\n")      } 947 
#' # Female replicate 4 948 
library(ggplot2) 949 
library(dplyr) 950 
library(lubridate) 951 
f4 <- d5 %>%  952 
  filter(sex=="female" & repnum==4) 953 
glimpse(f4) 954 
summary(f4) 955 
qplot(absTime, as.numeric(bl), data=f4) + geom_path() 956 
f4 %>%  957 
  mutate(lag.bl = lag(bl, 1), timeInt = as.duration(c(NA, diff(absTime, 1))))  %>%  958 
  mutate(lag.bl = factor(lag.bl, labels=levels(bl))) %>%  959 
  mutate(flag = bl == lag.bl) 960 
f4a <- f4 %>%  961 
  mutate(lag.bl = lag(bl, 1), timeInt = as.duration(c(NA, diff(absTime, 1))))  %>%  962 
  mutate(lag.bl = factor(lag.bl, labels=levels(bl))) %>%  963 
  mutate(flag = bl == lag.bl) 964 
summary(f4a) 965 
wh.z <- which(f4a$timeInt==dseconds(0)) 966 
f4a[wh.z, ] 967 
as.data.frame(f4a %>% filter(flag==TRUE) %>% arrange(timeInt, absTime)) 968 
f4b <- f4a %>%  969 
  filter(flag==FALSE, timeInt <= dminutes(15), !is.na(bl), timeInt > 0) 970 
summary(f4b) 971 
qplot(x = timeInt, data = f4b, geom = "density") + facet_wrap(~ lag.bl, ncol=1) 972 
qplot(x = log(timeInt), data = f4b, geom="density") + facet_wrap(~ lag.bl, ncol=1) 973 
qplot(x = lag.bl, y = log(as.numeric(timeInt)), data = f4b, geom = "boxplot") 974 
t.test(log(timeInt) ~ lag.bl, data=f4b, var.equal=TRUE) 975 
f4early <- f4b %>% filter(absTime < ymd_hms("2014-11-01 13:20:00", tz="Australia/Hobart")) 976 
f4early 977 
qplot(1:nrow(f4early), log(as.numeric(timeInt)), data=f4early, geom=c("point"), colour=bl) +  978 
  geom_smooth(method='loess', aes(group=1)) 979 
#' ## Autocorrelations 980 
with(f4early, acf(log(timeInt))) 981 
with(f4early, quantile(timeInt, c(0.5, 0.9, 0.95, 0.99))) 982 
#' ## Log-survivorship curves 983 
xx <- with(f4early, cume_dist(desc(timeInt))) 984 
qplot(x = as.numeric(timeInt), y = xx, data=f4early, geom="step") +  985 
  scale_y_log10() + labs(x = "Duration (s)", y = "Cumulative frequency")  986 
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Appendix 2 987 
The whole-day average frequency of mating attempts was 1.21/5 minutes, decreasing over the day 988 
(effect size 22.18% per hour, χ2

1: 18.6, P < 0.001)(Figure A1). 989 

 990 
Figure A1. Frequency of mating attempts by male G. holbrooki in five minutes (y axis) over time (x axis). Thin lines are 991 
individual tanks, thick blue line is the rolling mean with 95% confidence intervals, N = 6. Trend over time effect size: 22.18% 992 
per hour, χ21: 18.6, P < 0.001.  993 

 994 

 995 
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Appendix 3 996 

 997 

 998 
Figure A2. Fin damage in Female, Male and Mixed G. holbrooki groups (x axes) by the number of fins damaged per tank (y axes) in (top to bottom) anal, dorsal, and tail fins, plus the sum of all 999 
fins damaged per tank. For anal fins, only female fish are considered. Anal χ21: 2.73, P = 0.98, tail χ22: 5.42, P = 0.07, dorsal χ22: 4.59, P = 0.1, total χ22: 2.66, P: 0.26.  1000 
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3. Variable use of cover and its effect on intraspecific interactions in 1001 

two fish species, Galaxias maculatus and Gambusia holbrooki 1002 

 1003 

Abstract 1004 
Cover is widely used by animals for feeding, nesting, and protection from predators, although cover 1005 
may also be avoided due to the risk of ambush predators. Consequently, there are different 1006 
behaviours at different levels of cover, making understanding cover use an important part of 1007 
managing ecological systems. Here cover is experimentally manipulated for two fish species with 1008 
reported differences in cover use: cover-associated Galaxias maculatus and open-water preferring 1009 
Gambusia holbrooki. Three-level, single-species cover experiments were used to test the 1010 
relationship between cover level and water column use, activity levels, schooling, and aggressive 1011 
behaviour. Galaxias maculatus used cover when available and increased their activity in its presence. 1012 
The vertical water column use of G. maculatus was not affected by cover. There was limited 1013 
evidence of increased use of the top of the water column with cover for G. holbrooki, which, in line 1014 
with expectations, used cover much less than G. maculatus. Gambusia holbrooki showed much more 1015 
agonistic behaviour than G. maculatus, but with no significant relationship with cover levels. 1016 
Galaxias maculatus spent significantly more time schooling than G. holbrooki independent of cover. 1017 
While G. maculatus showed little intraspecific aggression, G. holbrooki maintained a high level of 1018 
aggressive behaviour at all cover levels, despite the cool water temperatures that purportedly 1019 
reduce G. holbrooki activity levels. There was more female aggression towards males with high cover, 1020 
and from males towards females in high and low cover, than with none, while females avoided 1021 
males more than any other sex combination. Independent of cover, males displayed less towards 1022 
females than any other sex combination, showing it is based on aggression rather than mating. This 1023 
supports previous evidence of greater use of cover by G. maculatus than G. holbrooki, and that cover 1024 
plays an anti-predator role in G. maculatus; and refined the understanding of the role cover plays for 1025 
G. holbrooki. Therefore, cover may assist co-existence with predators and between competitors and 1026 
thus be useful as a management strategy to preserve this and related species.  1027 
 1028 

Introduction 1029 
The ecological role of cover (also called habitat complexity or refugia) in relation to fish is an 1030 
important and widely studied area of aquatic ecology (Baber et al. 2004, Morgan and Buttemer 1996, 1031 
Orr and Resh 1989, Warfe and Barmuta 2004). Cover takes the form of overhanging banks, 1032 
submerged objects (Turner 1996), plants and animals (own species or others) within water bodies 1033 
(Gunderson 1968, Magurran and Pitcher 1987). It plays a significant role in anti-predator (Allouche 1034 
and Gaudin 2001, Stuart-Smith et al. 2008, Werner et al. 1983) and conflict-avoidant (Allouche 2002) 1035 
behaviour in fish. Refugia can also allow adjacent riskier habitats to be used (Fraser and Cerri 1982, 1036 
Halpin 2000).  1037 

Longer term, cover can facilitate co-existence with predator or competitor species where the species 1038 
would otherwise be preyed upon or out-competed (Stuart-Smith et al. 2007, Werner et al. 1983). 1039 
Cover is particularly important in confined areas, such as small ponds, where escape from predation 1040 
by extensive flight or emigration, often the preferred anti-predator tactics, is difficult (Arthur et al. 1041 
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2004, Fraser and Gilliam 1992, Glova 2003). There can also be negative aspects of the presence of 1042 
cover. Cover can hide ambush predators (Lima and Valone 1991, Valeix et al. 2009), and animals may 1043 
therefore increase anti-predator behaviours when in or near cover (Thaker, 2010). Predatory species 1044 
may also avoid covered areas as they can act as a prey refuge, making predation more difficult and 1045 
thereby reducing foraging efficiency (Padial et al. 2009). Thus, habitat complexity involves both costs 1046 
and benefits which can alter fish behaviour. 1047 

There are also other uses for cover, such as a source of food items (Baber et al. 2004, Ford and 1048 
Swearer 2013), housing and reproduction (Candolin and Voigt 1998, Lobb and Orth 1991), and 1049 
protection from currents (Allouche 2002, Copp et al. 1994). As many motivations can contribute to a 1050 
behavioural pattern, understanding the role played by different factors allows for more accurate 1051 
predictions on the need for or use of cover. Determining the relative importance of each use of 1052 
cover is key in management of ecosystems to benefit target species (Gumm et al. 2011), and to 1053 
inform habitat restoration (Crook and Robertson 1999). This is especially important in aquatic 1054 
ecology due to the large number of degraded river habitats worldwide (Chadderton and Allibone 1055 
2000) and the use of habitat restoration to reduce the impact of those invasive species that do 1056 
better in degraded ecosystems than intact ones (Allouche 2002, Meffe and Snelson 1989).  1057 

Galaxias maculatus is a small salmoniform fish which is both an important commercial species 1058 
(Baker and Hicks 2003, Encina-Montoya et al. 2011) and a proxy for other endangered galaxiid 1059 
species, such as G. pedderensis (Hardie et al. 2006), Galaxias gracilis (Cadwallader 1996, Rowe and 1060 
Chisnall 1996), and G. auratus (Hardie 2007), though to my knowledge, the behaviour and ecology of 1061 
some species, such as Galaxias fontanus, Galaxias johnstoni, and Galaxias parvus, is unknown. It is a 1062 
schooling species (Cadwallader 1975, Slinger 2012) and is not considered to have high intraspecific 1063 
conflict (Mitchell 1989).  1064 

By contrast, the invasive Gambusia holbrooki, a poecillid previously treated as a single species with 1065 
G. affinis (Pyke, 2005), has shown high levels of intraspecific conflict and less propensity to school 1066 
(Pyke, 2005). Gambusia holbrooki is a major threat to a number of native fish and frog species 1067 
worldwide (Komak and Crossland 2000, Mills et al. 2004, Morgan and Buttemer 1996, Nicol et al. 1068 
2015) as both a predator and competitor (Howe et al. 1997, Nicol et al. 2015, Pyke and White 2000, 1069 
Remon et al. 2016). Gambusia holbrooki was illegally introduced to Tasmania in 1992 (Lynch 2008) 1070 
and is currently found in the north of the state, where it is the focus of an official eradication 1071 
program (Inland Fisheries Service 2017). Tasmania has a cool temperate climate (Attard 2012, 1072 
DPIPWE 2004) with lower water temperature than much of G. holbrooki’s range (Carmona-Catot et 1073 
al. 2013, Wilson 2005). Therefore much of the research that has been done (i.e.Agrillo et al. 2008a, 1074 
Rowe et al. 2007) has also been done in warmer water, leaving a research gap. These two species 1075 
interact in many areas where G. holbrooki has been introduced, as there is substantial overlap in 1076 
habitat preferences between the two species (Laurenson et al. 2012, Lynch 2008, Pyke 2005, Rowe 1077 
et al. 1999), which may increase both predation and competition.  1078 

Previous work on the use of cover by G. maculatus suggests it prefers locations close to cover when 1079 
competitors were present (Bonnett and McIntosh, 2004), as does congener Galaxias brevipinnis 1080 
(Ault and White 1994), while another congener G. auratus significantly increased this association 1081 
when predators are present (Stuart-Smith et al., 2008). Conversely, previous work on Gambusia spp. 1082 
suggests they prefer open water over dense vegetation (Al-Daham et al. 1977). However, there is 1083 
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record of usage of vegetation as a refuge when panicked in the laboratory (Rehage et al., 2005) and 1084 
field (Casterlin and Reynolds 1977, Lynch 2008), and a preference for vegetated microhabitats over 1085 
open water has been recorded in captive G. affinis (Casterlin and Reynolds 1977, Dean 1987). This 1086 
suggests the relationship to cover in Gambusia spp. is complex, with high variability and flexibility, 1087 
and therefore more research is needed to understand the details. To our knowledge, no in-depth 1088 
study of G. maculatus or G. holbrooki behaviour regarding cover use has been conducted, though 1089 
Becker et al. (2005) did a photo analysis which showed higher use in G. maculatus than G. holbrooki, 1090 
though without baseline data to assist interpretation.  1091 

Aims and hypotheses 1092 
In this study, the use of cover in two species (G. maculatus and G. holbrooki) of fish with contrasting 1093 
social systems was considered over ten hours, in the absence of predators or other species. 1094 
Interaction between the two species within the same experimental system will be tested in the next 1095 
chapter. Two levels of cover (covering approximately 15% and 40% of the surface area) are used to 1096 
investigate whether there are any differences based on cover quantity.  1097 

This study design allows an examination of the role cover plays in interspecific aggression or 1098 
association in relatively naturalistic groups and provides a quantified baseline against which further 1099 
studies of these can be compared. Activity levels (Anholt et al. 2000, Dugatkin and Godin 1992), 1100 
schooling (Hellström et al. 2011, Herbert-Read et al. 2017), and habitat use (Keller and Brown, 2008) 1101 
regularly vary with predation risk, so investigating these will add evidence as to whether different 1102 
trade-offs are made in the presence of cover The study uses identical setups for the two species 1103 
(G. maculatus and G. holbrooki) to compare their disparate behaviour patterns, reducing 1104 
confounding variables such as tank size (Polverino et al. 2016) or cover levels when comparing the 1105 
two. This is relevant as it is important to understand how these species interact with their 1106 
environments, and whether environmental manipulation is a viable management strategy for 1107 
G. maculatus and congeners. It also uses a longer time period than many other studies (i.e.Agrillo et 1108 
al. 2006, Dadda et al. 2005, Wilson 2005), which allows testing for changes in patterns of behaviour 1109 
such as surface water use, schooling, and aggression, as the relationship of these important 1110 
behaviours to time is unclear.  1111 

Sex differences in G. holbrooki aggression, social behaviour and water column use were tested based 1112 
on the results of Chapter 2, which showed dimorphism in these behaviours, leading to further 1113 
exploration of these differences in mixed-sex schools. Sex-related differences in the use of cover in 1114 
G. holbrooki were also examined; this species can have different predation risk between sexes 1115 
(Britton and Moser 1982), and cover use is sex-specific in some related species (Edenbrow et al. 1116 
2011). Galaxias maculatus sex was not considered as the species is not sexually dimorphic and fish 1117 
were not in spawning condition (Andrews 1982), so non-intrusive determination of fish sex was not 1118 
possible during this experiment. There is also a lack of reports of sexually dimorphic behaviour or 1119 
sexual conflict in G. maculatus (Pollard 1971). Aggression will also be compared between the species 1120 
to establish a baseline for when the species are tested together in Chapter 4.  1121 

Specifically, the hypotheses were that: 1122 
1. In single species groups G. maculatus will use cover more than G. holbrooki, based on previous 1123 
studies in G. holbrooki (Brookhouse and Coughran 2010) and G. maculatus (Bonnett and McIntosh 1124 
2004) and other Galaxias species (David and Closs 2003, Stuart-Smith et al. 2007). 1125 
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2. Both species will reduce schooling behaviour and increase activity levels and surface water use 1126 
when cover is present, as cover allows riskier behaviour (Brown 1992, Candolin and Voigt 1998, Pyke 1127 
2005), while the aggressive G. holbrooki will school less than the social G. maculatus overall (Pyke 1128 
2005, Rowe et al. 2007).  1129 

3. There will be sex-related differences in behaviour in the sexually dimorphic G. holbrooki , and 1130 
there will be less aggression in both species under higher levels of cover, which provides protection 1131 
(Mills et al. 2004). 1132 

 1133 

Methods 1134 
Ethics 1135 
This work was undertaken under ethics permit A0013577 for animal experimentation and fish were 1136 
captured and held under Inland Fisheries Service permit numbers 2015-26 and 2016-21.  1137 

Husbandry 1138 
Galaxias maculatus were collected using unbaited traps from Curries Dam (41°06'02.9"S 1139 
146°56'19.0"E) in Tasmania, a reservoir where they co-exist with introduced salmonids for a 1140 
recreational fishery, native eels, and other Galaxias species such as Galaxias truttaceus (Inland 1141 
Fisheries Service, 2016, pers. obs.). The site lacked G. holbrooki, and therefore the G. maculatus 1142 
were naive to G. holbrooki. Fish were transported to the laboratory (IMAS Aquaculture Centre, 1143 
University of Tasmania Newnham campus, Launceston) in translucent 20L barrels filled with water 1144 
from the capture site and aerated with portable airstones (Aqua One Battery Air). Travel time was 1145 
approximately one hour. In the laboratory they were temperature acclimated overnight in the 1146 
barrels with airstones before being size-graded (small and large, with only large fish used in this 1147 
experiment; sizes described below) and moved to stock tanks at densities of 0.5 fish/L. Stock tanks 1148 
were glass (500L), filled with dechlorinated tap water, aerated with airstones, and serviced by 1149 
independent water reticulation systems involving solid filters and biofiltration. Fish were fed 1150 
commercial trout micropellets (4g/tank/day for G. maculatus) to satiation (when needed, uneaten 1151 
food was removed from tanks the next morning) at variable times between 11:00hrs and 18:00hrs. 1152 
The light cycle was set at 14:10h LD, lights turned on at 7:00h and water temperature was 13° C. The 1153 
lower water temperature was based on spring/autumn water temperatures in the fish source 1154 
catchment (Attard 2012, DPIPWE 2004). Water quality (ammonia, nitrite, and pH) was tested weekly 1155 
and as needed following issues using aquarium test kits (API), and temperature was monitored with 1156 
in-water analog thermometers and increased if needed with submersible heaters (Aqua one). 1157 
Regular water exchanges were also used to maintain water quality conditions. A minimum of 18 days 1158 
acclimation was allowed between capture and experiments. 1159 

Gambusia holbrooki were collected from the Tamar Island Wetlands, Tasmania (41°23’29.2”S, 1160 
147°04’26.4”E) using dip netting and transported in the same manner as G. maculatus, with a travel 1161 
time of approximately 20 minutes. Both studied species occur at this site, so G. holbrooki were 1162 
familiar with G. maculatus. After overnight temperature acclimation in transport barrels, they were 1163 
graded into single-sex groups of up to 30 at densities of (1.2 fish/L) in opaque plastic tanks with 1164 
recirculated, aerated, dechlorinated tap water and a serviced by solids filtration and biofilter. 1165 
Gambusia holbrooki were fed trout micropellets to satiation (2g/tank/day) at variable times between 1166 
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Figure 1. Experimental plant replicas, high cover treatment 
shown (third plant analogue at back right). 

11:00h and 18:00h. Light, temperature and water monitoring were the same as for G. maculatus. A 1167 
minimum of 14 days acclimation was allowed between capture and experiments.  1168 

Experimental setup 1169 
The experimental setup involved a 400 L tank divided into seven vertical 57L sections and filled with 1170 
temperature acclimated dechlorinated tap water, with cameras (GoPro2/GoPro3) mounted on a 1171 
frame looking down on the water (details in Chapter 2: Methods, Equipment) with artificial plants 1172 
for the cover treatments. Plants were made from 8-10 clustered strips of opaque black plastic 1173 
sheeting, weighted with ceramic electric fence insulators so that they remained anchored at the 1174 
bottom of the tank (Figure 1). Strips were 20-40mm wide and 55-60mm long, reaching the water 1175 
surface in approximately 5% of cases, but did not trail horizontally over the surface. These were 1176 
placed in the two treatments with cover at 1177 
densities of one (randomly chosen) plant 1178 
(canopy covering approximately 15% of 1179 
tank)(Low) and three (randomly chosen) plants 1180 
(canopy covering approx. 40% of tank)(High). A 1181 
third treatment used a bare tank (None). These 1182 
densities were chosen based on the plant 1183 
densities found in the shallow freshwater 1184 
systems in the local area, including the sources 1185 
for the experimental fish (pers. obs.). The site 1186 
also includes areas of very high cover (90%+); 1187 
this was not tested due to issues detecting fish 1188 
in video because of lack of visibility. 1189 

Fish were placed in the experimental tanks the 1190 
night prior to starting the experiment. 1191 
Gambusia holbrooki are diurnal (Pyke, 2005) 1192 
and G. maculatus are non-aggressive at night 1193 
(Slinger, 2012). Filming began at 10:30h. 1194 
Experiments were run over ten hours (all with 1195 
‘day’ lighting), with six replicates per species/cover level combination. Replicates in treatments were 1196 
run over multiple days, with multiple treatments being filmed alongside each other to reduce date-1197 
of-experiment effects. Ten adult G. maculatus (50-102mm (TL), mean 66.23mm ± 9.27 mm SD) or 1198 
ten adult G. holbrooki (five females and five males (males 20-34mm (TL), mean 25.3mm ± 3.57 mm 1199 
SD, females 38-60mm (TL), mean 40.65mm ± 7.71 mm SD)) were used in the experiments. All 1200 
treatments were single species; interactions between the species will be considered separately in 1201 
Chapter 4.   1202 

Data 1203 
Video data 1204 
Video footage was recorded continuously for 10 hours during the light cycle and the first five 1205 
minutes of every 15 minutes (except the first 30 minutes, which was not used) was subsampled 1206 
providing 4 data groups per hour. Qualitative notes of unusual behaviours and variation between 1207 
replicates were also made. Video subsamples were scored for: 1208 
1. Entries to cover (fish moving from outside cover to under it so at least part of the body is hidden 1209 
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from overhead view) 1210 
2. Slow swimming (all fish simultaneously)(Itzkowitz, 1971)  1211 
3. Motionless (all fish simultaneously) 1212 
4. Active anti-predator behaviour (fishballs and quick dispersal)(Magurran and Pitcher, 1987) 1213 
5. Aggressive behaviour (chasing another fish, charging, bites, and active approaches)(Martin, 1975)  1214 
6. Displays (Holding position in the water parallel to target fish, waving fins)(Itzkowitz, 1971)  1215 
7. Avoidance (A fish moved away from another, when the latter had not approached it)(Slinger, 2012)  1216 

Vertical location (whether in the top or bottom half of the water column) of ≥50% of the fish was 1217 
measured continuously over the subsampled footage (halves) as a proportion of time, where half of 1218 
the fish were in the top section and half in the bottom, the section that fish had most recently 1219 
moved to was scored as the section occupied. Vertical location was measured from the top down 1220 
both here and below, with the locations of fish determined by their relative position against the 1221 
water surface, tank floor, lines marked on the tank walls at the appropriate height and (where 1222 
applicable) cover. 1223 

Photo data 1224 
A second measure of vertical location, thirds, was used to test whether different methods give 1225 
consistent results and allow greater comparability of data to other work. A still image was taken 1226 
from the video footage at 300 second intervals. Each of these photos was scored for the proportion 1227 
of fish in the top, middle and bottom sections of the water column; and the percentage of fish in and 1228 
out of cover (when present).  1229 

A single score was given to each tank for the degree of schooling from the still images: ‘Close 1230 
schooling’ (five or more fish within one body length, facing in the same direction), ‘Loose association’ 1231 
(three or four fish within one body length, not necessarily facing same direction) or ‘Dispersed’ (one 1232 
or two fish within one body length; fish not facing in a consistent direction). The proportion of 1233 
images (for each time block) with each score was calculated for each replicate, then analysed for 1234 
differences between treatments and over time. 1235 

Before and after the experiment, each fish was placed in a small tank and photographed (Samsung 1236 
Digital sub-SLR camera with macro zoom) for assessing fin damage. All dorsal, anal, and tail fins were 1237 
manually scored for presence of damage. A total score per tank was used for each fin; as fish could 1238 
not be individually identified, the score was defined by subtracting the number of fish in a tank with 1239 
fin damage before the experiment from the number of fish in each tank with fin damage at the end 1240 
of the experiment. 1241 

Statistical analyses 1242 
Event based behaviour was analysed using Poisson Generalised Estimating Equations (GEEs) for 1243 
repeated measures data (Ziegler et al. 1999) and Tukeys tests for multiple comparisons to detect any 1244 
significant differences and any changes in the frequency of these behaviours over time. Cover 1245 
entries were analysed (as all entries by an individual fish per five minute subsample) for both total 1246 
entries and entries per plant, where the number in High cover was divided by the number of plants 1247 
to test for differing relationships with cover at different levels. The cover-less treatment ‘None ’ was 1248 
excluded from the cover entry and cover occupation analyses, as it by definition had rates of zero in 1249 
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these. Gambusia holbrooki event-based behaviours were examined for differences between the 1250 
sexes for each behaviour with cover level changes.  1251 

Halves was determined as the proportion of time spent by the majority (≥50%) of the fish in the top 1252 
half of the water column for each five minute subsample (or the most recently entered state when 1253 
fish were half in the top and half in the bottom section) and tested with Gaussian GEEs and Tukey 1254 
tests, and the number of changes made by the fish between the ‘majority at top’ and ‘majority at 1255 
bottom’ states using Generalised Linear Models (GLMs).  1256 

The proportion of time in each subsample where all fish were swimming slowly and not interacting 1257 
except to form schools was calculated, and ‘all fish motionless’ was done in the same way. Gaussian 1258 
GEEs and Tukeys were used to test for statistical significance of these data between treatments and 1259 
to test for changes in the frequency/proportion of these behaviours over time.  1260 

Thirds, the proportion under cover, and schooling ratios were then analysed for changes with cover 1261 
levels and G. holbrooki sex with Gaussian GEEs and Tukeys for differences between treatments and 1262 
over time, and the difference between schooling states.  1263 

Quantities of damage for each fin type and total were analysed for differences between treatments 1264 
(and sexes in G. holbrooki) using Poisson GEEs with Tukeys tests.  1265 

Software used was R 3.5.1 (R Core Team 2019) with packages ‘geepack’ (Højsgaard et al. 2006), 1266 
‘emmeans’ (Lenth 2018), and ‘ggplot2’ (Wickham 2016). 1267 

Mating behaviour in G. holbrooki was not the focus of the study, but data were collected as part of 1268 
the recording of all behaviours and is presented in Appendix 2. No mating behaviour was noted for G. 1269 
maculatus as it did not reach spawning condition during the study.  1270 

 1271 

Results 1272 
Galaxias maculatus cover  1273 
Cover entry 1274 
Galaxias maculatus individuals made significantly more entries (whole day average from subsampled 1275 
footage) into cover in the High treatment than the Low treatment (58.0/5 minutes vs 22.7/5 minutes, 1276 
χ2

1: 19.91, P < 0.001)(Figure 2), but significantly fewer entries per plant in High cover (19.2/plant/5 1277 
min) compared to Low cover (22.1/plant/5 min)(χ2

1: 21.92, P < 0.001). The rate of entries decreased 1278 
throughout the day (effect size: 7.66% per hour, χ2

1: 21.92, P < 0.001), with a qualitative trend of 1279 
decreased variance between replicates over the time period (Figure 3).  1280 
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 1281 
Figure 2. Total number of entries to cover (y axis) by individual fish in a 5 minute block in each species for each of Low and 1282 
High cover (x axis). Points are mean over 10 hours; error bars are 95% confidence intervals and uppercase letters represent 1283 
significant differences between treatments for G. maculatus, while lowercase letters represent significant differences 1284 
between treatments in G. holbrooki. N per treatment = 6. Galaxias maculatus χ21: 19.91, P < 0.001, G. holbrooki χ21: 6.58, 1285 
P = 0.01, species differences χ21: 41.783, P < 0.001. 1286 
 1287 

 1288 
Figure 3. Galaxias maculatus frequency (y axis) of entry of individual fish to cover in five minutes (four samples per hour) 1289 
over the day (x axis). Rows are treatments, thin coloured lines represent individual replicates, thick blue line is the rolling 1290 
mean with 95% confidence interval, and letters represent significant differences between treatments. χ21: 21.92, P < 0.001, 1291 
N per treatment = 6. 1292 
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A                     B 

G. maculatus   G. holbrooki          G. maculatus     G. holbrooki 
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Cover occupation 1293 
The percentage of fish in each tank under cover in the still photographs was greater in High (34.8%) 1294 
than Low (12.3%)(χ2

1: 170.01, P < 0.001)(Appendix Figure A1), with no significant difference in 1295 
occupation per plant (χ2

1: 0.28, P = 0.59). There were no detected changes over the day in cover 1296 
occupation (χ2

1: 0.96, P = 0.32).  1297 

Gambusia holbrooki cover 1298 
Cover entry  1299 
On average over the 10 hour sample, G. holbrooki entered cover more in the High cover treatment 1300 
than the Low cover treatment (10.5/5 minutes vs 5.14/5 minutes, χ2

1: 6.58, P = 0.01)(Figure 2) with 1301 
no significant difference in entries per plant (P = 0.33). Gambusia holbrooki increased cover entries 1302 
over the day (χ2

1: 4.47, P = 0.035), especially in the Low cover treatment (χ2
1: 6.57, effect size: 10.3% 1303 

per hour, P = 0.01)(High effect size 1.74% per hour, χ2
1: 0.3, P = 0.58)(Figure 4). 1304 

 1305 
Figure 4. Gambusia holbrooki individual entries to cover in 5 minutes (four samples per hour)(y axis) by time of day (x axis). 1306 
Rows are treatments, thin coloured lines represent individual tanks, thick blue line is rolling mean with 95% confidence 1307 
intervals, and letters represent significant differences between treatments. χ21: 4.47, P = 0.035, N per treatment = 6. 1308 

Cover occupation 1309 
The total percentage cover occupation per tank was higher in the High cover treatment than in the 1310 
Low cover treatment (18.1% vs 14.4%, χ2

1: 20.73, P < 0.001), but with higher occupation per plant in 1311 
Low cover (14.4%/available plant) than High (6.51%/plant)(χ2

1: 27.38, P < 0.001). There was no 1312 
change detected over the experiment for cover occupation (χ2

1: 0.70, P = 0.4), but weak evidence for 1313 
an interaction between treatment and time (High decrease of 2.03% per hour, Low increase of 3.03% 1314 
per hour, χ2

1: 3.82, P = 0.08).  1315 
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Species comparison for cover use 1316 
Galaxias maculatus had more entries to cover than G. holbrooki (High and Low cover combined, 1317 
whole day average 39.79 vs 7.88 entries per 5 minutes, χ2

1: 41.783, P < 0.001)(Figure 2), and 1318 
G. holbrooki averaged 8.7% under cover, while G. maculatus averaged 23.7% (χ2

1: 8.80, P = 0.003). 1319 

Schooling 1320 
The whole-day average percentage of sightings where fish were Schooling was much higher in 1321 
G. maculatus than G. holbrooki; (45.2% of total sightings versus 4.7% of total sightings, χ2

1: 47.1, 1322 
P < 0.001), with the same result for Loose association (39.4% versus 27.4%, χ2

1: 6.99, P = 0.0082).  1323 

Galaxias maculatus  1324 
In G. maculatus, no clearly significant cover effect was found in the percentage of time spent 1325 
Schooling (Table 1, χ2

2: 0.08, P = 0.96), or Loose association (Table 1, χ2
1: 6.69, P = 0.035 but no 1326 

contrasts significant with Tukeys), and no significant difference in percentage of sightings spent 1327 
Dispersed (Table 1, χ2

1: 1.5, P = 0.46). The most common state was Schooling, followed (without 1328 
significant difference) by Loose association (P = 0.92) and Dispersed (P < 0.001)(Loose association – 1329 
Dispersed (P < 0.001)). 1330 

Gambusia holbrooki 1331 
Gambusia holbrooki association (as % of total sightings) was not clearly significantly affected by 1332 
cover level for Schooling (Table 1, χ2

1: 5.04, P = 0.08); and not significantly affected by cover for 1333 
Loose association (Table 1, χ2

1: 4.26, P = 0.12) or Dispersed (Table 1, χ2
1: 3.54, P = 0.17). The most 1334 

common state (as % of total sightings) was Dispersed, followed by Loose association (χ2
1: 1186.1, P < 1335 

0.001) and Schooling (χ2
1: 16.021, P < 0.001)(Loose association- Schooling (χ2

1: 87.13, P < 0.001)). 1336 

Table 1 1337 
Percentage of total sightings spent in each of the three main association states for each species, averaged over replicates 1338 
and the length of the experiment for each cover level.  1339 
 Schooling Loose association Dispersed 
Galaxias maculatus    
None 42.58% 44.4% 13.0% 
Low 48.73% 45.42% 4.97% 
High 44.37% 39.41% 16.2% 
Gambusia holbrooki     
None 2.88% 20.95% 76.18% 
Low 6.08% 34.07% 59.85% 
High 5.35% 27.35% 67.32% 

Slow swimming 1340 
Galaxias maculatus 1341 
Galaxias maculatus spent significantly more time in Slow swimming in the absence of cover than 1342 
when it was present (χ2

2: 23.25, None 40.4% vs Low 13.3% P = 0.0076, vs High 4.28%, P < 0.001), no 1343 
clearly significant differences were found between High and Low cover treatments (P = 0.08), but it 1344 
fits within a continuum of slow swimming being reduced as cover level increased (Figure 5). The 1345 
variability between treatments and within treatments over time also decreased as cover levels 1346 
increased (autocorrelation coefficient ± SE = 0.22 ± 0.1). The proportion of time spent in Slow 1347 
swimming did not significantly change over the day (P = 0.12)(Figure 5).  1348 
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 1349 
Figure 5. Proportion of time spent by all G. maculatus in slow swimming (y axis) by time of day (x axis) for each cover level. 1350 
Thin lines are individual tanks, thick line is rolling mean with 95% confidence intervals, N per treatment = 6. Cover effect 1351 
None 40.4% vs Low 13.3% P = 0.0076, None vs High 4.28%, P < 0.001, High vs Low P = 0.08. Time effect: P = 0.12. Letters 1352 
denote significant differences between treatments. 1353 

Gambusia holbrooki 1354 
Gambusia holbrooki showed more slow swimming in the absence of cover compared to when it was 1355 
present, however this pattern was non-significant (χ2

2: 2.89, P = 0.24)(Appendix Figure A2). Slow 1356 
swimming increased significantly over time in None (effect size: 1.4% per hour, χ2

1: 4.38, P = 0.036) 1357 
but not High (effect size: 1.39% per hour, χ2

1: 3.16, P = 0.075) or Low (effect size: -0.48% per hour, χ2
1: 1358 

1.56, P = 0.21)(Appendix Figure A2).  1359 

Vertical water column use 1360 
Galaxias maculatus  1361 
Halves 1362 
No effect of cover levels was detected on G. maculatus halves (χ2

2: 0.41, P = 0.81)(High 22.5%, Low 1363 
20.8%, None 19.0%, Figure 6) of the water column, and did not significantly change over the day 1364 
(χ2

1: 2.438, P = 0.13). No effect of cover level was shown for changes in the number of times the fish 1365 
group moved between top and bottom of the water column (None 1.46, Low 0.997, High 0.93, all 1366 
per minute, F2: 0.30, P = 0.75). 1367 
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 1368 
Figure 6. Proportion of time ≥50% of G. maculatus were in the top half of the water column (y axis), by level of cover (x 1369 
axis). Points are mean over 10 hours; error bars are 95% confidence intervals, and N per treatment = 6. No significant 1370 
differences were found between treatments.  1371 

Thirds 1372 
No interaction between the effects of cover and time (χ2

2: 0.29, P = 0.86). ‘Bottom’ was the 1373 
preferred water column section for G. maculatus, with no significant effect of cover on distribution 1374 
(High 72.0% of sightings, Low 69.9% of sightings, None 70.2% of sightings, χ2

2: 0.46, P = 0.8), and no 1375 
clear significant changes over the 10 hours (χ2

1: 3.19, P = 0.074). No significant effect of cover for the 1376 
number of fish in the top third was found for G. maculatus, (High 22.07% of sightings, Low 24.22% of 1377 
sightings, None 23.05% of sightings, χ2

2: 0.26, P = 0.85), but a decrease in the number of fish sighted 1378 
over the day (effect size 0.89% per hour, χ2

1: 4.68, P = 0.045)(Appendix A3) with 4.89% of sightings 1379 
for High, 5.5% of sightings for Low and 6.7% of sightings for None, ‘Middle’ was the least used 1380 
section (χ2

2: 5.22, P = 0.073, time effect χ2
1: 0.10, P = 0.75). 1381 

G. holbrooki 1382 
Halves 1383 
No difference was found with cover in the extent to which G. holbrooki occupied the top half of the 1384 
water column (High 72.8% of time, Low 67.1% of time, None 46.2% of time)(χ2

2: 4.51, P = 0.1)(Figure 1385 
7), and it did not significantly change over the course of the day (χ2

1: 0.04, P = 0.85). No difference 1386 
was found in the number of times fish moved between the top and bottom halves of the water 1387 
column over the day (None 0.96, Low 1.03, High 0.64, all per minute, F2: 0.34, P = 0.71), though 1388 
these changes can represent a single fish, and as fish were not individually marked it is unknown 1389 
whether this was a behaviour displayed by particular individuals.  1390 
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 1391 
Figure 7. Proportion of time ≥50% of G. holbrooki spent in the top half of the water column within the video subsample (y 1392 
axis), by cover levels (x axis). Points are mean over 10 hours; error bars are 95% confidence intervals. No significant 1393 
differences were found between treatments. χ22: 4.51, P = 0.1, N per treatment = 6. 1394 

Thirds 1395 
A reduction in fish sighted in the top third of 16.3% was found from High (61.8%) to None (45.5%)(χ2

1: 1396 
9.04, P < 0.001) and of 9.8% in Low (55.3%) to None (χ2

1: 6.20, P = 0.027) cover levels; Low - High 1397 
showed no significant difference (6.5% difference, χ2

1: 3.14, P = 0.19), though it fits into the trend of 1398 
less occupation with lower cover levels (Figure 8). The proportion sighted increased over the day 1399 
(effect size 1.0% per hour, χ2

1: 4.46, P = 0.03)(Figure 8). There were also higher levels of variation 1400 
between replicates in the presence of cover than its absence. 1401 
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 1402 
Figure 8. Proportion of G. holbrooki in the top third of the water column (y axis) by time of day (x axis), broken down by 1403 
cover level (rows). Rows are treatments, colours individual tanks, thick blue line is a rolling mean with 95% confidence 1404 
intervals. Cover level comparisons; None to High χ21: 9.04, P < 0.001, None to Low χ21: 6.20, P = 0.027, Low - High χ21: 3.14, 1405 
P = 0.25, time χ21: 4.46, P = 0.03. Letters represent significant differences between treatments. N per treatment = 6. 1406 

Other behaviours 1407 
There was no significant difference between treatments in the percentage of time G. maculatus 1408 
spent motionless (High 0.42%, Low 0.50%, None 0.022% (P = 0.25)), this behaviour was too rare in 1409 
G. holbrooki for quantitative analysis (mean percentages High 0.059%, Low 0.014%, None 0.075%). 1410 

In G. maculatus, use of ball formation and scattering behaviours were not seen in High cover, and 1411 
once per treatment in Low and None. In G. holbrooki, they occurred twice in Low, once in None and 1412 
was not observed in High.  1413 

Cover and aggressive behaviour 1414 
Galaxias maculatus  1415 
No difference with changes in cover levels was found in G. maculatus intraspecific aggression 1416 
frequency (χ2

2: 4.13, P = 0.13)(Figure 9) and the quantity did not change over the course of the day 1417 
(χ2

1: 0.16, P = 0.69). The number of displays was not affected by cover level (χ2
2: 0.52, 1418 

P = 0.77)(Figure 10), while display frequencies were too low to calculate time effects. Avoidance of 1419 
interaction was not significantly different between treatments (χ2

2: 2.37, P = 0.31) but increased 1420 
slightly over the course of the day (χ2

1: 8.43, effect size: 9.29% per hour P = 0.0088)(Figure 11).  1421 
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 1422 
Figure 9. Average frequency of G. maculatus intraspecific aggression in a five minute block (y axis) by level of cover (x axis). 1423 
Points are mean over 10 hours; error bars are 95% confidence intervals, χ22: 4.13, P = 0.13, N per treatment = 6. No 1424 
significant differences were found between treatments. 1425 

 1426 
Figure 10. Galaxias maculatus frequency of intraspecific displays over five minutes (y axis) by level of cover (x axis). Points 1427 
are mean over 10 hours; error bars are 95% confidence intervals. No significant differences were found between 1428 
treatments. χ22: 0.52, P = 0.77, N per treatment = 6. 1429 
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 1430 
Figure 11. Galaxias maculatus frequency (y axis) of avoidance of intraspecific interactions in five minute blocks by time of 1431 
day (x axis). Four samples were taken per hour. Rows are treatments, colours individual tanks, thick blue line is rolling 1432 
mean with 95% confidence intervals. Increase over time; effect size: 9.29% per hour, χ21: 8.43, P = 0.0088, N per treatment 1433 
= 6. No significant differences were found between treatments, P = 0.31.  1434 

Gambusia holbrooki 1435 
No effect of cover levels was found on G. holbrooki aggression levels (χ2

2: 0.489, P = 0.59)(Figure 12), 1436 
display (χ2

2: 0.76, P = 0.68)(Figure 13), or avoidance of encounters (χ2
2: 1.15, P = 0.46)(Figure 14). 1437 

Display frequency increased over the day (χ2
1: 9.98, effect size 7.3% per hour, P = 0.0016)(Figure 15); 1438 

but no change was detected for aggression (χ2
1: 2.8, P = 0.094) or avoidance of other fish (χ2

1: 0.52, 1439 
P = 0.47).  1440 
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 1441 
Figure 12. Gambusia holbrooki intraspecific aggressive behaviour, frequency per five minute block on y axis, cover level on 1442 
x axis. Points are mean over 10 hours; error bars are 95% confidence intervals. No significant differences were found 1443 
between treatments. χ22: 0.489, P = 0.59, N per treatment = 6. 1444 

 1445 
Figure 13. Gambusia holbrooki intraspecific displays frequency per five minute block (y axis) by level of cover (x axis). 1446 
Points are mean over 10 hours; error bars are 95% confidence intervals. No significant differences were found between 1447 
treatments. χ22: 0.76, P = 0.68, N per treatment = 6. 1448 
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 1449 
Figure 14. Gambusia holbrooki frequency of avoidance of intraspecific interactions (y axis) per five minute block according 1450 
to levels of cover (x axis). Points are mean over 10 hours; error bars are 95% confidence intervals. No significant differences 1451 
were found between treatments. χ22: 1.15, P = 0.46, N per treatment = 6. 1452 

 1453 
Figure 15. Gambusia holbrooki Frequency (y axis) of intraspecific displays in five minutes by time of day (x axis). Four 1454 
samples were taken per hour. Rows are treatments, colours represent individual tanks, thick blue line is rolling mean with 1455 
95% confidence intervals. Effect size: 7.38% per hour. χ21: 9.98, P = 0.0016, N per treatment = 6. No significant differences 1456 
were found between treatments.  1457 
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Species comparisons 1458 
Gambusia holbrooki had higher levels of intraspecific aggression than G. maculatus (χ2

1: 191, 1459 
P < 0.001)(Figure 16). The same is true for display (χ2

1: 124.61, P < 0.001)(Figure 17) and avoidance 1460 
(χ2

1: 40.5, P < 0.001)(Figure 18), all pooled over cover levels due to the lack of significant differences 1461 
between them.  1462 

 1463 
Figure 16. Average frequency of intraspecific aggressive interactions over a five minute period (y axis) between the two 1464 
species (x axis). Points are mean over 10 hours; error bars are 95% confidence intervals (G. maculatus variance was too low 1465 
for the error to be visible) and letters represent significant differences between treatments. χ21: 191, P < 0.001, N per 1466 
treatment = 6. 1467 

 1468 
Figure 17. Average frequency of intraspecific displays over a five minute period (y axis) between the two species (x axis). 1469 
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Points are mean over 10 hours; error bars are 95% confidence intervals (G. maculatus variance was too low for the error to 1470 
be visible) and letters represent significant differences between treatments. χ21: 124.61, P < 0.001, N per treatment = 6.  1471 

 1472 
Figure 18. Comparison of intraspecific avoidance of interactions over five minutes (y axis) between the two species (x axis). 1473 
Points are mean over 10 hours; error bars are 95% confidence intervals and letters represent significant differences 1474 
between treatments. χ21: 40.5, P < 0.001, N per treatment = 6. 1475 

Fin damage 1476 
No significant differences between cover levels in number of fins damaged could be determined for 1477 
comparisons (Table 2); G. maculatus anal (χ2

2: 2.58, P = 0.45), dorsal (χ2
2: 0.419, P = 0.82), tail 1478 

(χ2
2: 1.21, P = 0.76), total (χ2

2: 4.12, P = 0.13)(Appendix A4). Gambusia holbrooki anal (χ2
2: 0.045, 1479 

P = 0.98), dorsal (χ2
2: 8.69, P = 0.11), tail (χ2

2: 3.66, P = 0.31), total (χ2
2: 0.16, P = 0.92) (Appendix A5). 1480 

Table 2.  1481 
Fin damage by cover levels for each treatment, for each species, expressed as the number of fins per tank.  1482 
 Anal fin Dorsal fin Tail fin Total 
Galaxias maculatus     
None 1.4 2.4 1.6 5.4 
Low 1.33 1.17 1.17 3.67 
High 1.5 0.67 0.83 3 
Gambusia holbrooki     
None 0.8 0.9 0.7 2.4 
Low 0.33 1.08 0.75 2.17 
High 0.33 0.83 1 2.17 
 1483 
Galaxias maculatus had significantly more dorsal fin damage than G. holbrooki females (averages of 1484 
1.35 vs 0.65 fish per tank, χ2

2: 4.34 P = 0.037) and more anal fin damage (average of 1.41 fish per 1485 
tank) than G. holbrooki males, which had none (χ2

1: 7.42, P = 0.0064). No other significant 1486 
differences were found between the two species (P < 0.1). 1487 
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Gambusia holbrooki sex differences 1488 
During scoring of video footage, in three replicates, female G. holbrooki were seen remaining under 1489 
cover and chasing away other fish that approached.  1490 

Aggression 1491 
Aggression varied with the sex of initiator and target fish (χ2

4: 9.4, P = 0.025), but the nature of the 1492 
effect was dependant on cover levels (χ2

6: 81.6, P < 0.001). 1493 

With High cover, female fish were significantly more aggressive towards males than towards other 1494 
females (2.4 times the frequency), and male fish were significantly more aggressive towards females 1495 
than towards other males (13 times the frequency), (Female to male vs Female to female, P = 0.038, 1496 
Male to female vs Male to male P < 0.001), with Male to female also more common than Female to 1497 
female (P < 0.001)(7.4 times the frequency). No significant differences were detected between the 1498 
Female to male and Male to female comparisons (P = 0.8) or Female to female and Male to male 1499 
comparisons (P = 0.079)(Figure 19). 1500 

There was support for other-sex aggression decreasing in frequency over the day while same-sex 1501 
aggression increased (χ2

3: 43.3, P < 0.001, effect sizes; Female to female 1.49% per hour, Female to 1502 
male -12.28% per hour, Male to female -2.11% per hour, and Male to male 0.85% per hour, but 1503 
detailed understanding is difficult as no individual comparison was statistically significant after 1504 
Tukeys)(Figure 19).  1505 

 1506 
Figure 19. Sex-specific frequency of agonistic behaviour in G. holbrooki per five minutes (y axis) over time (x axis) under 1507 
High cover. Rows are sex combinations, colours represent individual tanks, thick blue line is rolling mean with 95% 1508 
confidence intervals. N per treatment = 6. Letters represent significant differences between combinations. P ≤ 0.038. 1509 
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In Low cover, males were aggressive towards females significantly more than towards other males 1510 
(2.8 times the frequency)(P = 0.026). No significant difference was detected in target for aggression 1511 
by female fish (P = 0.99), and no significant differences were found between male and female fish (P > 1512 
0.1)(Figure 20). There was limited support for sex-specific changes in frequency over time (χ2

3: 128.3, 1513 
P < 0.001 but no individual comparisons significant), female fish increased aggression with time 1514 
regardless of target (5.93% per hour to females, 4.05% per hour to males)(P > 0.13), while male fish 1515 
decreased aggression over time regardless of target (4.87% per hour to males, 3.59% per hour to 1516 
females)(P > 0.19)(Figure 20).   1517 

 1518 
Figure 20. Sex-specific frequency of agonistic behaviour in G. holbrooki per five minutes (y axis) over time (x axis) under 1519 
Low cover. Rows are treatments, colours represent individual tanks, thick blue line is rolling mean with 95% confidence 1520 
intervals. N per treatment = 6. Letters represent significant differences between combinations. Difference between 1521 
combinations P = 0.026.  1522 

With no cover, female fish were significantly less aggressive towards male fish than male fish 1523 
towards both female (P = 0.025) and male (P < 0.001) fish. Male fish showed no significant difference 1524 
between aggression towards other males and aggression towards females (P = 0.98) and female 1525 
aggression towards other females was not significantly different from any other comparison 1526 
(P > 0.15)(Figure 21). Without cover female to female aggression increased with time by 11.23% per 1527 
hour (P < 0.001), all other combinations decreased with time (female to male -12.75% per hour, 1528 
P < 0.001, male to female -12.34% per hour, P = 0.0044, male to male -13.5% per hour, 1529 
P = 0.006)(Figure 21).  1530 
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 1531 
Figure 21. Sex-specific frequency of agonistic behaviour in G. holbrooki per five minutes (y axis) over time (x axis) without 1532 
cover. Rows are treatments, colours represent individual tanks, thick blue line is rolling mean with 95% confidence 1533 
intervals. N per treatment = 6. Letters represent significant differences between combinations. Female to male vs Male fish 1534 
to female P = 0.025, Female to male vs Male to male P < 0.001. Male to male vs Male to female P = 0.98, and Female to 1535 
female vs all others P > 0.15. Time effect: Female to female 11.23% per hour, P < 0.001, Female to male -12.75% per hour, 1536 
P < 0.001, Male to female -12.34% per hour, P = 0.0044, Male to male -13.5% per hour, P = 0.006. 1537 

There was an effect of cover on the amount of Male to male aggression, (χ2
2 = 10.04, P = 0.0066), 1538 

with High having less than None (P = 0.008), with Low intermediate but not significantly different 1539 
from either None (P = 0.38) or High (P = 0.34), and it significantly increased over time in all 1540 
treatments (χ2

1 = 9.04, P = 0.0026)(Figure 22), with no significant interaction between cover and time 1541 
(P = 0.31).   1542 
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 1543 
Figure 22. Agonistic behaviour in male G. holbrooki per five minutes (y axis) over time (x axis) by cover levels. Rows are 1544 
treatments, colours represent individual tanks, thick blue line is rolling mean with 95% confidence intervals. N per 1545 
treatment = 6. Letters represent significant differences between combinations. High - None P = 0.008, Low - None P = 0.38, 1546 
High - None P = 0.34, time effect χ21 = 9.04, P = 0.0026).  1547 

Display 1548 
Display frequency in G. holbrooki was affected by the sex of the fish (χ2

3: 10.934, P = 0.012), with 1549 
Male to Female significantly less common than all other combinations overall (Table 3), (χ2

6: 47.62, 1550 
P < 0.001)(Appendix Figure A6). There was no significant effect of cover on its own (χ2

2: 2.671, 1551 
P = 0.26).  1552 

Display frequency increased over the day (effect size 8.6% per hour, χ2
1: 12.7, P < 0.001), except in 1553 

High cover Male to female, where it decreased (effect size 23.15% per hour, P < 0.001)(Appendix 1554 
Figure A6). 1555 

Avoidance 1556 
The frequency of avoidance of other fish was dependant on fish sex (χ2

2: 48.2, P < 0.001), with 1557 
females avoiding males being most common (P < 0.001)(Figure 23). Males avoiding females was 1558 
significantly more common than fish avoiding their own sex (P < 0.001), with no significant 1559 
difference between males avoiding males and females avoiding females (P = 0.92). No difference 1560 
overall was detected in avoidance of conspecifics with cover levels (χ2

2: 2.1, P = 0.35), but male 1561 
avoidance of females was higher in Low cover than either None (P = 0.0069) or High (P = 0.03) cover 1562 
levels, which were not significantly different from each other (P = 0.4)(Table 3).  1563 

No significant changes over time were detected for this behaviour (χ2
1: 0.1, P = 0.79).  1564 
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 1565 

Table 3 1566 
Average frequency of each aggressive, display and avoidance behaviours over the whole experiment by the sex of the 1567 
initiating and target fish, broken down by cover treatments. All values are expressed as events per 5 minutes.  1568 
Cover Fish pair Aggression Display Fish pair Avoidance 

None Female to female 1.96 0.48 Female avoids female 0.21 
None Female to male 0.92 0.35 Male avoids female 0.26  
None Male to female 2.62 0.012 Female avoids male 0.47  
None Male to male 2.91 0.31 Male avoids male 0.24  
Low Female to female 2.06 0.4 Female avoids female 0.22  
Low Female to male 2.26 0.26 Male avoids female 0.59  
Low Male to female 3.55 0.0018 Female avoids male 0.99  
Low Male to male 1.24 0.21 Male avoids male 0.19  
High Female to female 0.66 0.30 Female avoids female 0.16  
High Female to male 1.79 0.58 Male avoids female 0.39  
High Male to female 3.19 0.047 Female avoids male 0.87  
High Male to male 0.41 0.20 Male avoids male 0.14 
 1569 
No significant difference was found in entries to cover with G. holbrooki sex (Female Low: 1.56 and 1570 
High: 3.18/5 minutes, Male 1.24 and 2.56/5 minutes, χ2

1: 1.73, P = 0.19) and this was not found to 1571 
change over time (χ2

1: 0.03, P = 0.86). 1572 

Fin nipping by sex 1573 

Both male and female G. holbrooki sustained some fin damage. Anal fins were only damaged in 1574 
female fish (0.94 fish/tank, χ2

1: 13789.2, P < 0.001)(Figure 24). Marginal support was found for male 1575 
fish having more dorsal fin damage (1.24 vs 0.65 fish/tank, χ2

1: 3.7, P = 0.054), while no difference 1576 
between sexes was found for tail fin damage (female 0.77, male 0.88 fish per tank χ2

1: 0.12, P = 0.74), 1577 
or total number of fins damaged (female 2.35, male 2.12, χ2

1: 0.15, P = 0.7)(Figure 24). Cover levels 1578 
did not influence fin damage difference between the sexes (anal fin χ2

1:2.6, P = 0.28, dorsal fin 1579 
χ2

2: 0.52, P = 0.77, tail fin χ2
2: 1.21, P = 0.55). 1580 

 1581 
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 1582 

Figure 23. Frequency of avoidance of conspecifics per five minutes (y axis) by cover level and fish sex combination (x axis), G. holbrooki. Points are whole-day average, error bars are 95% confidence intervals, 1583 
N per cover treatment = 6. Letters represent significant differences between interaction types, ‘^’ represents significant effects over time. Fish sex χ22: 48.2, P < 0.001, cover level χ22: 2.1, P = 0.35, Male 1584 
avoids female Low - None P = 0.0069, High – None P = 0.03. 1585 

 1586 
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 1587 

 1588 
Figure 24. The number of G. holbrooki per tank with fins damaged over the experiment (y axis) for each sex (x axis) and fin type (individual graphs) (cover levels combined). Error bars are 95% 1589 
confidence interals, letters denote significant differences between sexes. N per treatment = 6-9. Anal fin χ21: 13789.2, P < 0.001, dorsal fin χ21: 3.7, P = 0.054, tail fin χ21: 0.12, P = 0.74, total χ21: 1590 
0.15, P = 0.7.  1591 
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Discussion  1592 
The broad patterns of behaviour for each species were as expected, with higher cover use and lower 1593 
aggression in G. maculatus than in G. holbrooki, but there was limited evidence that cover 1594 
influenced aggression levels. Galaxias maculatus made ~22 entries to cover per five minutes with 1595 
~12% occupation in low cover and ~57 entries and ~35% occupation in high cover; with more entries 1596 
per plant in low but no significant differences for occupation per plant. Cover entries (but not 1597 
occupation) decreased in frequency over the day. Gambusia holbrooki made ~5 entries to cover per 1598 
five minutes, with ~10% sighted under cover in low cover; and ~11 entries per five minutes with ~7% 1599 
sighted under cover in high cover, with higher occupation (but not entries) per plant in high cover. 1600 
Entries to cover (but not occupation) increased over the day, particularly with low cover. 1601 
Gambusia holbrooki cover use varied due to some females occupying cover for long periods 1602 
(behaviour reported as captivity-only for G. holbrooki (Martin, 1975)).  1603 

Galaxias maculatus showed no significant difference with cover in water column use over either 1604 
halves or thirds. However, they spent significantly more time in slow swimming in the absence of 1605 
cover than when it was present, and they spent slightly (but significantly) more time in slow 1606 
swimming as the day progressed. There was no significant difference with cover for halves in 1607 
G. holbrooki, but there were fewer fish in the top third without cover than with cover. Slow 1608 
swimming was (non-significantly) more common without cover than with it, with no significant 1609 
change over the day. The proportion of time spent swimming slowly was broadly similar between 1610 
the species, approximately 10% with cover and 30-40% without it. Both species spent very little time 1611 
with all fish motionless, and cover did not affect this. The percentage of time spent schooling and 1612 
associating was much higher in G. maculatus than G. holbrooki, with no cover effect detected.  1613 

Aggression in G. maculatus occurred at 0.24 interactions/5min, and in G. holbrooki at 13.2 1614 
interactions/5min; G. holbrooki also had higher levels of display and intraspecific avoidance. A 1615 
correlation was seen between aggressive and avoidant behaviour in both G. maculatus and 1616 
G. holbrooki, though this was only statistically significant for G. maculatus. This is expected as more 1617 
aggression would lead to more impetus for fish to avoid each other. Cover did not affect the overall 1618 
quantity of aggressive behaviour, display, or avoidance of conspecifics in either species, and only a 1619 
slight trend towards less damage with more cover in both species, more in G. maculatus. In 1620 
G. holbrooki, there was more dorsal fin damage in males, G. holbrooki had anal fin damage in 1621 
females only, and no sex differences in tail fin damage. Galaxias maculatus avoidance and 1622 
G. holbrooki display were the only aggression-related behaviours affected by time of day, but the 1623 
effect sizes were small. 1624 

In G. holbrooki, males had higher other-sex aggression than same-sex aggression under High (13 1625 
times) and Low cover (2.8 times), and females had more other-sex than same-sex aggression under 1626 
High cover (2.4 times), with no significant difference in targets otherwise, and no significant sex 1627 
difference overall. With Low cover, there was less display from male to females (16.9 times less on 1628 
average), otherwise there were no significant differences. Females avoiding males was most 1629 
common (1.9 times the next common), followed by males avoiding females (especially with low 1630 
cover)(2.1 times the remainder) and fish avoiding their own sex lowest, with no significant changes 1631 
over the day.  1632 
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As predicted, G. maculatus entered cover much more than G. holbrooki, and spent a greater 1633 
percentage of time under cover. Other species of Galaxias use cover more in the presence of 1634 
predatory fish (Shelton et al. 2008, Stuart-Smith et al. 2008); to our knowledge, this has not been 1635 
tested in G. maculatus monospecific experiments. This is likely to also be true for G. maculatus, 1636 
especially as they use cover independent to predation (Bonnett and McIntosh, 2004). This behaviour 1637 
can allow co-existence with these predators (Stuart-Smith et al., 2007), but potentially at a lower 1638 
level of fitness due to having reduced access to portions of their optimal habitat (McHugh et al. 2012, 1639 
Penaluna et al. 2009, Shelton et al. 2008). The reduction of cover entries over the day in 1640 
G. maculatus, without a corresponding reduction in proportion of fish under cover, suggests that 1641 
that the duration spent under cover increased later in the day, for reasons currently unclear. 1642 
Gambusia holbrooki (and G. affinis) is usually treated as the predator in cover use studies (Baber et 1643 
al., 2004), as opposed to examination of its cover use a priori. However, there is evidence that 1644 
G. holbrooki also uses cover to avoid predators (Rehage et al., 2005). This study suggests some cover 1645 
use in G. holbrooki, but not a strong association and a general preference for open water, which is 1646 
also supported by data from the Tamar Island Wetlands eradication program (pers. comm.), and 1647 
published literature (Rehage et al., 2005, Pyke, 2005). Both species may treat aquatic vegetation as a 1648 
foraging habitat (Bonnett and McIntosh 2004, Cabral et al. 1998, Linden and Cech 1990), which was 1649 
not a tested variable in this study. These species do not use permanently submerged cover in 1650 
reproduction (Martin 1975, Pollard 1971), and currents were not present in this study, so those 1651 
motivations for cover use can be excluded here. A limitation of the experimental design (both here 1652 
and in previous studies) is the inability to survey fish in very high cover, as used by both species 1653 
(Bonnett and McIntosh 2004, Casterlin and Reynolds 1977, Pyke 2008). This runs the risk of 1654 
underestimating cover association in G. holbrooki through a sampling bias caused by lack of data 1655 
regarding its use of very high cover, as also suspected in Martin (1975); the association between 1656 
cover and G. maculatus is generally stronger (Bonnett and McIntosh 2004, Hickford et al. 2018) and 1657 
therefore less likely to be overlooked. 1658 

The lower levels of slow swimming found with cover (both low and high) suggest fish were more 1659 
active. As activity reduction is often used as an anti-predator response (Mills et al. 2004, Peacor and 1660 
Werner 1997), including in G. maculatus (Milano et al. 2010), this suggests the fish view cover as an 1661 
anti-predator option that allows otherwise more risky activity increases in G. maculatus, and 1662 
possibly G. holbrooki. Why G. maculatus increased slow swimming with time is unclear; but might 1663 
involve tiring, habituation, or circadian rhythms based on temperature, light or predator activity 1664 
carried over from the wild environment, though such data is only available for a dissimilar congener 1665 
(David and Closs 2003). As G. maculatus and G. holbrooki had similar activity levels, this cannot be a 1666 
major determinant in the difference of cover entry between the species.  1667 

Schooling behaviour in the two species was consistent with expectations for each species 1668 
(Cadwallader, 1975, Caldwell and Caldwell, 1962). Less schooling in cover was expected for 1669 
G. maculatus, which was not found (instead it increased non-significantly); perhaps due to the not 1670 
being enough cover to impede collective movement. Gambusia holbrooki also increased the 1671 
proportion of time spent schooling when cover was present, but also non-significantly. There was 1672 
slightly less space available with cover due to the volume of the plants, but as this represented a 1673 
small portion of the tank space it is unclear whether this could be a reason for the change. 1674 
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Galaxias maculatus use the top of the water column less than any G. holbrooki configuration except 1675 
‘All-male’ (from Chapter 2). This is consistent with field observations of G. maculatus (Jowett, 2002) 1676 
but represents more separation between species than was found in Slinger (2012), where 1677 
G. maculatus spent more time in the top third than here, but this may represent individual variation 1678 
between cohorts, or be not biologically meaningful once data variability is taken into consideration. 1679 
The lack of a detected cover effect in G. maculatus may have been caused by the species’ preference 1680 
for slightly deeper water being more important than the benefit of cover from concealment from 1681 
predators. Interpretation of data on G. holbrooki vertical water column use by cover levels is 1682 
complicated, as the two measures used produced different results. Based on sightings in the top 1683 
third of the water column, cover had a positive effect on surface water use, as predicted. Reduction 1684 
in use of the surface waters is a defence against surface (Shelton et al., 2008) or out-of-water (i.e. 1685 
bird) predators (Giles and Huntingford 1984), but cover provides a place to hide and therefore 1686 
makes being in the surface water, which G. holbrooki use for feeding and oxygenation (Pyke, 2005), 1687 
safer. However, this interpretation requires caution without further research due to the lack of 1688 
evidence for halves use (midwater was rarely occupied and unlikely to be the sole reason for the 1689 
difference). Even so, this suggests a stronger relationship with cover than is sometimes considered 1690 
for this species (Brookhouse and Coughran 2010), which could bring it into closer proximity with 1691 
cover-associated native species.  1692 

As this study didn’t use predators (real or simulated), the lack of acute anti-predator defences is 1693 
expected. ‘Freeze’ was another behaviour rarely observed, possibly due to predator absence, as 1694 
shown by the small amount of time spent motionless.  1695 

The frequency of aggressive behaviours in G. maculatus was less than 2% of that in G. holbrooki, in 1696 
line with expectations from previous research on each species (Agrillo et al., 2006, Rowe et al., 2007). 1697 
Cover was not found to provide major protection from fin damage, as no significant reduction in 1698 
damage with cover levels occurred, though there was a suggestion it granted some protection. The 1699 
lack of higher levels of fin nipping in G. holbrooki is unexpected, as is the (qualitatively) greater 1700 
degree of dorsal fin nipping in G. maculatus compared to G. holbrooki, though the latter species 1701 
attacks mostly from behind and below, and therefore may be less likely to strike at the dorsal fin. 1702 
The anal fin in G. maculatus and G. holbrooki females is not analogous to the gonopodium in 1703 
G. holbrooki males, so the difference between fin and gonopodium damage is unsurprising.  1704 

Galaxias maculatus aggression, display and avoidance rates were not significantly affected by cover, 1705 
which is unsurprising given the very low rates of G. maculatus aggression overall. Cover levels did 1706 
not significantly affect total levels of G. holbrooki aggression, in line with data from another poecillid 1707 
species (Edenbrow et al. 2011). Gambusia holbrooki avoidance was highly variable over all 1708 
treatments, so it would be difficult to detect subtle changes with cover levels. The sex of 1709 
G. holbrooki conducting aggressive displays were affected by cover, but inconsistently. Male 1710 
G. holbrooki were significantly more aggressive towards females than females towards each other 1711 
(other comparisons marginally non-significant), also as expected (Agrillo et al., 2006), which in some 1712 
cases lead to female fish spending nearly all their time avoiding males (pers. obs.).  1713 

This population of G. holbrooki lives, and was tested, in colder water than much of the species’ range 1714 
(Meffe and Snelson, 1989), though it also matches conditions in the southern parts of New Zealand 1715 
(National Institute of Water and Atmospheric Research 2021) and part of their home range in the 1716 
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United States (Martin 1975). This is known to effect G. holbrooki behaviour, with Wilson (2005) 1717 
showing that males spent ~57% of the test pursuing females at 14°C versus 94% of the time at 26°C 1718 
(Wilson, 2005). Direct comparison with other studies is difficult due to differences in methodology, 1719 
but the rates of aggression per minute were within the same order of magnitude as other colder 1720 
water observations (14-18°C)(Martin 1975, Wilson 2005), while higher levels of aggression have 1721 
been found warmer water (25-36°C), including high mortality in target fish (Rowe et al., 2007).  1722 

This study was inconclusive about behaviour over time due to the lack of strong trends, and few 1723 
linear trends (we were unable to analyse for more complex trends, which is an avenue for future 1724 
work, possibly with more experimental power). Two other laboratory studies (Bonnett and McIntosh, 1725 
2004, Slinger, 2012) did not find within-day changes in G. maculatus either. In the field, changes in 1726 
depth occupied over the day in G. holbrooki was thought to have been caused by sunlight raising the 1727 
water temperature, with fish moving to remain in their preferred conditions (Pyke, 2005). Diel 1728 
patterns are reported in both G. maculatus, which is complicated as the two studies found a 1729 
decrease and increase in activity at night respectively (Bonnett and McIntosh, 2004, Slinger, 2012); 1730 
and G. holbrooki, which are inactive at night (Slinger, 2012) but this is beyond the scope of this study. 1731 

Applications and future work 1732 
These data will be used as a baseline for comparison with the behaviour of the two species in the 1733 
presence of the other, both in the next chapter and for making predictions about their interaction 1734 
with other species in the field. It can also be used to provide a baseline behaviour of wild type 1735 
G. holbrooki with which to compare the behaviour of fish that have been sex-reversed as part of the 1736 
eradication program in Tasmania (Patil 2012, Patil et al. 2020). 1737 

One method of protection of valued or threatened species is restoration of their habitat (Gumm et al. 1738 
2011, Hickford and Schiel 2014). Knowing what species will prosper in each level of cover is an 1739 
important part of this process (Potash et al. 2019, Taylor 2002), especially as G. maculatus uses 1740 
vegetation for spawning (McHugh et al., 2012), particuarly in inland and landlocked populations 1741 
(Hickford and Schiel, 2014). Future work could include testing cover use at other temperatures to 1742 
estimate optimum cover over a wider range of habitats and seasons. Field studies in multiple pond 1743 
sizes could be used to assess the effect area versus captivity has on laboratory-specific behaviours. 1744 
The inconclusive data on G. holbrooki surface water occupation and activity levels are potential 1745 
avenues for research to further understand microhabitat use in this key species.  1746 

  1747 
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Appendix 1 1748 

 1749 
Figure A1. Proportion of G. maculatus sighted under cover (y axis) by cover treatments (None excluded) (x axis), averaged 1750 
over the experiment . χ21: 170.01, P < 0.001. 1751 

 1752 
Figure A2. Gambusia holbrooki proportion of time in slow swimming (y axis) by time of day (x axis) for each cover level 1753 
(rows) and replicate (colours). Thick line is the rolling mean with 95% confidence intervals, thin lines are individual tanks. 1754 
High cover effect size 1.76% per hour, χ21:3.16, P = 0.075, Low cover χ21: 1.56, P = 0.21, for None effect size 2.1% per hour, 1755 
χ21: 4.38, P = 0.036. N per treatment = 6. 1756 
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 1757 
Figure A3. Galaxias maculatus single-species proportion of fish in the top third of water column (y axis) by time (x axis). 1758 
Thin lines are individual tanks, with the thick line is the rolling mean with 95% confidence intervals. Decrease in use effect 1759 
size 0.89% per hour, χ21: 4.68, P = 0.045, N per treatment = 6. 1760 
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 1761 

 1762 
Figure A4. Galaxias maculatus, average number of fish with damage (after minus before)(y axis) by cover level (x axis) from top left, anal fins, dorsal fins, tail fins, and the total number of fins 1763 
damaged. Dorsal χ22: 8.69, P = 0.11, anal χ22: 0.045, P = 0.98, tail χ22: 3.66, P = 0.31, total: χ22: 0.16, P = 0.92.  1764 
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 1765 

 1766 
Figure A5. Gambusia holbrooki; average number of fish with damage (after minus before)(y axis) by cover level (x axis) for (from top left) anal fins, dorsal fins, tail fins, and the total. Dorsal χ22: 1767 
0.419, P = 0.78, anal χ22: 2.58, P = 0.42, tail χ22: 1.21, P = 0.72, total: χ22: 4.12, P = 0.95.  1768 
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 1770 
Figure A6. Frequency of Displays per five minute segment in G. holbrooki (y axis) by time (x axis), based on the sex of the 1771 
fish displaying and being displayed to, without cover. Rows are treatments, thin lines represent individual tanks, thick line 1772 
is rolling mean with 95% confidence intervals. Letters represent significant differences between treatments, double letters 1773 
effects over time. N per treatment = 6. Male to Female vs all others χ26: 47.62, P < 0.001. Time effect size 8.6% per hour, χ21: 1774 
12.7, P < 0.001, High cover Male to female, effect size -23.15% per hour, P < 0.001. 1775 
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Appendix 2 1777 
Male G. holbrooki attempted mating an average of 1.21 times/five minutes in None, 1.3 times/five 1778 
minutes in Low, and 0.8 times/five minutes in High, with no significant differences with cover level 1779 
(χ2

2: 1.47, P = 0.48)(Figure A7).  1780 

In None, mating decreased over time (effect size 26.68% per hour, P < 0.001). With Low cover it 1781 
increased over time (effect size 23.9% per hour, P = 0.02), and with High cover it increased over time, 1782 
but not significantly (effect size 14.46% per hour, P = 0.055)(Figure A7). 1783 

 1784 
Figure A7. Frequency of G. holbrooki mating attempts in five minutes (y axis) over time (x axis) for each level of cover. Thin 1785 
lines are individual tanks, thick line is rolling mean with 95% confidence intervals, N per treatment = 6, letters represent 1786 
significant differences in time effect between treatments. Difference with cover level χ22: 1.47, P = 0.48, None decrease 1787 
over time effect size 26.68% per hour, P < 0.001, Low cover increase over time effect size 23.9% per hour, P = 0.02, High 1788 
cover increase over time effect size 14.46% per hour, P = 0.055. 1789 
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4. Aggression between Galaxias maculatus and Gambusia holbrooki 1790 

and the role played by cover availability and G. holbrooki sexual 1791 

dimorphism 1792 

 1793 

Abstract 1794 
Interspecific aggression plays a significant role in ecological interactions between species, which can 1795 
be especially important for understanding the impact of invasive pests. In this study, aggression, 1796 
defensive behaviours, social interactions, and cover use in the Tasmanian native fish species 1797 
Galaxias maculatus and invasive pest Gambusia holbrooki were examined in the laboratory for the 1798 
effects the presence of the other had on these behaviours in both species. It also measured habitat 1799 
overlap in water column occupation by the two species. The two species were placed together in 1800 
aquaria, in groupings that followed a factorial design with three levels of cover and three sex ratios 1801 
of G. holbrooki, which have significant sexual dimorphism in anatomy and behaviour that may 1802 
influence how they interact with other species. We expected that G. maculatus would use cover for 1803 
protection from G. holbrooki, and that the latter would show differences in aggression in relation to 1804 
sex. How the presence of the other species affected antipredator defence and aggression, both 1805 
intraspecific and interspecific, was also tested. Cover use by G. maculatus was reduced in the 1806 
presence of G. holbrooki, especially females, which was unexpected, and there was reduced 1807 
G. maculatus schooling and association compared to when they were on their own, especially when 1808 
with female G. holbrooki, also unexpectedly. The aggression rate in G. holbrooki with G. maculatus 1809 
were much lower than it was when G. holbrooki were in monospecific groups, while G. maculatus 1810 
aggression increased compared to in monospecific groups. All-male G. holbrooki spent more time at 1811 
the top of the water column here than when in monospecific groups, suggesting competitive 1812 
exclusion by G. maculatus. The largest effect of G. holbrooki on G. maculatus was the breakdown in 1813 
G. maculatus schooling and reduction in use of plant cover. As both these behaviours have 1814 
antipredator roles, this could have flow-on effects of increasing the risks G. maculatus and other 1815 
Galaxias species face from other predatory species; and represent an important facet of interspecific 1816 
interactions not always detected.  1817 
 1818 

Introduction 1819 
Predation is a key ecological risk for many species, causing either death to individuals, but also 1820 
indirect (also called sublethal or trait-mediated) effects, which can have a larger impact at the 1821 
population level than the fatalities (Creel and Christianson 2008, Cresswell 2008, Zajac 1995). 1822 
Simultaneously, individuals must also balance the risk of competition with both conspecifics and 1823 
other species, which can also involve aggressive interactions (Cabrera-Guzmán et al. 2017, Sowersby 1824 
et al. 2016, Wright et al. 2019).  Interspecific interactions can thus involve predation (and parasitism), 1825 
competition, or a combination thereof. Amongst conspecifics, conflicts include hierarchy formation 1826 
(Caldwell and Caldwell 1962, Matthews and Wong 2015), interruption to feeding for social vigilance 1827 
(Favreau et al. 2010), competition for resources (Jaatinen et al. 2011, Zhao et al. 2011), cannibalism 1828 
by larger individuals (Dionne 1985), and sexual harassment and conflict (Agrillo et al. 2006, Li et al. 1829 
2009). 1830 
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Over the longer-term, adaptations in anatomy (Gygax et al. 2018, McCollum 1997) and physiology 1831 
(Laurila et al. 1998) match to the conditions of the local environment which enhances survival in that 1832 
habitat (Benard 2004, McCollum 1997), but many survival strategies take place within the lifetimes 1833 
of individuals (Abrahams 1995, Bell and Sih 2007). These can be either alterations in life history 1834 
strategy (Jaatinen et al. 2011, Ulrika 1998) or behavioural (Giles and Huntingford, 1984, Kelley et al., 1835 
2011) and habitat use modifications (Nystrom 2005, Pangle et al. 2007). 1836 

Behavioural changes can quickly lower risk from predators and increase competitive success, making 1837 
them a widely used strategy (Cresswell 2008, Dill 1983, Keller and Brown 2008). For example, 1838 
vigilance behaviour can help individuals avoid an attack (Li et al. 2009, Stears et al. 2020). Group 1839 
living, such as herding (Thaker 2010, Valeix et al. 2009) or schooling (Abrahams, 1995, Kelley et al., 1840 
2011) have significant benefits in protecting against predation (Abrahams 1995, Rieucau et al. 2016) 1841 
that can offset the costs from intraspecific aggression and competition (Fortin and Fortin 2009, 1842 
Majolo et al. 2016). If the benefits outweigh the costs, grouping is expected to occur, and it is an 1843 
anti-predator strategy relatively commonly used across taxa and habitats (Cawthen 2014, Dalmau 1844 
and Manteca 2010, Herbert-Read et al. 2017). Offense can be used as defence, as in aggression 1845 
towards predators (Hess et al. 2016, Krams et al. 2010) or competitors (Keller and Brown, 2008) or 1846 
‘predator inspection’ behaviour (Bell and Stamps 2004, Dugatkin and Godin 1992).  1847 

However, aggression towards other species often correlates with aggression towards conspecifics 1848 
(Bell and Sih, 2007), introducing a potential cost to other behaviours such as sociality and 1849 
reproduction, where increased aggression can be costly (Bell and Sih 2007, Heg and Taborsky 2010). 1850 
Therefore, interspecific aggression in these taxa represents the point where the trade-off between 1851 
the costs to intraspecific and kin interactions is outweighed by the benefits gained by being 1852 
aggressive towards other species (Fitzgerald and Gaudreault 1985, Sih et al. 2004).  1853 

Lower activity levels (Milano et al. 2010, Strobbe et al. 2011, Werner 1991) and spending less time 1854 
feeding (Balaban-Feld et al. 2019, Zimmer et al. 2011) reduce the chances of encountering predators, 1855 
but also reduce food intake. Thus, this strategy is used less at times of low food supply or by animals 1856 
in poor condition (Allouche and Gaudin 2001, Heithaus et al. 2008), even though reduced activity 1857 
may also reduce energy requirements (Babbitt 2001, Laurila et al. 1998). 1858 

A common strategy for avoiding predation is using refuges (such as plant cover and topographic 1859 
features) to hide from predators (Padial et al. 2009), particularly during vulnerable life stages (Webb 1860 
and Joss 1997, Werner et al. 1983), during predator foraging times (Bool et al. 2011, Stuart-Smith et 1861 
al. 2008) or when predators have been identified in the area (Weterings et al. 2016, Wisenden et al. 1862 
1994). This is especially important in confined spaces where fleeing is difficult (Anastacio et al. 2011), 1863 
common in some freshwater ecosystems. In some cases however, cover is avoided as a defence 1864 
against ambush predators (Lima and Valone 1991, Valeix et al. 2009), and prey species may change 1865 
their cover use patterns based on predator identity (Potash et al. 2019). They may also change how 1866 
they use their habitat, such as avoiding areas of greater risk at key times (Capps et al. 2009, 1867 
McIntosh et al. 1992) or when predators have been detected (Valeix et al. 2009, Wisenden et al. 1868 
1994), unless the risks of safer habitats (such as starvation) outweigh the risk of predators (Cresswell 1869 
et al. 2010, Heithaus et al. 2007). In aquatic systems, varying the part of the water column occupied 1870 
can also be used to reduce the chance of encountering predators (Shelton et al. 2008), at least 1871 
where using cover instead is less suitable (Turner et al., 2000), though the details of this are 1872 
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unknown in many ecosystems. Competitors within the habitat can also be a major factor, especially 1873 
when resources are limited (Altwegg 2002). Similar sized, more aggressive competitors may also 1874 
control prime cover, thus leaving the outcompeted in a suboptimal situation (Grabowska et al. 2016). 1875 

Invasive species, those that are established outside their natural range, particularly due to human 1876 
action, are problematic (Correa and Hendry 2012, Cote et al. 2010, Laha and Mattingly 2007), with 1877 
widespread implications as they have a substantial history of ecosystem damage (Hinchliffe et al. 1878 
2017, Keller and Lake 2007, McDowall 1968, Sato et al. 2010) and reduction or extinction of native 1879 
species (Albariño and Buria 2011, Macdonald et al. 2012, Nicol et al. 2015, Tilzey 1976). Native prey 1880 
may not have evolved behaviours or structures to detect (McLean et al. 2007) or evade (Mills et al., 1881 
2004, McIntosh, 2000) invasive species; or be protected by refuges that they use for native 1882 
predators (Macchi et al. 2007). Therefore, they can have a greater impact on the receiving 1883 
ecosystem than the native species (Albariño and Buria 2011, Hinchliffe et al. 2017). Many successful 1884 
invasive species have ecologies that make them highly competitive against native species in similar 1885 
niches, such as fast reproduction, ability to live in degraded habitats, and high aggression (Hansen et 1886 
al. 2013, Keller and Brown 2008, Lozon and MacIsaac 1997). This can destabilise native ecosystems, 1887 
resulting in niche shifts (Keller and Brown 2008, McHugh et al. 2012), displacement into suboptimal 1888 
habitats (Macdonald et al., 2012, Carmona-Catot et al., 2013), and reduced areas they can occupy 1889 
(Albariño and Buria 2011) When in an ideal situation, a species occupies its ‘functional niche’, but 1890 
under competition or predation, the niche can narrow or shift, resulting in the species’ ‘realised 1891 
niche’ being different than is ideal (Keller and Brown 2008, Lindegren et al. 2012). In addition, these 1892 
changes can result in increased risk from other predators as they interfere with normal antipredator 1893 
defences (Thompson et al. 2012).  1894 

Galaxias maculatus (Australian native, 10-15cm (Andrews 1982, Barbee et al. 2011)) and 1895 
Gambusia holbrooki (introduced environmental pest (Macdonald et al. 2012, Nicol et al. 2015, Pyke 1896 
2008, Rehage and Sih 2004, Vera et al. 2016, Webb and Joss 1997)) were considered together here. 1897 
As seen in Chapters 1 and 3, the two species have contrasting life histories and behaviour (Blanco et 1898 
al., 2004, Bonnett and McIntosh, 2004, Cadwallader, 1975, Keller and Brown, 2008, Laha and 1899 
Mattingly, 2007, Pen and Potter, 1991, Rowe et al., 2007, Webb and Joss, 1997) but overlap in 1900 
habitat (Berra et al. 1996, Chapman et al. 2006, Jowett 2002) and diet (Cervellini et al. 1993, Jowett 1901 
2002). 1902 

Where similar species coexist with Gambusia spp., niche shifts to reduce interaction and 1903 
competition are common (Keller and Brown, 2008, Rowe et al., 2007). Gambusia holbrooki shows 1904 
significant sexual size dimorphism, with females approximately four times the size of males (Bisazza 1905 
and Marin 1995), which is accompanied by behavioural differences, both at an individual (Agrillo et 1906 
al., 2006, Agrillo et al., 2008a) and group (Caldwell and Caldwell, 1962, Chapter 2; Discussion) level. 1907 
While the majority of intraspecific aggression in G. holbrooki is instigated by males (Agrillo et al. 1908 
2006, Martin 1975), aggression towards other species has been reported as both higher in females 1909 
(Alcaraz et al. 2008) and males (Magellan and García-Berthou 2015) , while female fish can cause 1910 
stronger trophic cascades (Blanco et al. 2004, Cabral et al. 1998, Fryxell et al. 2015). This implies that 1911 
the correlation between intraspecific and interspecific aggression found in some other fish species 1912 
(Hess et al. 2016, Huntingford 1982) does not occur in G. holbrooki, at least not in both sexes.  1913 
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Aims and hypotheses 1914 
After testing the role submerged cover plays in G. maculatus and G. holbrooki in Chapter 3, the role 1915 
cover plays in protecting G. maculatus from G. holbrooki aggression was tested using three levels of 1916 
cover: None, Low (approximately 15%), and High (approximately 40%). As G. holbrooki is sexually 1917 
dimorphic (Carmona-Catot et al. 2013, Keller and Brown 2008, Lynch 2008), and the way sex ratio 1918 
affects G. holbrooki behaviour was investigated in Chapter 2, three sex ratios of G. holbrooki were 1919 
used to test how each interacted with G. maculatus. The effect the presence of G. holbrooki had on 1920 
G. maculatus intraspecific behaviour was examined to check for interference with normal defences, 1921 
and the vertical water column profile of each species in the presence of heterospecifics was 1922 
compared to their fundamental niche.  1923 

Specifically, the hypotheses were that: 1924 
1. Galaxias maculatus will use cover as refuge from G. holbrooki aggression, with more activity 1925 

and reduced harassment and injury with higher cover levels (Stuart-Smith et al. 2007); and, 1926 
2. There will be sex differences in the impact of G. holbrooki on G. maculatus, and in 1927 

G. maculatus aggression towards G. holbrooki, though aggression may be either higher with 1928 
males (Carmona-Catot et al. 2013, Magellan and García-Berthou 2015) or lower with males 1929 
(Meffe 1985), based on past results.  1930 

In addition to the a priori hypotheses, two other questions were investigated as they potentially 1931 
impact G. maculatus resilience: 1932 

1. How does the presence of G. holbrooki effect G. maculatus defensive behaviour and 1933 
intraspecific aggression (Hess et al. 2016)? 1934 

2. Do the vertical water column use profiles change in comparison with monospecific groups 1935 
(see Chapters 2 and 3)(Turner et al. 1999)? 1936 

 1937 

Methods 1938 
Ethics 1939 
This work was undertaken under ethics permit A0013577 for animal experimentation and fish 1940 
captured and held under Inland Fisheries Service permit numbers 2015-26 and 2016-21.  1941 

Husbandry 1942 
Galaxias maculatus were collected using unbaited traps from Curries Dam (41°06'02.9"S 1943 
146°56'19.0"E) in Tasmania, a reservoir where they co-exist with other galaxiid species, introduced 1944 
trout stocks for a recreational fishery and native eels, but without G. holbrooki, so G. maculatus 1945 
were naive to G. holbrooki. Gambusia holbrooki were collected from Tamar Island Wetlands 1946 
(41°23'29.2"S 147°04'26.4"E) using dip netting in conjunction with the eradication program by the 1947 
Inland Fisheries Service and state government (Inland Fisheries Service 2019, Threatened Species 1948 
Section 2006). Galaxias maculatus were present at the site so the G. holbrooki were not naïve. Both 1949 
species were collected by trapping and dipnets. All fish were transported to the laboratory in 1950 
translucent 20L barrels filled with water at densities of 2 fish/L from the capture site and aerated 1951 
with portable air stones (Aqua One Battery Air), taking 60 and 20 minutes travel time respectively, 1952 
and acclimated overnight in the barrels with air stones.  1953 
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Fish were housed in the same room with a light cycle was set at 14:10h Light:Dark, lights turned on 1954 
at 7:00h and water temperature was 13°C, reflecting the source catchment water temperature 1955 
(Attard 2012, DPIPWE 2004). Tanks were filled with dechlorinated tap water and aerated with air 1956 
stones. Fish were fed commercial Hikari micro pellets (4g/tank/day for G. maculatus, 2g/tank/day for 1957 
G. holbrooki) to satiation (uneaten food was often removed from tanks several hours later or the 1958 
next morning) at variable times between 11:00h and 18:00h. 1959 

G. maculatus were size graded into small and large (large 65-110mm (TL), mean 78mm± 12.48 mm 1960 
SD, small 35-45mm (TL), mean 40.6mm± 3.1 mm SD, large only used in this experiment) and 1961 
G. holbrooki graded by sex (males 20-34mm (TL), mean 25.8mm± 3.74 mm SD, females 38-60mm 1962 
(TL), mean 44.04mm± 7.4 mm SD), after which all fish were moved to stock tanks. 1963 
Galaxias maculatus were kept in size-graded glass tanks with solid filters, at densities of 0.5 fish/L. 1964 
Gambusia holbrooki were housed in single-sex groups of up to 30 in 25L opaque tanks serviced by 1965 
water reticulation, solids filtration and biofiltration (at densities of 1.2 fish/L). Fish were held for two 1966 
weeks minimum before being used in experiments.  1967 

Experimental setup 1968 
Experimental tanks were made by dividing a 400L, 2000mm (l) x 366 mm (w) x 600 mm (d) unlidded 1969 
tank into seven 57L, 280mm (l) x 366mm (w) x 600mm (d) isolated sections with opaque white 1970 
plastic sheeting (see Chapter 2, Methods for diagram). Tanks were filled with dechlorinated tap 1971 
water and aerated with airstones during acclimation, but not during filming for visibility. Cameras 1972 
(GoPro2 or GoPro3 interchangeably) were placed in one of four mounts on a frame above the tank, 1973 
the camera field of view covered one or two experimental tanks. Light and temperature were as for 1974 
husbandry.  1975 

Three levels of cover were used, with submerged plant replicas made from 8-10 black plastic strips 1976 
weighted with ceramic electric fence insulators being used as a standardised cover measure (see 1977 
Chapter 3, Methods). Low cover had one plastic plant, covering approximately 15% of the area, 1978 
while High cover had three plastic plants, covering approximately 40% of the area. The third 1979 
treatment, None, had a bare tank. The three levels of cover (fixed effect) were crossed with three 1980 
G. holbrooki sex treatments (fixed effect): five female G. holbrooki with G. maculatus, five male 1981 
G. holbrooki with G. maculatus, and five fish of mixed sexes, with a ratio of 1.0 : 0.9 female: male 1982 
(3 females:2 males or 2 females:3 males) due to lower availably of male fish. Each treatment used 1983 
five G. maculatus. Six replicates were run for each treatment (random effect). Due to time 1984 
constraints a minimum of four replicates were analysed. Replicates from each treatment were run 1985 
interspersed with each other, with a maximum of two per treatment per day, to reduce the risk of 1986 
experimental date effects.  1987 

The evening before trials, fish were removed from stock tanks and individually photographed 1988 
(Samsung digital sub-SLR with macro zoom)(side-on) in a small side-lit tank filled with dechlorinated 1989 
tap water before being placed in the test tanks. The two species were separated during overnight 1990 
acclimation by confining G. holbrooki in either Guppy Breeding Tanks (Aqua One) or netting cages 1991 
(20mcm x 200mm x 100mm) fixed at the water surface. Galaxias maculatus had access to the 1992 
remainder of the tank. Experiments were started at 10:30 h the following morning when 1993 
G. holbrooki were released into the tank proper and cameras turned on. The delay between lights on 1994 
and filming was due to the reactions of fish to lights turning on, experimenter arrival and to avoid 1995 



74 
 

initial exploratory behaviour by G. holbrooki, which was not the focus of the study. Food was not 1996 
provided during the experiment. Behaviour was filmed for ten hours, after which fish were removed, 1997 
photographed again, and returned to stock tanks. Fish were used a maximum of three times across 1998 
all experiments, with a minimum break of 14 days. Photography allowed for assessment of fin 1999 
damage. 2000 

Data 2001 
From the 10 hours of video, the first five minutes of every 15 minutes of footage was subsampled 2002 
(see Chapter 2: Methods for rationale) and scored, minus the first half hour to reduce experimenter 2003 
presence effects and initial mixing of species, giving 38 subsamples total.  2004 

The following behaviours were scored, and the species (and sex if G. holbrooki) of the fish doing the 2005 
behaviour and any target fish was also recorded: the event behaviours Aggression and Display 2006 
(aggressive behaviours), Avoidance (submissive behaviour), and Cover entry (measures the active 2007 
use of a plant analogue), and the duration behaviours Slow swimming (measures reduced activity), 2008 
Motionless and Active anti-predator behaviours are defensive behaviours (Table 1) (duration based 2009 
behaviours were calculated as the proportion of time in each subsample spent in each behaviour). 2010 
Qualitative observations were also made during watching of the footage.  2011 

Table 1  2012 
Behaviours scored for the experimental fish. Aggression, display, avoidance, and cover entry are event based individual 2013 
behaviours, active anti-predator behaviour is an event-based collective behaviour, and slow swimming and motionless are 2014 
duration-based collective behaviours.  2015 
Aggression chasing, biting, charging, or fast approaches 
Display Display towards another fish, with fin waving and/or parallel 

swimming 
Avoidance Avoidance of interaction by swimming away from a fish not 

actively targeting it 
Active anti-predator behaviour Clumping together and sudden dispersal (Magurran and Pitcher 

1987) 
Cover entry Entry to cover by an individual fish 
Slow swimming Whether all fish were swimming slowly (a measure of reduced 

activity, an antipredator response (Milano et al., 2010), species 
were pooled due to tight correlation between them 

Motionless Whether all fish were motionless (an antipredator response, 
‘freeze’)(Huntingford, 1982) 

 2016 
Mating attempts were recorded but not analysed as they were not the focus of this study, data are 2017 
presented in Appendix 2 (Figures A4 and A5). 2018 

Two different measures were used to test vertical water column use. Both were recorded from the 2019 
top down, and therefore measured indirectly with additional information provided by horizontal 2020 
lines on the tank wall denoting sections. Indirect measurement consisted of relating fish to known 2021 
points of the tank, including the surface, floor, gridlines on the tank wall and, where present, cover. 2022 
One was halves, whether ≥50% of the fish were in the top or bottom half of the water column, which 2023 
was recorded as a proportion of total time for each subsample (if equal then the most recently 2024 
entered state was recorded). The other, thirds, was a still image was taken from video footage every 2025 
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300 seconds, and the percentage of each fish type in the top, middle and bottom thirds of the water 2026 
column was recorded.  2027 

The photos were also scored for the percentage of each species and G. holbrooki sex with any part of 2028 
their body under cover (when available). Schooling was scored from photos to identify whether the 2029 
fish were in schools (as standard for G. maculatus), small groups of fish or alone or paired (as 2030 
standard for G. holbrooki). Schooling was judged per photo as: ‘Close schooling’ (five or more fish 2031 
within one body length facing in the same direction), ‘Loose association’ (three or four fish within 2032 
one body length, not necessarily facing same direction), or ‘Dispersed’ (two or fewer fish within one 2033 
body length of each other, not facing in a consistent direction).  2034 

All dorsal, anal, and tail fins were manually scored for presence of damage and a single score was 2035 
computed as an average number of fish with damage for each tank, species, and fin, as the 2036 
difference between the number of a given fin type damaged at the start of the experiment and at 2037 
the end. This was done to measure the effect of bites or nips from other fish, data were pooled as 2038 
fish could not be individually identified.  2039 

Statistical analysis 2040 
Videos 2041 
Event based behaviours were analysed to quantify differences between treatments and species, and 2042 
any changes in the frequency of these behaviours over time using Poisson Generalised Estimating 2043 
Equations (GEEs) for repeated measures data (Ziegler et al. 1999) and unplanned multiple 2044 
comparisons were conducted using Tukey’s tests. The proportion of time all fish spent in the slow 2045 
swimming state or motionless were tested for significant differences between treatments and over 2046 
time using Gaussian GEEs and Tukey’s tests. Halves was calculated in the same way. Although 2047 
proportional data can be problematic for Gaussian models, inspection of diagnostic plots showed no 2048 
substantive deviations from the assumptions of these analyses. 2049 

Photos 2050 
These were analysed for differences between treatments for thirds and proportion of fish under 2051 
cover for treatment and species with Gaussian GEEs and Tukey’s for unplanned multiple 2052 
comparisons. Schooling was analysed for differences between treatments and proportions in each 2053 
state using GEEs and Tukey’s tests. Data from fin damage photos were analysed for each fin for 2054 
differences between species, treatments, and sexes in G. holbrooki using Poisson GEEs with Tukey’s 2055 
tests. All analysis of both datasets was done using R (R Core Team 2019) with GEEs constructed using 2056 
‘geepack’ (Højsgaard et al. 2006), and estimated marginal means and Tukey’s tests computed using 2057 
‘emmeans’ (Lenth 2018).  2058 

 2059 

Results 2060 
A single G. maculatus died during the experiments, of natural causes, and two male G. holbrooki 2061 
died of unknown causes. 2062 
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Cover entry 2063 
Galaxias maculatus 2064 
The sex of G. holbrooki affected the entries to cover by G. maculatus (χ2

2: 11.19, P = 0.0037); with 2065 
fewer entries when they were with the Female G. holbrooki treatment than when they were with 2066 
Male (P = 0.027) or Mixed (P = 0.0024) G. holbrooki, which were not significantly different from each 2067 
other (P = 0.99)(Figure 1). There were more G. maculatus entries to cover (total) with High cover 2068 
than with Low cover across all G. holbrooki sex treatments (χ2

1: 6.14, P = 0.013)(Figure 1). There was 2069 
no significant interaction between the two treatment variables (cover level and G. holbrooki sex 2070 
treatment) in G. maculatus cover entries (χ2

2: 2.61, P = 0.27). 2071 
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 2072 
Figure 1. Number of entries to cover by individual G. maculatus per five minutes (y axis) by treatment (x axis), cover level left, G. holbrooki sex right, mean over the whole day. Error bars are 2073 
95% confidence intervals, letters denote significant differences between treatments, N per treatment = 4-6. Cover effect P = 0.013, sex effects Female – Male P = 0.027, Female - Mixed 2074 
P = 0.0024, Male - Mixed P = 0.99.2075 

Cover level G. holbrooki sex treatment 

A        B               B A          B 
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Entries to cover by G. maculatus decreased over the day (effect size -1.4% per hour, χ2
1: 10.94, 2076 

P < 0.001)(Figure 2) with no effect of cover (χ2
1: 0.18 P = 0.67) or G. holbrooki sex treatment 2077 

(χ2
2: 4.27, P = 0.12). 2078 

 2079 
Figure 2. Frequency of cover entries by G. maculatus (y axis) over the course of the day (x axis) for each G. holbrooki 2080 
sex/cover combination (where cover was provided) (rows). Effect size -1.4% per hour, χ21: 10.94, P < 0.001. Colours 2081 
represent individual tanks, the thick blue line is the rolling mean with 95% confidence intervals, N per treatment = 4-6.  2082 
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Gambusia holbrooki 2083 
Gambusia holbrooki cover entries did not significantly differ with fish sex treatment (χ2

2: 0.71, 2084 
P = 0.39), and there was slight evidence for differences with cover level (χ2

2: 3.39, P = 0.066), with 2085 
Female highest and Mixed lowest; and interaction between G. holbrooki sex treatment and cover 2086 
level (χ2

2: 4.98, P = 0.08), with more entries with High cover entries suggested in the Female 2087 
treatment only. Cover entries significantly decreased over the day (effect size: -9.25% per hour, 2088 
χ2

1: 5.54, P = 0.019)(Figure 3).  2089 
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 2090 
Figure 3. Cover entries by all G. holbrooki in five minutes (y axis) by time of day (x axis) for High and Low cover levels at 2091 
each G. holbrooki sex treatment (rows). Time effect size: -9.25% per hour, χ21: 5.54, P = 0.019. Thin lines are individual 2092 
tanks, thick line is rolling mean with 95% confidence intervals, N per treatment = 4-6.  2093 
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Cover occupation 2094 
Galaxias maculatus  2095 
There was a significant interaction between G. holbrooki sex treatment and cover levels (χ2

2: 11.77, 2096 
P = 0.0028), driven by Male High (P = 0.021), though variability in this treatment makes 2097 
interpretation difficult. Cover occupation by G. maculatus was greater in High cover than in Low 2098 
cover (χ2

1: 5.57, P = 0.018)(Figure 4), no overall effect of G. holbrooki sex treatment was detected 2099 
(χ2

2: 1.97, P = 0.37)(Figure 4). No overall significant changes in occupation over the day were 2100 
detected (χ2

1: 0.97, P = 0.32). 2101 
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 2102 
Figure 4. Proportion of fish under cover, G. maculatus, (y axis) over time (x axis). Thin lines are individual tanks, thick blue 2103 
line is the rolling mean with 95% confidence intervals. Time effect in Male High χ21: P = 0.021. 2104 

Gambusia holbrooki  2105 
The was no evidence for interaction of G. holbrooki sex treatment and cover (χ2

2: 0.2, P = 0.9). Cover 2106 
occupation by G. holbrooki was only weakly affected by cover level (χ2

1: 3.53, P = 0.06), (Figure 5), 2107 
and not significantly affected by the G. holbrooki sex treatment (χ2

2: 5.82, P = 0.054), and the sex of 2108 
individual G. holbrooki (χ2

1: 0.29, P = 0.59). No significant changes over the day were detected 2109 
(χ2

1: 2.05, P = 0.15). 2110 
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 2111 
Figure 5. Proportion of all G. holbrooki sighted under cover (y axis) by cover/G. holbrooki sex treatment (x axis), averaged 2112 
over the day. Error bars are 95% confidence intervals, N per treatment = 4-6. No significant difference was found between 2113 
treatments.  2114 

Aggression by G. holbrooki towards G. maculatus  2115 
Aggression by G. holbrooki towards G. maculatus occurred at frequencies from 0.092 events per five 2116 
minutes to 0.58 events per five minutes. Display by G. holbrooki to G. maculatus frequencies varied 2117 
from none to 0.014 events per five minutes. Galaxias maculatus avoided G. holbrooki at frequencies 2118 
between 0.11 events per five minutes and 0.36 events per five minutes (Table 2).  2119 

Table 2  2120 
Frequency of aggressive behaviours (aggression, display, and avoidance by target fish) by G. holbrooki towards 2121 
G. maculatus, measured as events per five minutes (at 38 time points for 4-6 replicates per treatment), whole day mean.  2122 
Cover 
level  

G. holbrooki 
sex 

Aggression Display Avoidance by 
G. maculatus 

High Female 0.11 0.011 0.18 
High Male 0.50 0 0.34 
High Mixed 0.40 0 0.36  
Low Female 0.58 0.0053 0.29 
Low Male 0.28 0.011 0.21  
Low Mixed 0.26 0 0.17  
None Female 0.092 0.014 0.11  
None Male 0.30 0.0055 0.25  
None Mixed 0.48 0.0054 0.24 

Aggression 2123 
There was no overall significant effect of either G. holbrooki sex (χ2

2: 0.55, P = 0.76), cover levels 2124 
(χ2

2: 0.62, P = 0.74), or time (χ2
1: 2.81, P = 0.094) on G. holbrooki aggression towards G. maculatus, 2125 



84 
 

however the frequency of G. holbrooki aggression towards G. maculatus at different cover levels 2126 
depended on an interaction between G. holbrooki sex treatment and time (χ2

4: 16.12, P = 0.0029).  2127 

In the Female G. holbrooki treatment, aggressive actions by G. holbrooki towards G. maculatus in the 2128 
Low cover treatment were significantly higher than both High (P = 0.044) and None (P = 0.022), 2129 
which were not significantly different from each other (P = 0.86); however this trend was driven by a 2130 
single replicate. Aggression increased over the day (effect size 9.3% per hour, χ2

1: 5.04, P = 0.025 2131 
(Figure 6). 2132 

 2133 
Figure 6. Aggression towards G. maculatus by the G. holbrooki Female treatment, frequency per five minutes (y axis) by 2134 
time of day (x axis). Rows are cover levels, colours are individual tanks, thick blue line is rolling mean with 95% confidence 2135 
intervals, letters represent significant differences between treatments. N per treatment = 5-6. Low - High P = 0.044, Low - 2136 
None P = 0.022, High - None P = 0.86. Increase over time effect size 9.3% per hour, χ21: 5.04, P = 0.025.   2137 

In the Male G. holbrooki treatment, there was no difference in total aggression (χ2
2: 0.82, P = 0.66), 2138 

but aggression increased over time under High cover only (effect size 12.2% per hour, χ2
2: 9.75, 2139 

P = 0.0076)(Low cover effect size – 3.18% per hour, P = 0.63, None effect size 0.39% per hour, 2140 
P = 0.9)(Figure 7). 2141 
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 2142 
Figure 7. Aggression towards G. maculatus by G. holbrooki Male treatment as events per five minutes (y axis) over time 2143 
(x axis). Rows are cover levels, colours are individual tanks, thick blue line is rolling mean with 95% confidence intervals, 2144 
letters represent significant differences between treatment slopes. N per treatment = 5. High cover increase effect size 2145 
12.2% per hour, χ22: 9.75, P = 0.0076.  2146 

In the G. holbrooki Mixed treatment, no effect was detected for cover levels (χ2
2: 1.5, P = 0.47) or 2147 

time of day (χ2
1: 0.099, P = 0.75) on frequency of G. holbrooki aggression towards G. maculatus.  2148 

Display 2149 
Average frequencies of G. holbrooki displaying to G. maculatus are shown in Table 2. No statistical 2150 
tests were possible due to the low frequency of this behaviour.  2151 

Avoidance 2152 
There were no significant overall trends in G. maculatus avoidance of G. holbrooki (cover χ2

2: 1.1, 2153 
P = 0.56, G. holbrooki sex χ2

2: 0.8, P = 0.69, time χ2
1: 0.1, P = 0.76), but it differed with the interaction 2154 

of G. holbrooki sex, cover, and time (χ2
4: 36.6, P < 0.001).  2155 

There was no significant effect of cover (χ2
2: 1.93, P = 0.38) or time (χ2

1: 0.03, P = 0.87) with Female 2156 
fish, but the time effect varied with cover (χ2

2: 17.40, P < 0.001). Avoidance increased over time 2157 
under Low cover (effect size 12.46% per hour, P = 0.005)(Figure 8). High and None showed a 2158 
decrease over time, but not significantly so (High effect size 10.91% per hour, P = 0.11, None effect 2159 
size 3.51% per hour, P = 0.33)(Figure 8).  2160 
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 2161 
Figure 8. Galaxias maculatus, frequency of avoidance in five minutes (y axis) of G. holbrooki Female treatment, by cover 2162 
levels (rows), over the course of the experiment (x axis). Thin lines are individual tanks, thick line is rolling mean with 95% 2163 
confidence intervals, letters represent significant differences between treatment slopes. N per treatment = 5-6. Cover 2164 
effect: Low cover increase: effect size 12.46% per hour, P = 0.005.   2165 

With Male G. holbrooki, no significant difference was detected between cover levels (χ2
2: 1.08, 2166 

P = 0.58) or time (χ2
1: 0.62, P = 0.43), but there was a cover by time interaction (χ2

2: 19.57, P < 0.001). 2167 
There was a decrease in avoidance over time for Low cover (effect size 15.77% per hour, P = 0.048), 2168 
an increase for High cover (effect size 22.54% per hour, P = 0.0022), and no significant change for 2169 
None (effect size 1.76% per hour, P = 0.69)(Figure 9).  2170 

A 

 

 

B 

 
 
 

A 



87 
 

 2171 
Figure 9. Galaxias maculatus, frequency of avoidance in five minutes (y axis) of G. holbrooki Male treatment, by cover 2172 
levels (rows), over the course of the experiment (x axis). Thin lines are individual tanks, thick line is rolling mean with 95% 2173 
confidence intervals, letters represent significant differences between treatment slopes. N per treatment = 4-6. Difference 2174 
in cover χ22: 1.08, P = 0.58. Low cover effect size -15.77% per hour, P = 0.048, High cover effect size 22.54% per hour, 2175 
P = 0.0022.  2176 

With G. holbrooki Mixed, there was no significant difference in G. maculatus avoidance of 2177 
G. holbrooki between cover levels (χ2

2: 3.19, P = 0.2) or times of day (χ2
1: 0.01, P = 0.94).  2178 

G. maculatus fin damage 2179 
Total fin damage for G. maculatus was higher than for G. holbrooki (χ2

2: 6.1551, P = 0.013) 2180 
depending on cover levels (χ2

2: 8.1645, P = 0.017) in the Low cover treatment (P = 0.001), but no 2181 
significant differences between species in the High cover (P = 0.094) or None (P = 0.69) treatments 2182 
(Appendix table A1). Cover influenced the level of fin nipping (χ2

2: 12.89, P = 0.0016), but each 2183 
species reacted to cover differently (χ2

2: 8.14, P = 0.017). Gambusia holbrooki fin damage is detailed 2184 
in a later section.  2185 

There was interaction between cover and G. holbrooki sex treatment (χ2
2: 11.21, P = 0.024) in anal 2186 

fin damage, as no nipping was detected in the G. holbrooki Mixed None treatment (Figure 10).  2187 

Dorsal fin damage differed significantly with G. holbrooki sex treatment (pooled across cover 2188 
levels)(χ2

2: 9.31, 0.0095), with galaxiids in the Male treatment affected more than galaxiids in the 2189 
Female treatment (P = 0.046), and fish in the Mixed treatment marginally more affected than fish in 2190 
the female treatment (Female – Mixed: P = 0.072)(Male – Mixed: P = 0.96). Cover did not 2191 
significantly affect dorsal fin damage (χ2

2: 4.68, P = 0.96) and sex and cover treatments did not 2192 
significantly interact (χ2

4: 3.41, P = 0.4)(Figure 10).  2193 

No significant differences were found in G. maculatus tail fin damage between different cover levels 2194 
(χ2

2: 5.57, P = 0.062) or G. holbrooki sex treatments (χ2
2: 1.11, P = 0.57), with no significant 2195 

interaction between the two factors (χ2
2: 5.39, P = 0.25)(Figure 10).  2196 

A 

 

 

B 

 
 
 

C 



88 
 

Total G. maculatus fin damage differed with cover levels (χ2
2: 11.86, P = 0.0027); with higher total fin 2197 

damage observed with Low cover than either High cover (P = 0.0039) or with None (P = 0.0079), with 2198 
no significant difference between High and None (P = 0.99) (Figure 10). There was no overall effect 2199 
of G. holbrooki sex on total fin damage (χ2

2: 3.72, P = 0.15), while the interaction between cover and 2200 
G. holbrooki sex treatment was marginally non-significant (χ2

2:  9.28, P = 0.055). 2201 
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  2202 

   2203 
Figure 10. Galaxias maculatus fin damage as fins per tank (y axes) in (from top left) anal, dorsal, and tail fins, and total. Error bars are 95% confidence intervals (no error bar means no 2204 
variance), letters represent significant differences between treatments. Anal: Cover χ22: 4.11, P = 0.128, G. holbrooki sex treatment χ22: 0.31, P = 0.857, interaction χ22: 11.21, P = 0.024; Dorsal: 2205 
G. holbrooki sex χ22: 9.31, 0.0095, Male - Female P = 0.046, Female – Mixed P = 0.072, Male – Mixed: P = 0.96, Cover χ22: 4.68, P = 0.96; Tail: G. holbrooki sex treatment χ22: 1.11, P = 0.57, 2206 
cover χ22: 5.57, P = 0.062; Total: Cover χ22: 11.86, P  = 0.0027, Low - High P  =  0.0039, Low - None P = 0.0079, High - None P  =  0.99, G. holbrooki sex χ22: 3.72, P = 0.15.   2207 

Female Female Female Male   Male   Male   Mixed Mixed  Mixed 
 High    Low        None    High    Low     None   High    Low     None 
 

 

Female Female Female Male   Male   Male   Mixed Mixed  Mixed 
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Gambusia holbrooki intraspecific aggression 2208 
Intraspecific G. holbrooki aggression differed with G. holbrooki sex treatment (Female 0.31, Male 2.28, Mixed 1.06, all per five minutes, χ2

2: 17.1, P < 0.001), 2209 
with Female lower than Male or Mixed ((P < 0.001), Male-Mixed: P = 0.23)(Figure 11). No significant effect of cover was detected (χ2

2: 1.4, P = 0.5).     2210 

 2211 
Figure 11. Intraspecific aggression in G. holbrooki (y axis) for each treatment (x axis) as an average number of events per five minutes. Error bars are 95% confidence intervals (None Female 2212 
has no error bar due to lack of variance), and letters denote significant differences between treatments. Sex treatment χ22: 17.1, P < 0.001, cover χ22: 1.4, P = 0.5. 2213 

A                    A                     A                    B                    B                     B                    B                    B                     B 
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Intraspecific display differed with G. holbrooki sex treatment (Female 0.40, Male 1.09, Mixed 0.12, all per five minutes, χ2
2: 11.58, P = 0.0031), with Male 2214 

higher than Mixed (P = 0.0054) (Female-Male P = 0.091, Female-Mixed P = 0.34)(Figure 12). It also differed with cover treatment (High 0.38, Low 1.05, None 2215 
0.22, all as events per five minutes, χ2

2: 19.69, P < 0.001), with None being less than Low (P < 0.001, None-High P = 0.3, Low-High P = 0.1)(Figure 12). There 2216 
was no significant interaction between cover and G. holbrooki sex treatment (χ2

4: 7.67, P = 0.1).  2217 

 2218 
Figure 12. Intraspecific displays in G. holbrooki (y axis) for each treatment (x axis) as an average number of events per five minutes. Error bars are 95% confidence intervals, and letters denote 2219 
significant differences between treatments. Sex treatment χ22: 11.58, P = 0.0031, cover treatment χ22: 19.69, P < 0.001.  2220 
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Avoidance of conspecifics differed with G. holbrooki sex treatment (χ2
2: 52.68, P < 0.001), with Female (0.15 events/5 minutes) lower than Male (0.68 2221 

events/5 minutes, P < 0.001) and Mixed (0.55 events/5 minutes, P < 0.001), with no significant difference between Male and Mixed (P = 0.62). There was an 2222 
interaction with cover (χ2

4: 10.5, P = 0.33), as in the Male treatment, High had significantly more avoidance than Low (P = 0.0089) and marginally 2223 
significantly more than None (P = 0.051)(None-Low P = 0.31)(Figure 13). No significant differences were found with cover in Female (P ≤ 0.41) and Mixed 2224 
(P ≤ 0.24). No significant effect of cover was found on its own (χ2

2: 3.87, P = 0.14). 2225 

 2226 
Figure 13. Avoidance of conspecifics in G. holbrooki (y axis) for each treatment (x axis) as an average number of events per five minutes. Error bars are 95% confidence intervals. Uppercase 2227 
tetters denote significant differences between sex treatments, and lowercase letters differences is cover within sex treatment. Sex treatment χ22: 52.68, P < 0.001, sex-cover interaction 2228 
χ24: 10.5, P = 0.33, cover χ22: 3.87, P = 0.14.  2229 
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G. maculatus aggression towards G. holbrooki  2230 
Aggression 2231 
Gambusia holbrooki sex was the major factor in G. maculatus aggression towards G. holbrooki (χ2

2: 2232 
25.88, P < 0.001), with less aggression in the Female treatment (0.18 events/5 minutes) than either 2233 
Male (1.09 events /5 minutes, P < 0.001) or Mixed (0.75 events /5 minutes, P < 0.001); Male and 2234 
Mixed were not significantly different from each other (P = 0.39)(Figure 14). Approximately 65% of 2235 
aggression in the Mixed G. holbrooki treatment was towards male G. holbrooki. 2236 

No significant effect was detected of cover levels on their own (χ2
2: 0.66, P = 0.72), but cover levels 2237 

interacted with G. holbrooki sex treatment for changes in aggression over time (χ2
4: 10.92, P = 0.027).  2238 

 2239 
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 2240 
Figure 14. Aggression by G. maculatus towards G. holbrooki per five minutes, averaged over the day (y axis), by treatment (x axis). Error bars are 95% confidence intervals, letters indicate 2241 
significant differences between treatments. χ22: 25.88, P < 0.001, N per treatment 4-6.  2242 

 2243 
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With High cover, whether aggression by G. maculatus towards G. holbrooki increased or decreased 2244 
over time was dependant on G. holbrooki sex (χ2

2: 6.55, P = 0.038), but no individual treatment 2245 
showed a significant slope (Female no difference, Male decreased, Mixed increased, 2246 
P > 0.076)(Figure 15). 2247 

 2248 
Figure 15. Frequency of aggression from G. maculatus towards G. holbrooki in five minutes (y axis) over time (x axis) for 2249 
each G. holbrooki sex treatment (rows) under High cover. Sex by time effect χ22: 6.55, P = 0.038. Thin lines are individual 2250 
tanks, thick line is rolling mean with 95% confidence intervals, N per treatment = 4-6. 2251 

With Low cover, aggression decreased over time (effect size 9.0% per hour, χ2
1: 4.02, P = 0.045) and 2252 

unlike the other treatments did not significantly differ with G. holbrooki sex treatment, though 2253 
variation between replicates was high (χ2

2: 4.16, P = 0.13)(Figure 16). There was no significant time 2254 
effect without cover (None effect size 0.57% per hour, χ2

1: 2.0, P = 0.16)(Appendix 1 Figure A1).  2255 



96 
 

 2256 
Figure 16. Under Low cover, frequency of aggression towards G. holbrooki by G. maculatus in events per five minutes (y 2257 
axis) over time (x axis) by the G. holbrooki sex treatment (rows). Thin lines are individual tanks, thick line is rolling mean 2258 
with 95% confidence intervals, N per treatment 4-6. Time effect size 9.0% per hour, χ21: 4.02, P = 0.045.   2259 

Display 2260 
Display by G. maculatus towards G. holbrooki is shown in Table 3. This behaviour was too rare for an 2261 
accurate estimate of frequency, in total or over time, to be calculated. 2262 

Table 3 2263 
Average frequency of avoidance of G. maculatus by G. holbrooki, measured as events per five minutes, for each treatment.  2264 
Cover level, G. holbrooki sex Display 
High, Female 0 
High, Male 0.0067 
High, Mixed 0 
Low, Female 0.021 
Low, Male 0.0053 
Low, Mixed 0 
None, Female 0 
None, Male 0.017 
None, Mixed 0 

Avoidance 2265 
The G. holbrooki sex treatment affected the frequency with which G. holbrooki avoided G. maculatus 2266 
(χ2

2: 52.14, P < 0.001)(Figure 14); with G. holbrooki Male (1.076 events/5 minutes) having the highest 2267 
avoidance (Male – Female P < 0.001, Male – Mixed P = 0.019), Mixed (0.61 events/5 minutes) 2268 
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intermediate and Female (0.24 events/5 minutes) lowest (Female – Mixed P < 0.001). No significant 2269 
effect of cover levels was detected (χ2

2: 1.0, P = 0.61).  2270 

Avoidance decreased significantly over the day (χ2
1: 16.14, P < 0.001), but only in Mixed (effect size 2271 

17.60% per hour, P < 0.001). No significant time effect was found for the Female (0.53% increase per 2272 
hour, P = 0.91) or Male (8.4% decrease per hour, P = 0.15) treatments (Figure 17).  2273 

 2274 
Figure 17. Frequency of G. holbrooki avoiding G. maculatus (y axis) by time (x axis), broken down by G. holbrooki sex 2275 
treatment (rows). Thin lines are individual tanks, thick blue line is rolling mean with 95% confidence intervals, letters 2276 
represent significant differences between treatment slopes. N per treatment = 4-6. Sex treatment Male - Female P < 0.001, 2277 
Male - Mixed P = 0.019, Female - Mixed P < 0.001. Mixed time effect size -17.60% per hour, χ21: 16.14, P < 0.001.  2278 

G. holbrooki fin damage 2279 
Anal fin (or gonopodium) damage differed with G. holbrooki sex treatment, (χ2

2: 14.08, P < 0.001), 2280 
qualitatively Female had the most and Male the least, but no comparisons were significantly 2281 
different after Tukeys (P ≥ 0.64). It did not differ with cover (χ2

2: 2.32, P = 0.31)(interaction between 2282 
variables χ2

4: 6.94, P  =  0.14)(Figure 18). In both cases of gonopodium damage in G. holbrooki males, 2283 
the fish had died, with no evidence of attack prior to death.  2284 

Dorsal fin damage was associated with G. holbrooki sex treatment (χ2
2: 15.47, P < 0.001), with Male 2285 

fish sustaining more damage than fish in the Mixed group (P = 0.0031)(Female – Mixed P = 0.2, 2286 
Female – Male P = 0.5). Cover had an impact (χ2

2: 8.09, P = 0.018), with None having less than High 2287 
(P = 0.046)(None-Low P = 0.38), Low-High (P = 0.77). There was no significant interaction between 2288 
cover levels and G. holbrooki sex treatment (χ2

4: 1.08, P = 0.9) (Figure 18).  2289 

Tail fin damage showed no significant effects of cover levels (χ2
2: 2.24, P = 0.33). Gambusia holbrooki 2290 

sex treatment had a significant effect, with Male appearing to be higher than Female with Mixed 2291 
intermediate (χ2

2: 8.14, P = 0.017, but details are unclear as no individual contrasts were significant 2292 
after Tukeys (P > 0.12))(Figure 18). There was no significant interaction between the tested variables 2293 
(χ2

4: 3.35, P = 0.5).  2294 
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Total fin damage observed in experimental fish was associated with levels of cover (χ2
2: 8.21, 2295 

P = 0.017), with fish in the None treatment having fewer damaged fins than High (P = 0.027), with 2296 
Low not significantly different from either (None – Low P = 0.13, Low – High P = 0.81)(Figure 18). It 2297 
was also associated with G. holbrooki sex treatment (χ2

2: 7.64, P = 0.022), with Male higher than 2298 
Mixed (P = 0.042), there were no significant differences between Male and Female (P = 0.29) or 2299 
Female and Mixed (P = 0.77), and no interaction between G. holbrooki sex treatment and cover 2300 
(χ2

4: 1.9, P = 0.76)(Figure 18). 2301 
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 2302 

 2303 
Figure 18. Gambusia holbrooki: the number of fins damaged per tank (y axes) in (from top left) anal, dorsal, and tail fins, plus the total. Error bars are 95% confidence intervals (no error bar 2304 
means no variance). A,B letters represent differences between cover levels, X,Y letters differences between sex treatments. Anal: G. holbrooki sex χ22: 14.08, P < 0.001, after Tukeys, P ≥ 0.64, 2305 
cover χ22: 2.32, P = 0.31, interaction χ24: 6.94, P = 0.14; Dorsal: Cover None-High P = 0.046, None-Low P = 0.38, Low-High P = 0.77, G. holbrooki sex: χ22: 15.47, P < 0.001, Male- Mixed P = 2306 
0.0031, Female- Mixed P = 0.2, Female - Male P = 0.5; Tail: cover: χ22: 2.24, P = 0.33, G. holbrooki sex : χ22: 8.14, P = 0.017, after Tukeys P > 0.12; Total: cover χ22: 8.21, P = 0.017, High- None, P 2307 
= 0.025; None- Low P = 0.13, Low- High P = 0.81, G. holbrooki sex: χ22: 7.64, P = 0.022, Male- Mixed P = 0.042; Male- Female P = 0.29, Female- Mixed P = 0.77. 2308 
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Female Female Female Male   Male   Male   Mixed Mixed  Mixed 
 High    Low        None    High    Low     None   High    Low     None 
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Slow swimming 2309 
There was an interaction between cover level and G. holbrooki sex treatment in Slow swimming 2310 
(χ2

4: 28.142, P < 0.001).  2311 

Slow swimming (species combined) was more common in the absence of cover than in either Low or 2312 
High cover for all G. holbrooki sex treatments (χ2

2: 99.6, P < 0.001)(Figure 19). Low and High were not 2313 
significantly different from each other for G. maculatus + G. holbrooki Male (P = 0.51) and 2314 
G. maculatus + G. holbrooki Mixed (P = 0.33), but there was more slow swimming in Low than High 2315 
for G. maculatus + G. holbrooki female (χ2

4: 28.14, P < 0.001)(Figure 19).  2316 

Gambusia holbrooki Female showed significantly more Slow swimming overall than G. holbrooki 2317 
Male (P < 0.001), but not G. holbrooki Mixed (P = 0.09), while there was no overall significant 2318 
difference between Male and Mixed (P = 0.27). Without cover, both G. maculatus and G. holbrooki 2319 
Female (P = 0.0027) and Mixed (P = 0.04) did more slow swimming than in Male, while there was no 2320 
significant difference between Female and Mixed (P = 0.84). With Low cover, there was more in the 2321 
Female treatment than in both Male (P = 0.002) and Mixed (P = 0.0051), which were not significantly 2322 
different from each other (P = 0.57). No significant differences were found between the sex 2323 
treatments with High cover (P > 0.26)(Figure 19).  2324 

An increase in slow swimming with time was found across all treatments (effect size 0.83% per hour, 2325 
χ2

1: 14.18, P < 0.001)(Figure 20).  2326 
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 2327 
Figure 19. The proportion of total time spent by all fish (species combined) in slow swimming (y axis) by the G. holbrooki sex/level of cover treatment (x axis). Value is mean over the whole 2328 
day, error bars are 95% confidence intervals, N per treatment = 6. Uppercase A,B,C denote overall significant differences between cover treatments, lowercase a,b,c letters represent 2329 
significant differences between treatments over a sex ratio where it differs from overall. Uppercase X,Y denote overall significant differences between sex treatments, lowercase x,y letters 2330 
represent significant differences between treatments over a cover treatment where it differs from overall. Cover effect None – Low P > 0.001, None – High P > 0.001 overall; Low – High 2331 
P = 0.51 in G. holbrooki Male, P = 0.33 in G. holbrooki Mixed, P > 0.001 in G. holbrooki Female. Sex effect Female – Male P < 0.001, Female – Mixed P = 0.09, Male - Mixed P = 0.27 overall; High 2332 
P = 0.26, Low Female - Male P = 0.002, Female - Mixed P = 0.0051, Male - Mixed P = 0.57; None Female - Male P = 0.0027, Female - Mixed P = 0.04, Male - Mixed P = 0.87. 2333 
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 2335 
Figure 20. The proportion of subsampled time (y axis) spent with all fish (species combined) swimming slowly over time (x 2336 
axis) for each treatment (rows). Effect size for changes over time 0.83% per hour, χ21: 14.18, P < 0.001. Thin lines are 2337 
individual tanks, thick blue line is the rolling mean with 95% confidence intervals, N per treatment = 4-6. 2338 

Motionless 2339 
No significant differences in proportion of time spent motionless was found between levels of cover 2340 
(χ2

2: 0.44, P = 0.8) or G. holbrooki sex (χ2
2: 2.88, P = 0.24)(Table 4). Due to the rarity of the behaviour, 2341 

no analyses of time effects were possible.  2342 

Table 4 2343 
Proportion of time all fish spent motionless for each treatment, averaged over the experiment.  2344 
Female 
High 

Female 
Low 

Female 
None 

Male 
High 

Male 
Low 

Male 
None 

Mixed 
High 

Mixed 
Low 

Mixed 
None 

0.091% 0.052% 0.071% 0.16% 0.0052% 0.024% 0.16% 0.038% 0.19% 

Schooling and association  2345 
Schooling states differed in frequency from each other (χ2

2:324, P < 0.001); Dispersed was the most 2346 
common state, followed by Loose association (P < 0.001) then Schooling (P < 0.001)(Loose 2347 
association – Schooling P = 0.0051)(Table 5).  2348 

Schooling was not affected by cover levels (χ2
2: 3.0, P = 0.19), but the effect of G. holbrooki sex 2349 

(χ2
2: 10, P = 0.0067) was dependant on cover level (χ2

4: 3571, P < 0.001). There were no significant 2350 
differences under High cover (P > 0.14); with Low cover, there was significantly more in Female and 2351 
Male than Mixed (P < 0.001 for both), with Male -Female non-significant (P = 0.26). In None, Male 2352 
had more than both Female and Mixed (P < 0.001 for both) while there was no significant difference 2353 
between Female and Mixed (P = 0.51). These schools were wholly G. maculatus with one exception, 2354 
which was a mixed-species school in the Low cover, G. holbrooki Male treatment.  2355 

Loose association was not significantly affected by cover levels (χ2
2: 0.45, P = 0.8), with evidence for 2356 

an effect of G. holbrooki sex (χ2
2: 7.8, P = 0.02, but the effect was marginal after Tukeys (Female - 2357 
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Male P = 0.19, Female - Mixed P = 0.46, Male - Mixed P = 0.051)). The species involved were 2358 
G. maculatus 67.5% of the time, mixed species 22.5% of the time, and G. holbrooki 10% of the time. 2359 

The proportion Dispersed was affected by G. holbrooki sex (χ2
2: 7.89, P = 0.019) but not cover levels 2360 

(χ2
2: 2.0, P = 0.37); it was significantly less common in Male than Mixed (P = 0.02), Female - Mixed 2361 

(P = 0.26) and Female - Male (P = 0.088) were not significantly different from each other.  2362 

Table 5 2363 
The proportion of fish/day (species combined) in each of the three distinct association states for every G. holbrooki sex by 2364 
cover combination.    2365 
Gambusia holbrooki 

sex treatment Cover level  
Proportion 
Schooling 

Proportion Loose 
association 

Proportion 
Dispersed 

Female High 0.0385 0.231 0.731 
Female Low 0.0217 0.109 0.87 
Female None 0 0.158 0.842 
Male High 0.2 0.2 0.6 
Male Low 0.133 0.267 0.6 
Male None 0.0741 0.333 0.593 
Mixed High 0.0417 0.125 0.833 
Mixed Low 0 0.138 0.862 
Mixed None 0 0.0588 0.941 

Galaxias maculatus intraspecific aggression  2366 
Aggression 2367 
The G. holbrooki sex treatment influenced G. maculatus intraspecific aggression (χ2

2: 23.38, 2368 
P < 0.001), with significantly lower rates in Female (0.21/5 minutes) than Male (0.73/5 minutes, 2369 
P < 0.001) or Mixed (0.65/5 minutes, P = 0.0052); with no significant difference between Male and 2370 
Mixed (P = 0.92)(Figure 18). There was marginal support for aggression rate changes over the day 2371 
based of fish sex (χ2

2: 6.05, P = 0.049 but no individual comparisons were statistically 2372 
significant)(Figure 21). 2373 

Cover levels did not affect average G. maculatus intraspecific aggression (χ2
2: 0.80, P = 0.67), though 2374 

aggression decreased in frequency over the day in Low only (19.87% per hour, χ2
2: 6.05, 2375 

P = 0.049)(None P = 0.15, High P = 0.36)(Figure 22).  2376 
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 2377 
Figure 21. Aggression between G. maculatus individuals over five minutes (y axis) by the sex(es) of G. holbrooki they were 2378 
placed with (rows) over time (x axis), cover levels pooled. Thin lines are individual tanks, thick blue line is rolling mean with 2379 
95% confidence intervals, N per treatment = 4-6. Letters denote significant differences between treatments. Sex 2380 
differences P < 0.005. 2381 

 2382 
Figure 22. Aggression between G. maculatus individuals per five minutes (y axis) by the cover level (rows) over time (x axis), 2383 
G. holbrooki sex treatments pooled. Thin lines are individual tanks, thick blue line is rolling mean with 95% confidence 2384 
intervals, letters denote significant differences between treatments. N per treatment = 4-6. Time effect for Low P = 0.049. 2385 

Display 2386 
Display in G. maculatus differed with G. holbrooki sex (χ2

2: 15.78, P < 0.001)(Figure 23); less display 2387 
was found when with the G. holbrooki Mixed (0.03 events/5 minutes) treatment than with Male 2388 
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(0.65 events/5 minutes)(P < 0.001). No significant differences were found between Male and Female 2389 
(0.06 events/5 minutes)(P = 0.21) or Female and Mixed (P = 0.12). Frequency of displays decreased 2390 
over the day (effect size 5.91% per hour, χ2

1: 5.26, P = 0.022)(Figure 23).  2391 

No significant effect of cover was found on intraspecific display in G. maculatus (χ2
2: 1.26, P = 0.53).  2392 

 2393 
Figure 23. Aggressive displays between G. maculatus individuals per five minutes (y axis) by the sex(es) of G. holbrooki they 2394 
were placed with (rows) over time (x axis). Thin lines are individual tanks, thick blue line is rolling mean with 95% 2395 
confidence intervals, N per treatment = 4-6. Male-Mixed P > 0.001, Male - Female P = 0.21, Female - Mixed P = 0.12, time 2396 
effect size 5.91% per hour, χ21: 5.26, P = 0.022.  2397 

Avoidance 2398 
Avoidance of conspecifics by G. maculatus differed with G. holbrooki sex (χ2

2: 16.00, 2399 
P < 0.001)(Figure ed); with there being significantly less with Female G. holbrooki than with either 2400 
Male (P = 0.002) or Mixed (P = 0.05). There was no significant difference between Male and Mixed 2401 
(P = 0.65). No significant effect on avoidance of conspecifics in G. maculatus was found for cover 2402 
levels on their own (χ2

2: 1.55, P = 0.46), but None had significantly less than High for the Female 2403 
treatment ((χ2

2: 11.5, P = 0.016)( Appendix Figure A2).  2404 

Changes over time depended on G. holbrooki sex (χ2
2: 14.07, P < 0.001); as avoidance decreased over 2405 

the day with Female G. holbrooki (effect size 13.86% per hour, P < 0.001) and increased in Male 2406 
(effect size 12.97% per hour, P < 0.001) and Mixed (effect size 20.75% per hour, P < 0.001)(Figure 24). 2407 
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 2408 
Figure 24. Frequency of G. maculatus avoidance of conspecifics per five minutes (y axis) by time of day (x axis) and the sex 2409 
of G. holbrooki they were placed with (rows), pooled over cover levels. Thin lines are individual tanks, thick blue line is 2410 
rolling mean with confidence intervals, N per treatment = 4-6. Letters denote significant differences between treatments, * 2411 
symbols denote differences in time effect. Effect of G. holbrooki sex χ22: 16.00, P < 0.001; for time Female effect size 113.86% 2412 
per hour, P < 0.001, Male effect size 12.97% per hour, P < 0.001, and Mixed effect size 20.75% per hour, P < 0.001. 2413 

Vertical water column use  2414 
Halves 2415 
There was no significant difference in use of the top half of the water column (species combined) 2416 
with cover (χ2

2: 5.15, P = 0.076) or G. holbrooki sex (χ2
2: 2.89, P = 0.236), and no time of day effect 2417 

was detected (χ2
1: 2.13, P = 0.15)(Appendix 1 Figure A3).  2418 

Thirds 2419 
Proportion of sightings in the top third of the water column was higher in G. holbrooki than 2420 
G. maculatus (χ2

2: 389.2, P < 0.001), and female G. holbrooki were sighted in the top third more than 2421 
males (χ2

2: 207.88, P < 0.001).  2422 

Galaxias maculatus thirds 2423 
Galaxias maculatus spent significantly less time in the top third of the water column with Mixed 2424 
G. holbrooki than either Male or Female (P = 0.0014 for Male, P = 0.022 for Female), Male and 2425 
Female were not significantly different from each other (P = 0.27)(Figure 25). The proportion of 2426 
G. maculatus in the top third did not significantly differ with cover levels (χ2

2: 4.35, P = 0.11) or over 2427 
the day (χ2

1: 0.34, P = 0.56).  2428 

Gambusia holbrooki thirds 2429 
The effect of cover varied with the G. holbrooki sex treatment (χ2

4: 9.98, P = 0.041): in None; Female 2430 
and Male used the top third more than Mixed (62.3% and 49.7% versus 34.7%, P < 0.036), (Female – 2431 
Male (P = 0.95)), in Low; there were no significant differences between sex treatments (Female 2432 
57.5%, Male 57.2%, Mixed 55.3%, P > 0.87), and in High; Female and Male used it more than Mixed 2433 
(71.1% and 82.1% versus 59.0%, P < 0.049)(Female – Male (P = 0.68))(Figure 25). Overall, 2434 
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G. holbrooki, cover influenced vertical location (χ2
2: 6.56, P = 0.037), with fish spending less time in 2435 

the top third in None (48.2%) and Low (56.4%) than High (66.7%)(None – High P < 0.001, Low – High 2436 
P = 0.012),(None – Low P = 0.18). There was no significant difference between G. holbrooki sex 2437 
treatments on their own (P = 0.066).  2438 

Female fish (across both female and Mixed) spent more time in the top third of the water column 2439 
than male fish (60% versus 53.8%), but this was not statistically significant (χ2

2: 2.36, P = 0.12). 2440 
Sightings of fish in the top third increased over the day (effect size: 3.22% per hour, χ2

1: 12.17, 2441 
P < 0.001), and potentially varied with G. holbrooki sex treatment (χ2

2: 6.00, P = 0.05, no individual 2442 
comparisons significant after Tukeys), with no overall effect of cover levels on trends over time (0.33, 2443 
P = 0.85)(Figure 26).  2444 
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2445 
Figure 25. Proportion of sightings in each third of the water column (y axis) for each treatment combination, broken down by species and G. holbrooki sex (x axis). A,B letters denote 2446 
significant differences between treatments for G. maculatus, W-Z letters denote significant differences between treatments for G. holbrooki, with upper case for cover effects and lower case 2447 
for sex-within-cover effects. Galaxias maculatus: Female - Mixed P = 0.022, Male - Mixed P= 0.0014, Male - Female P = 0.27. Gambusia holbrooki: None - High P < 0.001, Low – High P = 0.012, 2448 
None – Low P = 0.18. 2449 
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 2451 
Figure 26. Thirds proportion for G. holbrooki (y axis) by time (x axis) by treatment (rows). Effect size: 3.22%/hour, χ21: 12.17, 2452 
P < 0.001, interaction χ22: 8.92, P = 0.012. Thin lines are individual tanks, thick blue line is rolling mean with 95% confidence 2453 
intervals, N per treatment = 4-6. 2454 
 2455 

Discussion 2456 
Gambusia holbrooki disrupted G. maculatus cover use and social behaviour, but unexpectedly. 2457 
Galaxias maculatus became more aggressive while G. holbrooki became less aggressive. Galaxias 2458 
maculatus used cover more often in high cover than low cover, and more when male G. holbrooki 2459 
were present than when only females. Gambusia holbrooki used cover less than G. maculatus, but 2460 
the species showed similar reactions over time.  2461 

Gambusia holbrooki aggression towards G. maculatus was uncommon based on the results of 2462 
Chapter 3, varied slightly with treatment in an inconsistent manner; but G. maculatus had more fin 2463 
damage (with low cover). Gambusia holbrooki rarely displayed to G. maculatus. Galaxias maculatus 2464 
were more aggressive to G. holbrooki when male G. holbrooki were present than with only female 2465 
G. holbrooki, with no significant differences between the all-male and mixed-sex treatments.  2466 

Slow swimming (species combined) was significantly more common without cover than with either 2467 
Low or High. Schooling was rare, and almost always G. maculatus only, while Loose association was 2468 
uncommon and approximately two thirds of the schools G. maculatus only, and over two thirds of 2469 
the remaining schools mixed-species. It was not affected by cover levels and support for an effect of 2470 
G. holbrooki sex was marginal. Galaxias maculatus intraspecific aggression was higher with Male and 2471 
Mixed G. holbrooki treatments than with the Female treatment. Halves showed no significant 2472 
difference with cover, G. holbrooki sex treatment or time of day in this study. However, more 2473 
G. holbrooki were sighted in the top third of the water column than G. maculatus, and fewer 2474 
G. maculatus were sighted in the top third of the water column with Mixed G. holbrooki than with 2475 
either single-sex treatment. Overall, more female G. holbrooki were sighted in the top third than 2476 
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male G. holbrooki. Gambusia holbrooki spent more time in the top third of the water column with 2477 
High cover than otherwise.  2478 

Cover 2479 
Contrary to expectations of consistently increased cover use with G. holbrooki compared to on their 2480 
own (Chapter 3), G. maculatus instead only showing (small) increases with G. holbrooki males under 2481 
low cover (and possibly under high cover, though high variability hampers interpretation of this 2482 
treatment). Cover use decreased otherwise, with the largest decreases with all-female G. holbrooki 2483 
groups. As all-female groups of G. holbrooki also showed the highest aggression towards 2484 
G. maculatus, which suggests the aggression G. maculatus is subject to is related to the decrease in 2485 
use of cover. However, the only sex treatment with elevated fin damage to G. maculatus was the all-2486 
male one, and no consistent effect of cover on aggression rates by G. holbrooki. High cover had 2487 
some effect in allowing increased activity, as predicted, but only with all-female G. holbrooki, which 2488 
had the highest aggression by G. holbrooki towards G. maculatus. This suggests that cover is only a 2489 
minor impediment to aggression by G. holbrooki. Similar results have been found in previous studies; 2490 
for example, cover was ineffective as protection against G. affinis attacks on tadpoles in Shulse and 2491 
Semlitsch (2014), and offered only partial protection in Morgan and Buttemer (1996) and Baber et al. 2492 
(2004), the latter suggesting that cover was more important as protection against larger predators 2493 
than G. holbrooki. Cover protection might be more important over the longer term (a week or 2494 
longer), as with Morgan and Buttemer (1996), but this requires more research.  2495 

Here, G. holbrooki showed no substantial difference in per-fish cover entries compared to on their 2496 
own (in Chapter 3) with high cover; but cover entries increased with low cover. The reason for this is 2497 
unclear, especially since low and high were not significantly different in this study, although the low 2498 
cover treatment usually had the highest aggression levels. Per capita cover occupation was not 2499 
significantly affected by the presence of G. maculatus, though the low baseline levels of occupation 2500 
mean any reduction would be small. The lack of increase, however, suggests that G. holbrooki does 2501 
not view G. maculatus as a sufficient threat to take cover, at least in the less aggressive treatments, 2502 
as they will use cover defensively (Rehage et al. 2005).  2503 

G. holbrooki aggression towards G. maculatus by G. holbrooki sex 2504 
The sex-based differences in G. holbrooki interspecific aggression are in line with those reported in 2505 
Meffe and Snelson (1989), in disagreement with Magellan and García-Berthou (2015), Carmona-2506 
Catot et al. (2013) and Keller and Brown (2008), and potentially in agreement with Mills et al. (2004) 2507 
and López (2017). Based on examination of the methods of these studies, as shown in Appendix 3, 2508 
Table A2, it appears that group size of G. holbrooki (and potentially G. affinis) has an impact on 2509 
which sex is more aggressive, with males being more aggressive in smaller groups and that shifting 2510 
towards females as groups got larger. This also has some support from higher levels of nipping in 2511 
Slinger (2012) and Rowe et al. (2007) compared to this study, as that study had a more female-2512 
biased sex ratio of G. holbrooki than this one at similar or larger group sizes as this one. 2513 

The rate of G. holbrooki aggression towards G. maculatus was much lower than the per capita 2514 
aggression rate for G. holbrooki intraspecific aggression when on their own (Chapters 2 and 3), which 2515 
was unexpected based on previous research (Rowe et al., 2007, Slinger, 2012), but also showed that 2516 
the lack of aggression reported by Becker et al. (2005) was an artifact of that study design’s lack of 2517 
video data. The rate of G. holbrooki intraspecific aggression in the presence of G maculatus was also 2518 



113 
 

much lower per capita than when on their own in Chapters 2 and 3; which was again surprising given 2519 
no difference in this was found by Slinger (2012). The described female-biased sex ratio in Rowe et al. 2520 
(2007), along with their use of G. affinis, may explain these differences if females in large groups are 2521 
indeed more aggressive. Galaxias maculatus were more aggressive towards G. holbrooki males than 2522 
females, potentially in an additive fashion as there was no significant difference between the mixed 2523 
G. holbrooki treatment and either single-sex treatment. There was a suggestion that fin damage was 2524 
higher for both species in this treatment as well, which could also indicate more attacks between the 2525 
two species, but the size of the effects, and long-term ecological impact, is unclear. Fin damage was 2526 
not likely to impact mobility, unlike that seen over longer time scales by Rowe et al. (2007), where 2527 
G. maculatus fins were damaged by G. affinis to the extent some fish could not swim. Based on that 2528 
result, fin nipping is something that has effects over the longer term, at least in confined areas such 2529 
as aquaria or small pools. 2530 

G. maculatus intraspecific aggression and activity 2531 
G. maculatus aggression, both interspecific and intraspecific, was slightly higher than the per-capita 2532 
aggression rate for G. maculatus on their own (Chapter 3) (Rowe et al., 2007). This increase is not 2533 
unexpected (see also (Keller and Brown 2008, Sutton et al. 2013)) as there was a greater impetus 2534 
given the presence of a hostile species in the environment, and interspecific and intraspecific 2535 
aggression is often correlated (Hess et al. 2016). The increase in intraspecific aggression with male 2536 
G. holbrooki agrees with this, as this was the treatment with the highest interspecific aggression by 2537 
G. maculatus.  2538 

Slow swimming rates are an inverse of activity levels, which showed a general pattern of female-only 2539 
G. holbrooki groups having less activity than mixed-sex groups, with the most in the all-male ones. 2540 
This correlates with the interspecific aggression from G. holbrooki, given reduced activity is thought 2541 
to be an antipredator response (Milano et al., 2010). However, due to the correlation between the 2542 
species in this behaviour, this is unlikely to be the only explanation, and more research is required to 2543 
understand this behaviour.  2544 

Schooling 2545 
G. maculatus schooling and association was substantially reduced by the presence of G. holbrooki 2546 
compared to when in monospecific groups (Chapter 3). Since G. holbrooki aggression was fairly low, 2547 
that is possibly not the only reason, but the increased aggression by G. maculatus or general stress 2548 
may also contribute. With the lower aggression, G. holbrooki probably acted more as a competitor 2549 
than a predator here, but the lack of other studies showing similar effects and the different ecology 2550 
of the species makes interpretation of this response complex. This is important as schooling provides 2551 
protection from larger predators (Herbert-Read et al. 2017, Rieucau et al. 2016), including in 2552 
G. maculatus (Reebs 1999), so there could be flow-on effects of increased vulnerability to those risks, 2553 
including salmonids. Cover had the effect of homogenising the effect of the G. holbrooki sex 2554 
treatment on G. maculatus schooling, but without a clear overall effect of cover, and with the small 2555 
effect sizes found, the applications of this are unclear. 2556 

G. holbrooki association and schooling was also reduced compared to when solo (Chapters 2 and 3), 2557 
but as they are the less social of the two species the importance of this for defence is less clear.  2558 
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Fundamental versus realised niches in water column occupation 2559 
G. maculatus did not substantially change the height in the water column they occupied compared 2560 
to when alone, continuing to favour the bottom section (Chapter 3, Slinger, 2012), though when 2561 
outnumbered by G. holbrooki in Slinger (2012) G. maculatus were displaced from the surface water 2562 
(which they used more than in this study). Here, the equal numbers of fish, low niche overlap 2563 
between G. maculatus and G. holbrooki females, and relative competitive ability of G. maculatus 2564 
against G. holbrooki males led to G. maculatus being able to retain its preferred location at the 2565 
bottom of the water column.  2566 

The presence of G. maculatus led to male G. holbrooki spending much more time in the surface 2567 
waters compared to on their own, reducing the sex differences in water column use G. holbrooki 2568 
show in monospecific groups (Chapter 2). However, female fish still used the surface significantly 2569 
more than males when both G. holbrooki sexes were placed with G. maculatus, so some avoidance 2570 
of the surface water was still being practiced by G. holbrooki males.  2571 

Future work, applications, and conclusions 2572 
Avenues for future work could include investigating the reduced intraspecific aggression for 2573 
G. holbrooki in the presence of another species to understand the mechanisms behind it, along with 2574 
the mechanisms behind reduced schooling in G. maculatus. Also of interest is more work with male, 2575 
male-biased and sex-reversed (Patil, 2012) G. holbrooki populations and G. maculatus to test if 2576 
G. maculatus can be an effective control agent for G. holbrooki, as well as the possibility of using 2577 
larger sizes again of G. maculatus as an agent (they can reach ~20cm (pers. obs.)) for biocontrol, as 2578 
G. maculatus were unexpectedly resilient against male G. holbrooki in particular. Work could also be 2579 
done to attempt to unravel the role of very high cover levels in interactions between these species. 2580 

Active aggression from G. holbrooki plays a role in limiting G. maculatus behaviour (and thus, 2581 
potentially, persistence), especially from female G. holbrooki, but the greater effect was on the 2582 
group cohesion and refuge use of G. maculatus. If G. maculatus is to be effective in biocontrol of 2583 
G. holbrooki, it is suspected the best chances are in a male-biased G. holbrooki population, such as 2584 
that produced by Trojan Y programs (Patil et al. 2020).  2585 
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Appendix 1 2586 
Table A1 2587 
Average number fins damaged for each treatment in each species and fin, expressed as fins per tank  2588 

Treatment Species G. holbrooki 
sex 

Anal 
fins 

Dorsal 
fins 

Tail 
fins Total 

G. maculatus + G. holbrooki 
Female High G. maculatus - 0.33 0.33 0.67 1.33  

G. maculatus + G. holbrooki 
Female High G. holbrooki Female 0.83 1.17 0.50 2.50  

G. maculatus + G. holbrooki 
Female Low G. maculatus  - 1.20 0.80 2.00 4.00  

G. maculatus + G. holbrooki 
Female Low G. holbrooki Female 0.50 1.17 1.00 2.67  

G. maculatus + G. holbrooki 
Female None G. maculatus  - 0.67 1.00 0.67 2.33  

G. maculatus + G. holbrooki 
Female None G. holbrooki Female 0.33 1.00 0.67 2.00  

G. maculatus + G. holbrooki 
Male High G. maculatus  - 0.50 1.38 1.13 3.00  

G. maculatus + G. holbrooki 
Male High G. holbrooki Male 0.00 1.75 2.00 3.75  

G. maculatus + G. holbrooki 
Male Low G. maculatus  - 0.57 1.86 1.43 3.86  

G. maculatus + G. holbrooki 
Male Low G. holbrooki Male 0.14 1.57 1.57 3.29  

G. maculatus + G. holbrooki 
Male None G. maculatus  - 0.80 1.40 1.40 3.60  

G. maculatus + G. holbrooki 
Male None G. holbrooki Male 0.00 1.00 1.00 2.00  

G. maculatus + G. holbrooki 
Mixed High G. maculatus  - 0.83 1.17 1.33 3.33  

G. maculatus + G. holbrooki 
Mixed High G. holbrooki Female 0.67 1.17 0.67 2.50  

G. maculatus + G. holbrooki 
Mixed High G. holbrooki Male 0.33 0.67 1.17 2.17  

G. maculatus + G. holbrooki 
Mixed Low G. maculatus  - 1.33 2.17 1.67 5.17  

G. maculatus + G. holbrooki 
Mixed Low G. holbrooki Female 0.17 0.83 1.17 2.17  

G. maculatus + G. holbrooki 
Mixed Low G. holbrooki Male 0.00 0.67 1.17 1.83  

G. maculatus + G. holbrooki 
Mixed None G. maculatus  - 0.00 0.86 1.14 2.00  

G. maculatus + G. holbrooki 
Mixed None G. holbrooki Female 0.43 0.14 1.14 1.71  

G. maculatus + G. holbrooki 
Mixed None G. holbrooki Male 0.00 0.57 0.71 1.29 
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 2589 
Figure A1. Aggression by G. maculatus towards G. holbrooki (y axis), without cover, by G. holbrooki sex treatment over 2590 
time (x axis). Thin lines are individual tanks, thick blue line is the rolling mean with 95% confidence intervals. N per 2591 
treatment = 4-6. Effect size 0.57% per hour, χ21: 2.0, P = 0.16. 2592 

 2593 

 2594 
Figure A2. Galaxias maculatus avoidance of conspecifics (y axis), G. holbrooki Female treatment, over time (x axis) for each 2595 
level of cover. None - High χ22: 11.5, P = 0.016. Thin lines are individual tanks, thick line is rolling mean with confidence 2596 
intervals, N per treatment = 4-6. Time effect size 13.86% per hour, P < 0.001. 2597 
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 2598 
Figure A3. Proportion of total subsampled time spent in the top half of the water column by ≤ 50% of the fish (y axis), for each combination of cover level and G. holbrooki sex (x axis), both 2599 
species considered together. Cover χ22: 5.15, P = 0.076, G. holbrooki sex χ22: 2.89, P = 0.236.  2600 

 2601 

 2602 
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Appendix 2 2603 

 2604 
Figure A4. Frequency of G. holbrooki males attempting to mate with female G. holbrooki (y axis) over time (x axis) in the 2605 
G. holbrooki mixed treatment, broken down by cover level. Thin lines are individual tanks, thick line is rolling mean with 95% 2606 
confidence intervals, N per treatment = 4-6. P < 0.001, overall trend over time P = 0.076, interaction between treatment 2607 
and time P < 0.001.  2608 

 2609 
Figure A5. Frequency of G. holbrooki males attempting to mate with G. maculatus (y axis) over time (x axis) in the 2610 
G. holbrooki mixed and male treatments, broken down by cover level. Thin lines are individual tanks,  thick line is rolling 2611 
mean with 95% confidence intervals, N per treatment = 8-12. Cover effect P = 0.42, time effect P = 0.27. 2612 
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Appendix 3 2613 
Table A2  2614 
Review of studies comparing interactions between both sexes of G. holbrooki and other fish species.  2615 
Aggression 
differences 

Gambusia spp. 
numbers 

Tank size Target species Study reference 

Males more 
than females, 
higher% of 
female 
aggression was 
approach 
rather than 
chase/bite 
compared to 
males 

Two males or 
two females of 
G. holbrooki 

26L aquaria (45 × 28 
× 22 cm) 

Iberian toothcarp 
Aphanius iberus  

(Carmona-Catot 
et al. 2013) 

Males most One G. 
holbrooki  

26L aquaria (45 × 22 
× 28 cm) 

Magellan and 
García-Berthou, 
2015) 

Males more - 
qualitative 

Four 
G. holbrooki 
‘mixed-sex’ 

238L aquaria (124 × 
64 × 30cm) 

Rainbowfish 
Rhadinocentrus 
ornatus 

(Keller and 
Brown, 2008) 

Ambiguous – 
larger fish more 

Four 
G. holbrooki, 
Two 20- 30 mm 
SL and two 30-
40 mm 

1500L field 
enclosures 
(100×100×150cm) 

Least chub, 
Iotichthys 
phlegethontis 

(Mills et al. 
2004) 

Males more 
when 1, the 
same when 4 

One or four 
G. holbrooki (no 
sex ratio given 
for the group of 
four, but mixed-
sex) 

54L aquaria (60 × 30 
× 30 cm) 

Australian bass, 
Macquaria 
novemaculeata 

(López 
2017)(Chapter 
3) 

Females did the 
biting - 
qualitative 

12 G. affinis, 8 
females and 4 
males 

Field study Sonoran 
topminnow 
(Poeciliopsis 
occidentalis 

(Meffe 1985) 

Females more – 
see Chapter 4 
Results section 

Five 
G. holbrooki, 
either five male, 
five female or 
mixed-sex (two-
three male-
female or three-
two male-
female) 

57L aquaria (200 × 
36.6 × 60 cm) 

G. maculatus This study 

 2616 
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5. Are there shifts in water column use and schooling behaviour with 2617 

increased size in Galaxias maculatus? 2618 

 2619 

Abstract 2620 
Many fish species change habitats with life stages, but the details of accompanying behavioural 2621 
changes are not well understood. Galaxias maculatus is a widespread, Southern Hemisphere, 2622 
salmoniform fish which uses different areas of water bodies at different stages, but behavioural 2623 
differences are unknown. Laboratory trials were used to test differences in use of the water column, 2624 
activity, schooling, and aggression between small and large G. maculatus. The major difference 2625 
between size classes was that large fish spent 10% more time in loose associations with other 2626 
individuals (as opposed to being in schools or solitary) than small ones, which most commonly 2627 
schooled. Both size classes had low aggression rates and spent most of the time towards the bottom 2628 
of the water column. A small increase in aggressive behaviours over time and increased avoidance of 2629 
other fish was found in the large size class only. This suggests that, beyond a tendency to avoid 2630 
potentially vulnerable small groups, there are few substantial behavioural changes between these 2631 
stages. In addition, there appeared to be no other defensive behaviours that could offset the 2632 
vulnerability of younger, smaller individuals to predators, so protecting the juvenile stage is 2633 
important for conservation and management in Galaxias.  2634 
 2635 

Introduction 2636 
Many species show shifts in habitat use with increased size or age, with some habitat shifts being 2637 
marked, while others are more subtle (Cussac et al. 1992, Rowe and Chisnall 1996), as needs and 2638 
vulnerabilities differ with life stage (Byström et al. 2003). For example, energy demands differ 2639 
between growth, maintenance and reproductive states (Rose 1994). The preferred food to support 2640 
this also changes due to nutritional requirements, availability, and foraging ability (Cervellini et al. 2641 
1993, Rowe and Chisnall 1996). Vulnerability to predation also varies over an organism’s lifetime 2642 
(Mittelbach 1986) due to changes such as size (Eklöv and Werner 2000), speed (Chapman et al. 2643 
2009), and courtship behaviours (Ulrika 1998); causing vulnerable stages to mitigate risk through 2644 
niche shifts (Barnowe-Meyer et al. 2010, Lima 2009, Shelton et al. 2008). 2645 

Different niches present different levels of risk and degradation at both macro- and micro- scales, 2646 
such as sea and river niches for diadromous fish (Hickford and Schiel 2014) or shallow versus deep 2647 
water in freshwater (Freeman et al. 2001, Hardie et al. 2011). These can be mediated with habitat 2648 
choice (Shelton et al. 2008) and short-term behaviour changes, such as moving between parts of the 2649 
water column when a predator is detected (Turner et al. 2000). The success of habitat-based 2650 
strategies relies on access to appropriate habitat, something that is under increasing pressure due to 2651 
habitat degradation. 2652 

One key way that use of habitats may be affected is through the arrival of introduced species (Kadye 2653 
et al. 2013, McDowall 2011, Penaluna et al. 2009). These species can have major impacts on the 2654 
receiving fauna through habitat modification, such as carp (Cyprinus carpio) increasing turbidity 2655 
(Kloskowski 2011), introduced plants changing the availability of food in the area (Levi and Francour 2656 
2004), or damage to river banks by livestock making the shallow water unsuitable for spawning 2657 
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(Hickford and Schiel 2011). Competition is also significant, for space (Grabowska et al. 2016, 2658 
McIntosh et al. 1992), food (Kadye et al. 2013), and by altering the food web that causes trophic 2659 
cascades (Trussell et al. 2004), or predation (Komak and Crossland 2000). Invasive species may 2660 
influence some micro-habitat niche requirements more than others, such that these separate niches 2661 
may make species vulnerable at sub-adult stages as well as, or instead of, adult stages (Kadye et al. 2662 
2013).  2663 

These risks may be increased or reduced by behavioural responses within habitat types (Holomuzki 2664 
and Short 1988, Sönnichsen et al. 2013, Thaker 2010). These include forming larger groups, changing 2665 
their temporal rhythms, and vigilance (Creel and Christianson 2008, Mancinelli et al. 2019, Zimmer 2666 
et al. 2011). However, such responses are understudied in fish, so adaptive changes are incompletely 2667 
understood (Keller and Brown, 2008). This is key as behavioural responses need to be incorporated 2668 
to gain a full understanding of risks in relation to size or age and habitat type.  2669 

Some behaviours that are important in resilience to invasive species are group formation and 2670 
aggression levels (Alcaraz et al. 2008, Hellström et al. 2011, Herczeg et al. 2009). Rates of these 2671 
behaviours change with age/size in some species (Canterbury galaxias (Galaxias vulgaris)) shifting 2672 
from schooling to solitary (Cadwallader, 1975); paradise fish (Macropodus opercularis) increasing 2673 
aggression with age (Davis and Kassel 1975)). Conversely, aggression in sticklebacks was unstable 2674 
over life stages (Bell and Stamps 2004), and Galaxias maculatus is social across life stages 2675 
(Cadwallader, 1975). Given this, G. maculatus is a potential model for understanding details of social 2676 
behaviour in a species that appears to have a stable pattern, while also providing more detail in key 2677 
behaviours for an understudied life stage in this commercially valuable (Vega et al., 2013) species.  2678 

Galaxias maculatus is a small salmoniform fish with a widespread native distribution through 2679 
remnants of the former supercontinent Gondwana, with significant variation in life history and 2680 
anatomy over that range (Barbee et al., 2011). It is currently common over much of its range and is 2681 
the focus of commercial fishing for juveniles (whitebait) in several countries including New Zealand, 2682 
Chile, and Argentina (Encina-Montoya et al. 2011, Vega et al. 2013), though there is concern about 2683 
overfishing in some areas (Encina-Montoya, 2011). This species is either fully freshwater or with 2684 
estuarine and/or marine larvae and freshwater adults. Eggs are laid in mass spawnings on vegetation 2685 
at the waters’ edge at king tide (for estuarine populations)(Benzie, 1968) or increased river flow (for 2686 
landlocked populations)(Andrews, 1982, Chapman et al., 2006, Pollard, 1971). Eggs develop in damp 2687 
vegetation on land until the next king tide (or high water level for landlocked populations), when 2688 
they hatch and larvae develop either downstream or in the sea (Chapman et al., 2006, Hicks et al., 2689 
2017, Stevens et al., 2016, Taylor, 2002). Juvenile fish then migrate into fresh water or upriver to 2690 
finish development (Barbee et al. 2011, Benzie 1968b). Many populations move between fresh and 2691 
salt water over their lifespan (McDowall et al. 1994), or between lakes and rivers (Hicks et al. 2017). 2692 
In South America, subadult landlocked G. maculatus have shown ontogenetic shifts in habitat in the 2693 
wild, with pelagic larvae, inshore juveniles and adults that use both open water and vegetated 2694 
inshore areas, as well as the benthic zone (Barriga et al. 2002, Cussac et al. 1992). Other research on 2695 
G. maculatus juveniles and subadults has focussed on anatomy and life cycle ecology (Cadwallader 2696 
1975, Chapman et al. 2009, Pollard 1971), feeding (Cervellini et al. 1993, Modenutti et al. 1993, 2697 
Rowe and Dean 1998), migration (Baker and Boubée 2006, Baker and Hicks 2003, Jung et al. 2009, 2698 
McDowall et al. 1994) and physiology (Baker and Hicks 2003, Encina-Montoya et al. 2011, 2699 
Richardson 1991). 2700 
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Importantly, behavioural differences with age or size are poorly known; to our knowledge, the only 2701 
published data on G. maculatus juvenile behaviour are brief descriptions of schooling in Cadwallader 2702 
(1975), and Rowe et al. (2007) noted an absence of intraspecific aggression in aquaria. This lack of 2703 
detail impedes full understanding of how the behavioural patterns and habitat requirements of all 2704 
life stages contribute to the ecological niche occupied by this species. Subadult G. maculatus are 2705 
vulnerable to both invasive Gambusia spp. (in the portion of G. maculatus habitat where the species 2706 
overlap)(Rowe et al., 2007) and introduced salmonids (Woodford and McIntosh 2010), so these data 2707 
are all needed to better predict changes in habitat use and interactions with invasive species and 2708 
guide management, such as habitat restoration (Hickford and Schiel 2011, Hickford and Schiel 2014, 2709 
McIntosh 2010). This is particularly true where there is significant environmental change within a 2710 
generation of a species, as is common in Australia (Hardie and Chilcott 2016, Macdonald et al. 2012).  2711 

Study aims 2712 
Here, experiments with captive G. maculatus are used to test for a range of behaviours related to 2713 
anti-predator and group living strategies. This study investigates the use of the water column, social 2714 
interaction, and schooling behaviour of small subadult G. maculatus compared to those of larger 2715 
adult fish. It tests whether larger fish are more aggressive than smaller and subadult ones. Vertical 2716 
position in the water column is examined to compare small and large fish; and compare the 2717 
behaviour here to the previously reported midwater preference of adult G. maculatus (Jowett, 2718 
2002). Depth changes are an anti-predator response in other Galaxias species (Shelton et al., 2008) 2719 
and suspected in G. maculatus (Rowe et al. 2002, Rowe et al. 2007). Swimming activity and schooling 2720 
measure the use of the anti-predator behaviours of limiting movement (Milano et al., 2010) and 2721 
hiding among conspecifics in a group (Hellström et al. 2011) respectively. These data will help 2722 
establish whether there was also stability in these behaviours over life stages; and provide a baseline 2723 
for investigating the differences in resilience between large and small G. maculatus in the field.   2724 

Methods 2725 

Ethics 2726 
This work was undertaken under ethics permit A0013577 for animal experimentation and fish were 2727 
captured and held under Inland Fisheries Service permit numbers 2015-26 and 2016-21.  2728 

Husbandry 2729 
Small (35-45 mm (TL), mean 40.6 mm ± 3.1 mm SD, treatment named ‘Small’) and large (50-88 mm 2730 
(TL), mean 66.2 mm ± 8.6 mm SD, treatment named ‘Large’) G. maculatus were wild-caught from 2731 
Curries Dam (41°06'02.9"S 146°56'19.0"E) using unbaited traps and surrounding streams in 2732 
Tasmania using dip netting and transported to the laboratory in translucent barrels (at densities of 2 2733 
fish/L) filled with aerated water over a 60 minute travel time. Fish were maintained in the laboratory 2734 
in size-based groups in 500L or 30L glass tanks (at densities of 0.5-1 fish/L) serviced by biofilters and 2735 
airstones. Conditions were: Light 7:00-21:00h and dark remainder (14:10 L:D), 13°C water 2736 
temperature, weekly water quality testing, water was replaced regularly to maintain water quality 2737 
parameters. Further details are as for G. maculatus in Chapter 3.  2738 

Apparatus and experiments 2739 
Experimental tanks were 57 L each in volume, formed by subdividing a 400 L tank into seven sections 2740 
using opaque core flute sheeting (see Chapter 2, Methods for more details). Tanks were filled with 2741 
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aerated dechlorinated tap water two days prior to the introduction of fish. No cover was provided, 2742 
and water was not aerated or circulated during the experiment to aid visibility by minimising 2743 
disturbance of the water surface. Light and temperature were as for husbandry and no food was 2744 
provided during the experiment. Ten small G. maculatus were used for one treatment and ten large 2745 
G. maculatus for the other, with six replicates per treatment, both treatments were tested with a 2746 
maximum of two replicates per treatment per day, interspersed with treatments from previous 2747 
chapters, taking eight days total. Fish were returned to stock tanks after the experiments for 2748 
recovery of at least eight days and were used a maximum of three times (large fish were used in 2749 
both this and other experiments). Fish received overnight acclimation before experimental filming 2750 
began at 10:30h on each test day. Trials were filmed for 10 hours using GoPro2 and GoPro3 cameras 2751 
mounted on a frame over the tank, with a still image taken from the footage every five minutes. 2752 
Before and after photos were taken of all fish to assess fin condition. Please refer to Chapter 2 for 2753 
more details of the methodology. 2754 

Data 2755 
Excepting the first 30 minutes of footage, which was removed due to experimenter effects from the 2756 
experimenter starting filming, the first five minutes of footage out of every 15 minutes were 2757 
selected as a representative sample for full video analysis (see Chapter 2: Methods for details). 2758 
Video footage on playback was scored for a number of behaviours, both event-based and duration-2759 
based (Table 1), along with qualitative observations of any unusual behaviour. Event based 2760 
behaviours were those that were discrete events, these were aggression, display, avoidance, and 2761 
anti-predator behaviour. Duration based behaviours were calculated as a proportion for each five 2762 
minute time period, along with the total number of changes made by the group between the two 2763 
halves in each subsample. 2764 

Table 1. 2765 
Behaviours scored from video 2766 
Behaviour name Details Reference 
Aggressive behaviours Aggressive approaches, 

charges, chases, and bites 
(Martin, 1975) 

Display Aggression with fanning fins 
while swimming parallel to 
target fish, not correlated with 
other aggressive behaviours in 
this study 

(Itzkowitz 1971) 

Avoidance Swimming from a fish not 
targeting it 

(Slinger, 2012) 

Pre-emptive anti-predator 
behaviour 

Forming clumps or fast 
scattering 

(Magurran and Pitcher, 1987) 

Motionless The proportion of scored time 
spent motionless 

 

Slow swimming The proportion of scored time 
slow swimming 

 

Halves Where the majority of the fish 
were in the top or bottom half 
of the water column  
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 2767 
Video stills taken from test footage every 300 seconds were manually scored for the number of fish 2768 
in each third of the water column (top, middle or bottom, thirds), measured indirectly from the top 2769 
down by relating the position of the fish to the top, bottom and known locations in the tank 2770 
including lines drawn on the tank wall indicating the vertical divisions. Two methods of vertical 2771 
location were used to compare them to each other and the diversity of methods in the literature.  2772 

The degree of association between fish was split into three categories: ‘Close schooling’, where five 2773 
or more fish were within one body length of each other and facing in the same direction; ‘Loose 2774 
association’, with three or four fish within one body length, not necessarily facing same direction; 2775 
and ‘Dispersed’, where fish were single or paired (within one body length) and not facing in the same 2776 
direction. These were then averaged by treatment for each time period, or across the whole 2777 
experiment, as needed. Fin damage was scored as the number of fish in each tank that had 2778 
sustained damage to each fin (after experiment minus before experiment), as fish could not be 2779 
identified individually). Further details are in Chapter 2: Methods; Equipment. 2780 

Statistical analysis 2781 
Generalised Estimating Equations (GEEs)(Ziegler et al. 1999) were used to model the response 2782 
variables over time for each size class and their interaction (‘geepack’ (Højsgaard et al., 2006)). 2783 
Estimated marginal means and confidence intervals computed using Tukey’s HSD from the final 2784 
fitted GEE models were used to describe behaviours from video footage for differences between size 2785 
classes and over time, using the ’emmeans’ package (Lenth, 2018). Poisson distribution was used for 2786 
integer data and Gaussian distribution for proportion data. The number of changes between the Top 2787 
and Bottom halves conditions were tested for differences between size classes with Poisson GLMs. 2788 

Thirds and proportion of Schooling or Association from the photo sample were analysed for time and 2789 
treatment effects, and for differences between states using Gaussian GEEs and Tukey’s tests. Fin 2790 
damage was analysed using Poisson GEEs. Full analysis details are as for G. maculatus in Chapter 2791 
3: Methods, Statistical analysis.  2792 

All analyses were conducted in R 3.5.1 (R Core Team 2019) with figures made using ‘emmeans’ 2793 
(Lenth, 2018), and ‘ggplot2’ (Wickham, 2016). 2794 

 2795 

Results 2796 
Aggressive interactions 2797 
Aggression 2798 

There was an interaction between size treatment and time (χ2
1: 4.63, P = 0.03), as aggression 2799 

increased over the day in Large fish (effect size 12% an hour, χ2
1: 8.90, P = 0.003)(Figure 1). No 2800 

significant trend over time was found in Small fish (χ2
1: 1.29, P = 0.26). No significant difference was 2801 

found in the frequency of aggressive behaviour with size (χ2
1: 2.34, P = 0.13). 2802 
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 2803 
Figure 1. Average frequency of aggressive behaviours in five minutes (y axis) between Large and Small G. maculatus by 2804 
time of day (x axis)( χ21: 2.34, P = 0.33 for differences between treatments, P = 0.003 for differences over time for Large, 2805 
P = 0.26 for Small, Large: χ21: 8.90, Small: χ21: 1.29). Large G. maculatus are top block, Small G. maculatus bottom block. 2806 
Thin lines are individual tanks, thick line is rolling mean with 95% confidence intervals, N per treatment = 6. 2807 

Display 2808 
This behaviour was too rare to compute changes over time, and so all data were pooled across time, 2809 
and the frequency of display behaviour showed no significant difference between size classes 2810 
(χ2

1: 0.39, P = 0.60)(Appendix Figure A1), though the majority of displays occurred in the second half 2811 
of the experiment. 2812 

Avoidance 2813 
Avoidance of other fish showed an interaction between size and time (χ2

1: 6.67, P = 0.0098), 2814 
increasing over time in Large fish only (effect size 9.7% per hour, χ2

1: 6.24, P = 0.01)(Time effect in 2815 
Small χ2

1: 1.2, P = 0.27)(Figure 2). It did not differ significantly in frequency between the size 2816 
treatments (χ2

1: 0.83, P = 0.42)(Figure 2). 2817 
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 2818 
Figure 2. Avoidance of other fish per five minutes (y axis) over the course of the day (x axis) for Large (top) and Small 2819 
(bottom) G.°maculatus. (χ21: 0.83, P = 0.42 for differences between treatments, P = 0.013 for differences over time in Large 2820 
and P = 0.27 for Small). Thin lines are individual tanks, thick line is rolling mean with 95% confidence intervals, letters 2821 
denote differences between treatment slopes. Large: χ21: 6.24, Small: χ21: 1.2, N = 6 per treatment. 2822 

Anti-predator behaviours 2823 
Pre-emptive anti-predator behaviour occurred once in Large and four times in Small; significance 2824 
testing was not possible due to its rarity.  2825 

Fin damage 2826 
No differences were detected in fin damage between the two size classes: Anal χ2

1: 1.30, 2827 
P = 0.25,Dorsal χ2

1: 1.32, P = 0.25, Tail χ2
1: 0.26, P = 0.61, Total fins per tank χ2

1: 1.13, P = 0.29 (Table 2828 
2, Appendix Figure A2). 2829 

Table 2 2830 
Fin damage for Large and Small fish, measured as fins per tank 2831 
 Anal Dorsal Tail Total 
Large 1.4 2.4 1.6 5.4 
Small 0.8 1.6 1.8 4.2 
 2832 

Schooling 2833 
Both sizes of fish spent over 80% of their time in groups, though Large fish spent approximately 2834 
equal percentages of time in each of Close Schooling and Loose Association while Small fish spent 2835 
more time in Close Schooling than Loose Association (Table 3).  2836 

Fish size had no significant effect on the percentage of Close schooling (χ2
1: 0.84, P = 0.36) and there 2837 

was also no effect of time observed (χ2
1: 1.05, P = 0.31)(Table 3). There was no significant interaction 2838 

between fish size and cover (χ2
1: 3.43, P = 0.064). Large fish spent 10.07% more time in Loose 2839 

associations than Small fish (χ2
1: 6.66, P < 0.001) with no significant time effect (χ2

1: 0.70, 2840 

A 

 
 
 
 
 

B 



127 
 

P = 0.4)(Table 3). There was no significant interaction between fish size and cover (χ2
1: 1.0, P = 0.32). 2841 

There was insufficient data to test for time effects for the Dispersed state, and fish size did not 2842 
significantly affect the percentage of sightings spent Dispersed (χ2

1: 0.23, P = 0.63)(Table 3).  2843 

Table 3 2844 
Percentage of total sightings in each association state for the Large and Small size classes. 2845 
 Close schooling Loose association Dispersed 
Large 42.58% 44.42% 13% 
Small 50.55% 34.35% 15.1% 

Water column position 2846 
Large and Small fish spent about a fifth of the time in the top half of the water column (Large 22.5% 2847 
(77.5% in the bottom half), Small 21.1% (78.9% in bottom half)). No significant difference in 2848 
occupation of the top section was found for halves (χ2

1: 0.0002, P = 0.98)(Figure A3) or thirds 2849 
(χ2

1: 0.0026, P = 0.96) (Table 4, Appendix Figure A4), and no changes over the day were found 2850 
(Halves χ2

1: 0.14, P = 0.71, thirds χ2
1: 2.2, P = 0.14)(Appendix Figures A4 and A5). In terms of the 2851 

position of ≥50% of the fish, Large fish moved between top and bottom of the water column 1.46 2852 
times per minute on average, small fish 0.89 times (F1: 2.56, P = 0.14). 2853 

Table 4 2854 
Percentage of fish in each of the three vertical water column sections for each size class, averaged over the experiment.  2855 
 Top Middle Bottom 
Large 23.1% 6.7% 70.2% 
Small 23.5% 7.08% 69.4% 

Slow swimming 2856 
Both treatments spent about half their time in Slow swimming (Large 46.9%, Small 54.0%). There 2857 
was also no evidence for differences in slow swimming with size (χ2

1: 0.98, P = 0.12), however, the 2858 
proportion of slow swimming increased with time for both treatments (effect size: 2.24% per hour, 2859 
χ2

1: 9.57, P = 0.002), with no significant interaction between fish size and time χ2
1: 0.43, P = 0.51, and 2860 

was highly variable within treatments over time (autocorrelation coefficient ± SE = 0.12 ± 0.072) 2861 
(Appendix figure A6).  2862 

Motionless 2863 
Overall, Large and Small fish spent similar, small amounts of time motionless (Large: 0.022% of the 2864 
time motionless, Small 0.073% of the time (χ2

1: 0.39, P = 0.53)), and the behaviour was too rare for 2865 
an accurate measure of changes over the day. 2866 

 2867 

Discussion 2868 
There were few differences between the size classes, with low aggression in both and a similar 2869 
preference for deeper positions in the water column with variable activity levels. Both size classes 2870 
aggregated but large fish spent more time in smaller groups than small fish. Aggression and 2871 
avoidance of interactions were uncommon, with no significant difference between size classes, but 2872 
both behaviours increased in frequency slightly throughout the day in large fish. Displays towards 2873 
other fish were rare, and not significantly different between fish size classes, which was expected as 2874 
displays are associated with social aggression or courtship display, neither of which are known for 2875 
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G. maculatus (Rowe et al. 2007, Slinger 2012, Taylor 2002), and fish used in the experiments were 2876 
not in breeding condition. Little pre-emptive anti-predator behaviour occurred, with no patterns 2877 
discernible. Fin nipping was uncommon with no difference found between size classes, though more 2878 
than the no nipping found by Rowe et al. (2007), which was conducted at a higher water 2879 
temperature than this study, contrary to the expectation of more aggression at higher temperatures 2880 
(Wilson, 2005, Rowe et al., 2007). 2881 

No significant differences were found in the percentage of Close schooling or Dispersed behaviours, 2882 
but large fish spent ~10% more time in Loose association. Slow swimming was highly variable 2883 
between replicates, and no difference could be determined between the size classes, though the 2884 
proportion of time occupied by this behaviour increased over the day. Both size-classes spent the 2885 
majority of the time in the bottom half or third of the water column, with no significant differences 2886 
between sizes, and no significant changes in water column use throughout the day. 2887 

There were generally low levels of aggressive behaviour and fin damage for both large and small fish 2888 
which, combined with the literature (Mitchell 1989, Reebs 1999, Rowe et al. 2007), suggests that this 2889 
is the normal state for the species. There is a suggestion of a correlation between aggressive 2890 
behaviours and avoidance of conspecifics, the second probably increasing in response to the first. 2891 
There was a pattern of increased avoidance over time in Large fish; though the magnitude of the 2892 
effect was small and unlikely to play a major role in determining sociality, and the cause of this 2893 
increased avoidance is not known. As expected (Bonnett and McIntosh 2004, Cadwallader 1975), 2894 
both size classes were gregarious and spent the majority of the time in some form of association 2895 
with others. Reduced association, but not schooling, in Small fish suggests that, without the 2896 
protection of coherent schooling, the added conspicuousness of association (as a group may be 2897 
more easily spotted than individual fish) is avoided. 2898 

The most commonly seen changes in behaviour with age in galaxiids are in macro-scale habitat use 2899 
(Barriga et al. 2002, Cussac et al. 1992, Rowe and Chisnall 1996). Water column use tests for 2900 
differences in microhabitat occupation, and the tanks used here were deep enough to include 2901 
favoured depths as reported by Jowett (2002) and Slinger (2012). The lack of difference suggests 2902 
generalised use of their habitat is similar across these size groups, at least when associating with 2903 
similar-sized tank-mates. The fact that the two size classes were captured from similar habitats in 2904 
the wild (pers. obs.) also supports this. Reduction in swimming activity is an anti-predator/landscape 2905 
of fear response in G. maculatus (Milano et al., 2010), but not one that differed by age in the 2906 
absence of predators here, though the response is variable and thus difficult to interpret. It is 2907 
unclear why activity was reduced over the day, but possible explanations include tiring, habituation, 2908 
circadian rhythms, or predator anxiety. This absence of predator cues also makes the lack of acute 2909 
anti-predator behaviours such as forming a ball expected, as they are costly and deploying them 2910 
unnecessarily could have fitness costs.  2911 

Implications and future work 2912 
The vulnerability of smaller size classes of G. maculatus to Gambusia spp. (Rowe et al., 2007) and 2913 
reported for other Galaxias species from field observations of co-existence with salmonids 2914 
(McIntosh 2010, McIntosh et al. 1994) is possibly made worse by the lack of behavioural anti-2915 
predator strategies from small fish (Stuart-Smith et al., 2008). These data support a lack of intrinsic 2916 
behavioural responses to vulnerability in the smaller size classes, and provide a baseline for 2917 
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comparison when investigating the observed reduction in co-existence when the species are 2918 
together (Rowe et al. 2007). They also indicate the behaviours are stable over the life stages of the 2919 
species.  2920 

Future work could include laboratory tests about small G. maculatus’ use of cover, as this is another 2921 
common defence mechanism. It could also include tests on the larval or ‘very large’ size classes, 2922 
which may be different from these, long-term association, multiple size classes together, as small 2923 
Galaxias are attracted to the presence of large ones (Baker and Hicks 2003), reaction to predator 2924 
cues (McLean et al., 2007), or field cameras to cross-check these results against wild behaviour.  2925 
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Appendix 2926 

 2927 
Figure A1. Displays per five minute block (y axis) for each G. maculatus size class (x axis). Whole experiment mean for each size treatment with 95% confidence intervals. χ21: 0.39, P = 0.60, N 2928 
= 6 per treatment. No significant differences were found between treatments. 2929 

 2930 

  2931 
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 2932 

  2933 
Figure A2. Large and Small G. maculatus (x axes) by the number of fins damaged per tank (y axes) in (from top left) anal, dorsal, and tail fins, plus the sum of all fins damaged. Error bars are 2934 
95% confidence intervals. Anal χ21: 1.30, P = 0.25, dorsal χ21: 1.32, P = 0.25), tail χ21: 0.26, P = 0.61, total χ21: 1.13, P = 0.29. 2935 
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 2936 
Figure A3. Proportion of time occupying the top half of the water column (y axis) for each size class of G. maculatus (x axis). 2937 
Whole experiment mean for each size treatment with 95% confidence intervals. No significant difference was found 2938 
between treatments. χ21: 0.0002, P = 0.98, N = 6 per treatment  2939 

 2940 
Figure A4. Proportion of Large and Small fish in the top third of the water column (y axis) by time of day (x axis). Coloured 2941 
lines are individual tanks, thick blue line is rolling mean with 95% confidence intervals. Difference between treatments 2942 
χ21: 0.0026, P = 0.96, Difference over time χ21: 2.2, P = 0.14, N per treatment = 6. 2943 
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 2944 
Figure A5. Proportion of time spent by the majority of Large and Small G. maculatus in the top half of the water column (y 2945 
axis) over the day (x axis). Top is Large G. maculatus, bottom is Small. Thin lines are individual tanks, thick line is rolling 2946 
mean with 95% confidence intervals, N = 6 per treatment. (χ21: 0.0002, P = 0.98 for difference between treatments, 2947 
χ21: 0.14, P = 0.71 for difference over time).  2948 

  2949 
Figure A6. Proportion of time (y axis) spent in slow swimming according to time of day (x axis). Large G. maculatus are the 2950 
upper panel, Small G. maculatus are the lower panel. Thin lines are individual tanks, thick line is rolling mean with 95% 2951 
confidence intervals. N = 6 per treatment. P = 0.12 for differences between treatments, χ21: 9.57, P = 0.002 for increase 2952 
over time, effect size 2.24% per hour.  2953 

 2954 
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6. General discussion 2955 

Overview 2956 
Galaxias maculatus and Gambusia holbrooki both showed distinct and different patterns of social 2957 
and defensive behaviour, aggression, and cover use, with some patterns consistent with existing 2958 
hypotheses and results, but with some surprising exceptions. When together, the two species also 2959 
interacted in partial, but not complete, agreement with the hypotheses. Chapter 2 (and Chapter 3) 2960 
provide a baseline against which to compare G. maculatus and G. holbrooki’s behaviour with other 2961 
species (i.e. Chapter 4, but also future studies); and those chapters, along with Chapter 4, to 2962 
compare with the behaviour of fish that have been sex-reversed as part of eradication programs. All 2963 
chapters also provide a quantified baseline to compare with field observations. 2964 

In Chapter 2, in terms of differences in behaviour between the sexes of G. holbrooki showed higher 2965 
aggression from males in both single and mixed-sex groups (see also Chapter 3)(similar to (Agrillo et 2966 
al. 2006, Caldwell and Caldwell 1962, Dadda et al. 2008)). Unexpectedly, there was more display 2967 
activity by females on their own. A key finding was that male and female G. holbrooki used different 2968 
parts of the water column when alone, contradicting earlier hypothesis that female fish excluded 2969 
male fish from the surface water through competition (Itzkowitz, 1971). A potential explanation for 2970 
the behaviour observed here is size-specific predation risk, as open surface water is risky and often 2971 
avoided by smaller fish (Mills et al., 2004), which in adult G. holbrooki are males (Bisazza and Marin 2972 
1995), or due to the different diets of the two G. holbrooki sexes as adults (Blanco et al. 2004). All 2973 
sex ratios of G. holbrooki in Chapter 2 were primarily solitary, in agreement with (Herbert-Read et al. 2974 
2011), though as predicted (Agrillo et al. 2008a, Agrillo et al. 2008b, Pilastro et al. 2003), when there 2975 
was schooling females schooled more commonly than males and all-male groups were the least 2976 
common. As food was not provided during experiments, feeding assemblages (Al-Daham et al. 1977) 2977 
could not be examined.  2978 

In Chapter 3, I showed that G. maculatus used cover much more than G. holbrooki when it was 2979 
provided, and G. maculatus also had higher incidence of schooling with lower intraspecific 2980 
aggression than G. holbrooki. Both of these results were as expected from earlier research (Bonnett 2981 
and McIntosh 2004, Brookhouse and Coughran 2010, Caldwell and Caldwell 1962, Dadda et al. 2005, 2982 
Rowe et al. 2007), but contradicted the conclusion by Becker et al. (2005) that higher cover 2983 
association in G. maculatus compared to G. holbrooki was caused by competitive exclusion. Cover 2984 
had a minor effect on G. holbrooki aggression, only resulting in small changes to the changes in 2985 
aggression over time, and no detectable effect on the much lower levels of G. maculatus aggression. 2986 
These results show distinct differences in behaviour patterns in the two species, with G. holbrooki 2987 
being much more aggressive and each species displaying a distinct preference in water column use. 2988 

G. maculatus aggression rates were low, as predicted (Rowe et al., 2007, Slinger, 2012), though both 2989 
intraspecific and interspecific aggression was higher when with G. holbrooki in Chapter 4, especially 2990 
all-male G. holbrooki groups, suggesting these forms of aggression are correlated in G. maculatus. 2991 
The higher rates of aggression by large G. maculatus towards G. holbrooki, especially males of that 2992 
species (as all-female G. holbrooki groups were the target of the least aggression), might provide 2993 
G. maculatus with increased ability to resist invasion and out-competition by G. holbrooki, but more 2994 
work is required to determine the long-term effects on populations that result, and on other species 2995 
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of Galaxias and Gambusia, though Rowe et al. (2007) found G. maculatus avoided key G. affinis 2996 
habitat in the field; and G. gracilis was excluded from shallow water by G. affinis (Rowe 2003).  2997 

There were few differences in behaviour between the two size classes of G. maculatus (Chapter 5), 2998 
with both size categories being social and non-aggressive, but large G. maculatus spent more time in 2999 
small groups than small individuals. Both groups preferred the bottom section of the water column. 3000 
Small G. maculatus are more vulnerable to Gambusia spp. (Rowe et al., 2007) and salmonids 3001 
(Jellyman and McIntosh 2008, McIntosh 2010) than large ones. this study found a lack of behavioural 3002 
modifications compared to larger conspecifics that may be involved in the vulnerability of smaller 3003 
G. maculatus to these introduced predators, especially if schooling breaks down for small 3004 
G. maculatus as it does for large individuals.  3005 

Similarities to and differences from previous research 3006 
The general trend was for higher aggression by G. holbrooki where there were male G. holbrooki, 3007 
both with females and on their own. Female G. holbrooki tended to avoid interactions with males, as 3008 
with Agrillo et al. (2006), while male fish reduced aggression towards other males to chase females 3009 
when they were present, as in Bisazza and Marin (1991) and Cureton et al. (2010), though this was 3010 
contradicted by Itzkowitz (1971), which found more male-male aggression in mixed-sex groups than 3011 
all male groups. Male chasing of females was extensive and often limited the ability of female fish to 3012 
rest (pers. obs.), as also found by Agrillo et al. (2006)and Dadda et al. (2008). Display was shown to 3013 
be linked to aggression rather than mating by the rarity of male fish displaying to females despite 3014 
regular attempts by males to mate. Female fish chased male fish away when they approached; and 3015 
did not cooperate with male mating attempts (pers. obs., Pilastro et al., 2003). On occasion female 3016 
fish chased males from within a piece of cover that they appeared to be defending as territory. 3017 
Territorial defence in G. holbrooki is recorded, but only from captivity (Martin, 1975). Future work 3018 
could untangle the reason for this difference (constrained area versus captivity changing behaviour), 3019 
as well as differences between this study and Martin (1975) for chasing.  3020 

The intraspecific aggressive behaviour of G. maculatus was consistent with expectations, with low 3021 
aggression in both size classes of G. maculatus (Bonnett and McIntosh 2004, Rowe et al. 2007, 3022 
Slinger 2012), although the small G. maculatus showed some aggression in this study and Rowe et al. 3023 
(2007) found none. This could be due to differences between the separate populations studied (Bell 3024 
and Stamps 2004, Kaufhold and van Leeuwen 2019), but ultimate causes are unclear. 3025 

Aggression was higher in G. holbrooki than in G. maculatus; and G. holbrooki aggression was in line 3026 
with what would be expected from G. holbrooki living in cold water (Itzkowitz, 1971, Martin, 1975), 3027 
where aggression rates are lower than in warm water (Rowe et al. 2007, Wilson, 2005). The 3028 
G. holbrooki populations studied by Itzkowitz (1971) and Martin (1975) were from the native range 3029 
of G. holbrooki, while this population was translocated from Queensland, Australia ~25 years ago 3030 
(Lynch 2008). Evolution to new environments is known for G. affinis in shorter timeframes than 3031 
available to this population (Stockwell and Weeks 1999), so this suggests adaptation to local 3032 
conditions, especially since G. holbrooki has a generation time of under a year (Gkenas et al. 2012, 3033 
Vargas and Sostoa 1996). 3034 

The overall trend was for higher levels of swimming activity in the presence of cover, moreso for 3035 
G. maculatus than for G. holbrooki. Activity reduction is an antipredator behaviour, both for 3036 
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G. maculatus (Milano et al., 2010) and more generally in aquatic ecosystems (Anholt and Werner 3037 
1998, Cerezer et al. 2016, Costanzo et al. 2011). Alternative explanations exist however, including a 3038 
generalised landscape of fear response (Creel et al. 2005, Laundré et al. 2001) or activity reduction 3039 
leading to reduction in energy needs (Babbitt 2001, Laurila et al. 1998). 3040 

In this study, G. holbrooki did not enter or remain under cover regularly, except when female fish in 3041 
some replicates were occupying a piece of cover, either territorially, a behaviour only known in 3042 
captive populations (Martin, 1975), or hiding from males, which the female fish was seen chasing 3043 
away from the cover (pers. obs.). The lack of observations of both wild and captive G. holbrooki 3044 
using cover over a variety of tank/water body sizes means the relative roles of captivity and small 3045 
available area (Fraser and Gilliam, 1992, Polverino et al., 2016) cannot really be determined. Wild 3046 
G. holbrooki have been qualitatively observed using very high cover areas (~85% ≤), but this has not 3047 
been quantified due to logistical problems in data collection (including here)(Pyke, 2008, Martin, 3048 
1975). This has the potential to skew interpretation of overall G. holbrooki habitat use and should be 3049 
accounted for; for example by not treating highly vegetated areas as poor G. holbrooki habitat 3050 
simply because of the preponderance of studies focussing on open or lightly vegetated water 3051 
(Brookhouse and Coughran 2010). However, this may be a lesser issue for aggressive behaviours as 3052 
this study has shown that cover has a minor influence on them compared to other factors such as 3053 
fish sex (Agrillo et al., 2006, Agrillo et al., 2008a, this study) or temperature (this study, Wilson, 2005). 3054 

When the two study species were placed together in Chapter 4, G. holbrooki negatively impacted 3055 
G. maculatus, but not as expected. In contrast to the high levels of aggression that were found by 3056 
(Keller and Brown 2008, Rowe et al. 2007), I found that normal G. maculatus social and cover use 3057 
behaviour was disrupted by the presence of G. holbrooki, even though aggression by G. holbrooki 3058 
was unexpectedly low.  3059 

Gambusia holbrooki tended towards the top of the water column, except males in monospecific, 3060 
single sex groups, which is a novel result as seen above, but competitive exclusion was seen by 3061 
G. maculatus pushing G. holbrooki males away from the bottom, as suggested within G. holbrooki by 3062 
(Itzkowitz 1971). Galaxias maculatus tended towards the bottom half (or third) of the water column 3063 
across both size classes and all cover levels. This is consistent with field observations (Jowett, 2002), 3064 
but not consistent with Slinger (2012), where fish spent approximately 25% more time in the top 3065 
third of the water column than here, though the reason for this is unknown, and could represent 3066 
individual variation. In all cases in the study, fish spent the least amount of time in the middle third 3067 
of the water column. This was unexpected as both species are known to use open water 3068 
(Brookhouse and Coughran 2010, Cussac et al. 1992), but may represent higher visibility to potential 3069 
predators in a landscape of fear scenario, or a constraint of the tank size.  3070 

Female G. holbrooki were more aggressive towards G. maculatus than males, in line with some 3071 
studies (Meffe and Snelson 1989, Mills et al., 2004), but contrary to expectations from others 3072 
(Carmona-Catot et al., 2013, Magellan and García-Berthou, 2015). Based on the results of the 3073 
experiments in Chapter 4, and the examination of the literature shown in Chapter 4 and Appendix 3, 3074 
it appears that G. holbrooki aggression correlates with fish group size, males the most aggressive at 3075 
smaller group sizes (e.g. one or two fish, (Carmona-Catot et al. 2013, Magellan and García-Berthou 3076 
2015)) with a continuum towards increased aggression by females as group size increases, so that it 3077 
is more even at intermediate group sizes (this study, López 2017). This continues until females are 3078 
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the most aggressive in large groups (e.g. 12 fish (Meffe 1985)). While further work is needed to 3079 
verify this potential effect, this provides a possible explanation for differing results in the literature 3080 
and a possible insight into the mechanisms controlling G. holbrooki social behaviour. No G. holbrooki 3081 
sex treatment had as high frequency aggression towards G. maculatus as the rate of G. holbrooki 3082 
intraspecific aggression in monospecific shoals. Interspecific aggression being lower than 3083 
intraspecific has been recorded (Forrester et al. 2006, Shulman 1990), but this study differed in that 3084 
G. holbrooki intraspecific aggression was lower in mixed-species treatments than single-species ones. 3085 
It is unclear why this is for G. holbrooki, as there is little known precedent (though potentially see 3086 
Sutton et al. (2013). Unlike some other species (Jolles et al. 2019), tendency towards intraspecific 3087 
aggression in G. holbrooki was not correlated with interspecific aggression in this study, with the 3088 
former more common from males and the latter more common from females, though this is 3089 
complicated by the apparent relationship between group size and dimorphism in intraspecific 3090 
aggression (Chapter 4, Discussion), so it appears that rather than a simple correlation between the 3091 
behaviours in G. holbrooki, it varies with group size and potentially with mating, though this requires 3092 
more testing. Cover did not affect levels of G. holbrooki aggression towards G. maculatus in a 3093 
substantial or consistent manner, with the presence of cover being associated with increased 3094 
aggression over time, but at different levels for different G. holbrooki sex ratios, and without an 3095 
overall increase in aggression for any sex ratio. The complexity of this response means that 3096 
interpretation of the effect of cover on G. holbrooki aggression is difficult. 3097 

Galaxias maculatus intraspecific aggression was higher with G. holbrooki than when in monospecific 3098 
groups, particularly when with G. holbrooki males. This finding for G. maculatus in line with what 3099 
was found for rainbowfish placed with G. holbrooki (Keller and Brown 2008), which also increased 3100 
intraspecific aggression in the presence of G. holbrooki, and is in accordance with a correlation 3101 
between increased interspecific aggression and increased intraspecific aggression (Bell and Sih 2007, 3102 
Dingemanse et al. 2020). Cover did not significantly affect G. maculatus aggression here, at least in 3103 
part due to it being a not particularly aggressive species (Rowe et al., 2007).  3104 

Both cover entries and occupation by G. maculatus were reduced when G. holbrooki were present, 3105 
especially all-female G. holbrooki groups, which also had the highest levels of aggression towards 3106 
G. maculatus in this study. Being smaller than G. maculatus, G. holbrooki were able to follow 3107 
G. maculatus into areas that may provide fuller protection from larger predators such as salmonids 3108 
(Baber et al., 2004), so the protection provided by cover may not be as relevant with G. holbrooki is 3109 
it is for large predators, though there was an indication than high cover levels provided some 3110 
protection against aggression from all-female G. holbrooki groups here. Galaxias maculatus’ 3111 
relationship with very high levels of cover may represent less of a problem to interpret as 3112 
G. maculatus is a cover-associated species (Bonnett and Lambert 2002, Hickford and Schiel 2014), so 3113 
the possibility of it using densely vegetated areas is more generally expected. 3114 

Galaxias maculatus was much more social when in monospecific groups than with G. holbrooki, 3115 
though the mechanism for this is unclear due to the lower levels of aggression by G. holbrooki and 3116 
lack of obvious observations of G. holbrooki breaking up schools. This may have major implications 3117 
for G. maculatus conservation and management, as school formation is an antipredator behaviour, 3118 
and the lack of it may open G. maculatus up to attacks from other predators such as salmonids. 3119 
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No significant difference in water column occupation between sexes was found for G. holbrooki 3120 
when with G. maculatus, possibly because G. maculatus preferred depth overlaps that of male 3121 
G.  holbrooki, which are most affected by G. maculatus aggression. Therefore, G. holbrooki males 3122 
may be avoiding contact with G. maculatus, meaning that male G. holbrooki spend more time higher 3123 
up in the water column than their fundamental niche (the habitat it uses preferentially). This 3124 
contrasts with the pattern of G. holbrooki (mixed-sex) displacing G. maculatus in Slinger (2012), as in 3125 
that case there was more overlap in water column use between the two species than in this study.  3126 

Applications and future work 3127 
My research was motivated by management questions and has implications for the conservation of 3128 
native galaxiids threatened by introduced species such as G. holbrooki. Galaxias maculatus 3129 
individuals were more aggressive towards G. holbrooki males than females, which may have 3130 
presented an easier target due to the smaller size of G. holbrooki males, and this pattern could 3131 
facilitate or hinder management programs using releases of genetically manipulated G. holbrooki. If 3132 
Trojan Y G. holbrooki males behave like wild type males, then the male bias in controlled releases 3133 
could work in conjunction with G. maculatus as a biological control, as G. maculatus has a greater 3134 
impact on male G. holbrooki through agonistic interactions. However, if Trojan Y males behave like 3135 
wild type females, then native fish could be more adversely affected due to the higher interspecific 3136 
aggression found in G. holbrooki females, as shown by the mortality of G. maculatus with majority 3137 
female G. affinis in Rowe et al. (2007). The result of G. maculatus outcompeting G. holbrooki 3138 
presented by Becker et al. (2005) may not be a relevant comparison due to an assumption 3139 
invalidated by Chapter 3 of this thesis, and the lack of access to video to show interactions in that 3140 
study. Overall, the rates of aggression are low, so more research is required to determine if 3141 
G. maculatus can be used to facilitate control of G. holbrooki, especially given the existence of very 3142 
large G. maculatus (>15cm), though these are more common in captivity (pers. obs.). As G. holbrooki 3143 
have larger impacts on some other species than G. maculatus, such as the green and golden bell frog 3144 
(Litoria aurea) (Hamer et al. 2002), dwarf galaxias (Galaxiella pusilla) (Coleman et al. 2016), or red-3145 
finned blue eye (Scaturiginichthys vermeilipinnis)(Fairfax et al. 2007, Kerezsy 2015), relative 3146 
resilience or assistance from G. maculatus would be useful in the allocation of management 3147 
resources.  3148 

These data also have relevance for other galaxiids, though not all species have been examined in 3149 
detail. Moreover, the taxonomic status of G. maculatus and applicability of information from one 3150 
population to others has been questioned (McDowall 1972, Zattara and Premoli 2005) due to their 3151 
large geographic range and variation within it (Barbee et al. 2011, Carrea et al. 2013). Where known, 3152 
ecology differs across the group, but would be relevant to any other open water, schooling species, 3153 
possibly including G. fasciatus, G. divergens or G. gracilis (Cadwallader 1975). Galaxias maculatus 3154 
appears to be more resilient than some of the other species, such as G. fuscus (Raadik et al. 2010), 3155 
G. pusilla (Coleman et al. 2016), G. platei, (Correa and Hendry 2012), and G. vulgaris (Woodford and 3156 
McIntosh 2010), possibly because it is capable of switching niches when needed (Glova 2003, 3157 
Penaluna et al. 2009, Rowe et al. 2007). Due to the significant pressures on fish in Galaxiidae and the 3158 
large number of endangered species within it (Chilcott et al. 2013, Correa and Hendry 2012, Hardie 3159 
et al. 2004, Hardie et al. 2006), more insight into the behaviour of threatened and understudied 3160 
members of this group would assist in management of those endangered species.  3161 
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Habitat restoration can be important for G. maculatus spawning (Hickford and Schiel 2011, Hickford 3162 
and Schiel 2014), but this study (see also Mills, 2004) also provides evidence that habitat restoration 3163 
(in the form of vegetation renewal) may also be helpful for persistence of adults of G. maculatus, 3164 
which used cover regularly in this study, and where it provided some reduction in the damage 3165 
caused by G. holbrooki, which had only previously been assumed based on theory and other species 3166 
(Woodford and McIntosh 2013). Cover is important for protection against salmonids (Sowersby et al., 3167 
2016), but may be less important, though still helpful, with Gambusia spp. (Mills; 2004, Morgan and 3168 
Buttemer, 1996, Baber et al., 2004, this study). 3169 

Future work carrying on from this research could include field-based observations to assess for 3170 
differences between these laboratory results and wild behaviour. Another option is testing the 3171 
behaviour of larger galaxiid species (Bonnett and Lambert 2002), or other sizes of G. maculatus, such 3172 
as the very large fish that can occur, especially in captivity, with the potential option of releasing 3173 
large captive-reared fish as a biological control or to bolster wild stocks by protecting the fish during 3174 
their more vulnerable smaller stages through raising them past that stage without predators 3175 
(Hickford and Schiel 2011, Roberts et al. 2011, Rowe et al. 2007). This study has provided a baseline 3176 
for understanding how the two species behave in cool conditions, and the complexities of 3177 
interaction between them in a way that will assist managers assess these species in the field. 3178 
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