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Abstract

Since their establishment in New Zealand in the 1930s, the globally invasive western
mosquitofish (Gambusia affinis) has become widespread throughout lowland freshwaters,
primarily in the North Island. Despite co-occurring in many ecosystems, interactions between
native common bullies (Gobiomorphus cotidianus) and G. affinis are presently unknown. Like
G. affinis, G. cotidianus are abundant in lowland waterways, tolerant of a wide range of
environmental conditions and can consume similar prey. My research investigated the potential
dietary overlap between these two species using a controlled mesocosm experiment and a stable
isotope study of co-occurring G. affinis and G. cotidianus in natural lake habitats.

Zooplankton were selected as the prey source for the mesocosm experiment. Twenty-one 100
L mesocosms were assigned either four G. cotidianus, four G. affinis, or were left as a control
group (i.e., with no fish) and monitored for 14 days. Zooplankton community composition in
the fish treatments was significantly different from the control tanks by Day 14 of the
experiment yet did not differ significantly from one another. Both G. cotidianus and G. affinis
reduced the abundances of larger crustacean zooplankton relative to the controls. This is likely
to have reduced the effects of predation, competition, and physical interference by the
crustaceans on rotifers, allowing rotifer species to reach numerical dominance in the treatment
mesocosms by the end of the experiment. In contrast, zooplankton assemblages in the control
mesocosms were dominated by cladocerans by Day 14, indicating that these had a competitive

advantage in the absence of zooplanktivorous fish.

Four Waikato lakes were selected as sites for the stable isotope study. Gambusia affinis, G.
cotidianus, and basal food web taxa were collected from each lake during the austral winter of
2022. Samples were analysed for the stable carbon and nitrogen isotopes *C and *°N, and
results were compared to data published by Collier et al. (2018) from the same taxa and lakes
during an austral summer. Mean §'3C values of G. affinis were significantly enriched compared
to G. cotidianus at three lakes in both summer and winter, while the mean §*°N of G. affinis
was significantly enriched at three lakes in summer and all lakes in winter. These differences
were greatest in winter, even when the summer dataset was censored to match the winter fish
length distribution. My results indicate that G. affinis and G. cotidianus are likely consuming

different prey sources and that their diet is most similar during summer. Additionally, my



results showed seasonal variation between lakes in the isotopic enrichment of both fish and
basal food web taxa, suggesting food webs and trophic interactions may differ between sites.

Overall, my thesis demonstrates the potential for interspecific competition between native G.
cotidianus and non-native G. affinis in New Zealand through an example of zooplankton
dietary overlap in a controlled experimental context. The stable isotope experiment provided
mixed evidence for dietary overlap across both summer and winter in sympatric lake
populations. Both experiments offer numerous future research opportunities to investigate the
mechanisms behind the findings.
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Chapter 1.

Introduction and literature review

1.1 Gambusia: a global context to invasive freshwater fish

1.1.1 Invasive fish at a global scale

The establishment of non-indigenous fish species is a significant threat to freshwater
ecosystems worldwide, which along with other anthropogenic pressures, contribute to a global
trend of biodiversity decline (Collins et al., 2002; Reid et al., 2019). While some non-native
species have positive or neutral social, economic or ecological effects (Copp et al., 2005), many
classed as invasive are able to rapidly spread and proliferate, contributing to overwhelmingly
adverse consequences for native biota (Valéry et al., 2007). Impacts of invasions vary in scope
and severity due to the complex ecological relationships produced by the diverse range of
habitats, species, and biological, physical, and chemical processes in freshwaters. The
mechanism by which non-native fish species are introduced and the stage of the invasion
process also play an essential role in determining whether their presence poses an immediate
ecological threat or whether consequences become apparent in the long term (Kolar & Lodge,
2001; Garcia-Berthou et al., 2005). For example, high propagule pressure combined with rapid
reproductive rates can result in the numerical dominance of an introduced fish within a very
short timeframe. This can occur due to deliberate introductions where large quantities of fish
are bred, transported and acclimated, such as brown trout (Salmo trutta) introduced from
Britain to New Zealand (McDowall, 2010) or grass carp (Ctenopharyngodon idella) from Asia
to the United States (Mitchell & Kelly, 2006). In other cases, fish escape (or are released from)
aquaria and aquaculture facilities, gradually building up feral populations as is the case of the
near-globally distributed goldfish (Carassius auratus) (Garcia-Berthou et al., 2005; Chan et
al., 2019). The traits that support the survival and proliferation of these species in such a diverse
range of freshwater ecosystems frequently also contribute towards negative impacts on native
species. Impacts include predation, competition, trophic shifts and cascades, habitat alteration,
and hybridisation (Gallardo et al., 2016). Introduced piscivores such as South American
peacock bass (Cichla spp.) have been linked to several of these impacts, such as a 45-year
decline of sympatric prey fish populations and diversity in Central America (Sharpe et al.,
2017) as well as the extirpation of native fish in South America (Pelicice & Agostinho, 2009).

Smaller-bodied invasive predators such as European round gobies (Neogobius melanostomus)



have also been linked to significant changes to their prey populations, reducing
macroinvertebrates such as snails and amphipods at much higher rates than native fish in North
America (Pagnucco et al., 2016; Pennuto et al., 2018). This was demonstrated to have
significant cumulative effects, as the rapid loss of these grazing and shredding species triggered
increases in phytoplankton and periphyton in both mesocosm and stream studies (Pagnucco et
al., 2016; Pennuto et al., 2018). Furthermore, N. melanostomus predation produced trophic
cascades that affected crucial ecosystem processes, such as the decomposition rate of detritus.
Common carp (Cyprinus carpio) originating from Eurasia also had habitat-altering effects in
Australia by increasing nutrients, algae and turbidity while reducing macrophytes through
feeding and spawning behaviour (Marshall et al., 2019).

A lack of widespread evidence for interspecific competition-induced extinctions of native
species suggests that intertrophic interactions from invasive species may be a greater threat to
global biodiversity overall (Davis, 2003). However, interference and exploitative competition
are well-documented consequences of freshwater fish invasions, as the niche filled by the
invader is likely already occupied by native species. For example, the common carp is a
globally invasive species with a niche overlap with European native crucian carp (Carassius
carassius), and hybridisation is prevalent (Sayer et al., 2011). This produces a threat from the
superior competitive ability of common carp, which occupies a larger isotopic niche, can
consume higher volumes of food and grow faster (Almela et al., 2021), as well as from

interbreeding, which can produce unviable or sterile offspring (Hulata, 1995).

1.1.2 Ecology and biology of Gambusia

The name ‘mosquitofish’ is commonly used to refer to two morphologically and ecologically
similar species within the genus Gambusia: Gambusia holbrooki/eastern mosquitofish and
Gambusia affinis/western mosquitofish (Pyke, 2005). Both species have been classified as
invasive throughout their introduced range, extending across all continents except Antarctica,
as far south as New Zealand, and north as Canada and central Europe (Jourdan et al., 2021).
Henceforth referred to as Gambusia, the life history traits and biology of these fish facilitate
their invasion of a range of freshwater ecosystems and increase their competitive ability against
native species. Gambusia are small fish from the family Poeciliidae reaching up to ~60 mm in
length, with males generally not growing much past sexual maturity at ~25 mm (Vondracek et

al., 1988). Their native distribution covers shallow temperate and tropical waters in central and



eastern parts of the USA and Mexico, from approximately 40°0'N to 22°0'N (Rosen & Bailey,
1963). While they are generally restricted to lower elevations outside their native range (Pyke,
2008), Gambusia have successfully established in over 60 countries, often due to intentional
introductions for mosquito control (Walton, 2007). This reflects the highly tolerant and
adaptable nature of these fish, both at an individual physiological and at a population scale.
Gambusia are highly adaptable to a range of environmental conditions, including fluctuating
temperature, salinity, dissolved oxygen (Pyke, 2005; Callaghan et al., 2021) and the presence
of pollutants (Coffin et al., 2022). Preferred conditions include calm water with a dark substrate
and lateral cover, such as submerged macrophytes (Casterlin & Reynolds, 1977). Preferred
water temperatures range between 25°C and 35°C (Swanson et al., 1996; Pyke, 2005) and ideal
water depths lie between 8 cm and 15 cm (Pyke, 2005). Gambusia achieve maximum growth
at 5 ppt salinity (Meffe & Snelson, 1989). Their tolerance of the extremes of these variables is
well-researched. Swanson et al. (1996) identified a thermal minimum (LC50) of 0.5°C and a
maximum of 42°C, though Meffe et al. (1995) found variation in critical thermal maxima
(CTM) among different populations. This was attributed to genetic differences arising after
each population was subjected to different temperature ranges for 60-90 generations. Salinity
tolerance reached up to 19.5 ppt following an immediate immersion from freshwater, though
acclimating fish gradually led to 65% surviving 39 ppt conditions for a 7-day experiment
duration (Chervinski, 1983). Gambusia can survive in low dissolved oxygen conditions,
exhibiting 100% survival rates when confined underwater at dissolved oxygen conditions of
1.3 mg/L and surviving at 0.28 mg/L when given access to the surface (Odum & Caldwell,
1955). Gambusia diet and feeding behaviour can also be very flexible; therefore, they occupy
different trophic positions in different environments. For example, an Australian study of a
river ecosystem containing smaller-bodied native fish species found that Gambusia holbrooki
acted as an opportunistic carnivore, feeding on both benthic and water surface
macroinvertebrates (Pen et al., 1993). Both small and large individuals had a wide dietary
breadth in spring, although large individuals decreased dietary breadth in summer and winter
in response to food availability and niche overlap (Pen et al., 1993). A study of G. holbrooki
stomach contents found that they primarily fed on cladoceran and copepod zooplankton, with
a higher dietary breadth in summer to include surface insects (Gkenas et al., 2012). This was
described as a specialist feeding strategy, with consistent dietary preferences in most seasons,
though there were major differences between the food sources of smaller and larger individuals
(Gkenas et al., 2012). Gambusia are effective predators in standing water environments,

finding a high proportion of prey among submerged vegetation (Linden & Cech, 1990) and
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targeting the most profitable prey when satiated, though feed indiscriminately when starved
(Bence & Murdoch, 1986).

The morphology of Gambusia makes them best adapted to feeding at the surface of still water
environments, with an upward-facing mouth and flattened head and relatively poor swimming
performance compared to similar-sized fish species (Srean et al., 2017). A factor often
considered in the diet of Gambusia is cannibalism, with evidence of this reducing population
densities via an impeding of recruitment in habitats with low proportions of shelter (Benoit et
al., 2000). However, this may be largely an artefact of higher-density laboratory studies, with
gut content analyses revealing cannibalism rates in nature of only 1% (Specziar, 2004) and
0.48% (Neshit & Meffe, 1993). Gambusia are capable of reproduction at under 20 days of age,
though this is heavily dependent on available resources and environmental conditions,
particularly temperature (Meffe, 1992). Fertilisation and gestation are both internal, with
females giving birth to as many as 300 young in under 35 days (Walton, 2007). Female
Gambusia can store sperm over winter (Haynes, 1993) allowing fertilisation without males and
an intrinsic rate of population increase much greater than many other species (Tonkin et al.,
2014). Reproduction in temperate regions is seasonal, with males ceasing sexual activity at
about 10°C water temperature (Haynes, 1993), while reproduction can continue year-round in
warmer climates (Martin, 1975). In temperate climates, females can stop reproducing in late
summer to instead build up fat reserves, which can serve as an advantage for overwintering.
This can help Gambusia breed earlier in the spring, with offspring capable of reproducing in
the same year (Reznick & Braun, 1987). However, there is significant variation in brood and
offspring sizes, the minimum size at first reproduction, and reproductive frequency among
different populations, all of which are largely associated with climatic conditions (Haynes &
Cashner, 1995). While the reproductive rate is greatest at temperatures as high as 30°C, young
grow the fastest when there is diel temperature variation, with a mean of 25°C (Vondracek et
al., 1988). Immature Gambusia achieve growth rates of 1-2 mm per week for both sexes,
though females gain mass at a greater rate (Vargas & de Sostoa, 1996). There is a measurable
difference in the characteristics of fish born early and late in the breeding season, with males
born later taking longer to mature and achieving larger body sizes (Hughes, 1985). There is
also evidence for social inhibition of male maturation, with males reared individually maturing
sooner and at a smaller size and weight than those in groups (Campton & Gall, 1988). The
complete development of the male gonopodium and the gravid spot on females signals that the

fish have reached sexual maturity (Norazmi-Lokman et al., 2016). Gambusia display a range



of behavioural traits, often varying with their environment. Aggression towards conspecifics
and other fish is well documented (Ling & Willis, 2005; Pyke, 2005). This includes the
establishment of dominance hierarchies in both sexes via chasing and exclusion (McPeek,
1992; Chen et al., 2011), which influence the access of males to females, and which females
are preferred by males (Bisazza & Marin, 1991; Chen et al., 2011). Aggressive behaviour is
especially prominent in small spaces such as aquaria, where males will seek out confrontation,
whereas males tend to avoid one another in natural environments (Itzkowitz, 1971). Similarly,
Martin (1975) found female territoriality, female same-sex aggression, and inter-sex aggression
to be generally limited to laboratory conditions and explained by stocking density. Gambusia
are usually social fish, frequently joining same-sex and mixed-sex groups to reduce sexual
aggression (Pilastro et al., 2003) and for predator avoidance (Ward & Mehner, 2010).
Individuals can vary in sociability, with active fish schooling more often, while less social
individuals dispersed further (Cote et al., 2010). While Gambusia may move between habitat
areas daily (Winkler, 1979), they generally do not migrate (Pyke, 2005) aside from special
circumstances such as from seasonally dry wetlands (Hoch et al., 2020).

1.1.3 Gambusia as invasive species

The biology and traits of Gambusia, combined with deliberate introductions starting from the
beginning of the 20™ century (Krumholz, 1944), have led to numerous ecological impacts
outside of their native range. This includes competitive effects on fish that occupy similar
ecological niches, predation on fish larvae and invertebrates (Pyke, 2008), as well as larger-
scale ecosystem impacts ranging across trophic levels (Hurlbert et al., 1972; Drenner & Smith,
1991; Blanco et al., 2004). For example, rapid reproductive capability and high adaptability to
a range of conditions have supported the spread of G. holbrooki across the Iberian Peninsula,
where negative consequences for native species are well documented (Vargas & de Sostoa,
1996; Vila-Gispert et al., 2005; Ruiz-Navarro et al., 2011). Female G. holbrooki were able to
produce, on average, one brood per month in the Ebro Delta of the Iberian Peninsula for up to
six months of the year, each with more offspring than typically possible in their native range
(Vargas & de Sostoa, 1996). Furthermore, Gambusia have effectively adapted to local
conditions, including high salinity and variable salinity streams (Ruiz-Navarro et al., 2011).
The maintenance of normal life history traits and behaviours in these physiologically stressful
conditions poses a major risk to native species previously thought to be protected from

Gambusia by elevated salinity (Alcaraz et al., 2008). Native Iberian Peninsula freshwater fish
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species such as Valencian and Iberian toothcarps (Valencia hispanica, Aphanius iberus) were
outcompeted for food by Gambusia in mesocosm experiments and aquaria (Caiola & de Sostoa,
2005). Caiola and de Sostoa (2005) found that even when the toothcarps were numerically
dominant, they were not able to outcompete Gambusia for food. The exploitative competition
effect exerted by Gambusia became more significant as their relative density increased,
evidenced by more toothcarps identified with empty guts in the experiment (Caiola & de
Sostoa, 2005). This aligns with findings of population increases in native Iberian Peninsula
fish, which correlated with the gradual removal of sympatric Gambusia through trapping and
netting (Ruiz-Navarro et al., 2013a). Interference and exploitative competition were found to
be more prevalent at higher temperatures, with Gambusia capturing more food and performing
more aggressive actions towards Iberian toothcarp at temperatures above 24°C (Rincén et al.,
2002; Carmona-Catot et al., 2013). Aggressive feeding behaviour also has implications for
native toothcarp population fitness and recruitment, as G. holbrooki have been found to prey
on juvenile A. iberus and inhibit the growth of survivors in mesocosms (Rincon et al., 2002).
Similar impacts were found in least chub (lotichthys phlegethontis) populations coexisting with
invasive G. affinis in Utah, USA (Mills et al., 2004; Ayala et al., 2007). Least chub juveniles
had survival rates negatively correlated with increasing Gambusia densities in mesocosm
experiments, which was attributed to predation (Mills et al., 2004). Larger least chub were also
impacted by aggression from Gambusia, frequently being chased away from food and open
water habitat in laboratory experiments, which culminated in a six-fold decreased growth rate
(Mills et al., 2004). In the wild, this caused a behavioural shift in the least chub to avoid the
shallow and warm habitats preferred by Gambusia, particularly during the summer when both
species are most active (Ayala et al., 2007). Furthermore, least chub altered their diel
movements by spending more time in cooler and deeper water to avoid Gambusia during the
day (Ayala et al., 2007), which demonstrates an attempt at avoiding spatiotemporal niche
overlap with a superior competitor. The impacts of Gambusia on a single fish species can
radiate through entire food webs, influencing the presence and abundance of other organisms.
For example, the presence of G. holbrooki in Australian wetlands was correlated with the
presence, abundance, and condition of native species, such as a decrease in the fin condition of
Australian smelt (Retropinna semoni) (Macdonald et al., 2012). Many of the wetlands in this
study exerted environmental stressors on species due to summer drying, which combined with
the biotic pressures from Gambusia to restrict the diversity of native fish to more generalist,
resilient species (Macdonald et al., 2012; Tonkin et al., 2014). Thus, while having a major

niche overlap with many species, it is those with traits such as specialist life histories and with



reproduction coinciding with high Gambusia numbers that are at elevated risk (Macdonald &
Tonkin, 2008). Gambusia also have the potential to trigger trophic cascades, particularly via
top-down effects on prey such as larger cladoceran and copepod zooplankton (Margaritora et
al., 2001). Predation in a mesocosm study reduced cladoceran and copepod taxa to the degree
that allowed phytoplankton to proliferate, increasing primary production more significantly
than nutrient addition (Rettig & Smith, 2021). While this effect of Gambusia on chlorophyll-a
level was not observed in some studies (Geyer et al., 2016), in others, evidence points towards
similar trophic cascades through predation on grazing invertebrates and amphibian larvae (Ho
et al., 2011; Preston et al., 2018). The top-down impacts of Gambusia vary in different
ecosystems, as limiting factors, food sources, and food web linkages differ also. For example,
although Gambusia significantly reduced zooplankton numbers in a coastal wetland, this did
not influence lower trophic levels as primary production was dominated by submerged
macrophytes rather than phytoplankton (Cardona, 2006). Additionally, the density and
population structure of Gambusia can affect the outcome of invasions, as female-biased

populations altered their environment to a greater degree (Fryxell et al., 2015).

The range of studies documenting the negative effects of Gambusia affinis and Gambusia
holbrooki contrasts with the very little research showing invasiveness in the other 43 species
of the genus Gambusia (Rauchenberger, 1988). These species share a similar appearance and
many life history traits with the two invasive species, such as viviparity (Thibault & Schultz,
1978), dentition and jaw structure, carnivory, surface/subsurface feeding, and a general
preference for slow-flowing waters (Rivas, 1963). However, non-invasive Gambusia, such as
Gambusia geiseri, are less effective competitors in most cases, reaching only half the
population densities of G. affinis, growing more slowly, and producing fewer offspring
(Rehage et al., 2020). Gambusia geiseri are well adapted for specific environments such as
springheads but lack the flexibility of invasive Gambusia that allows for survival and rapid
reproduction in novel habitats (Rehage et al., 2020). This highlights that subtle differences
among the genus can produce very different interactions with other species in an ecosystem
and limit the spread and invasion potential of some Gambusia. Gambusia geiseri were less
tolerant of temperature variability and preferred a diet of benthic invertebrates, and so were not
found to create trophic cascades through zooplankton predation, unlike G. affinis (Rehage et
al., 2020). Differences in predation capability and voracity also favoured G. affinis and G.
holbrooki over non-invasive congeners, though other components of behaviour, such as

responses to novel predators and competitors, were similar among all Gambusia assessed in a



study by Rehage et al. (2005). Traits such as the capability and potential for dispersal have
been suggested as key factors differentiating invasive and non-invasive Gambusia (Rehage &
Sih, 2004). Gambusia affinis and G. holbrooki were significantly more likely to disperse to
new areas in an artificial stream experiment than G. hispaniolae and G. geiseri, while
comparing the invasiveness of G. affinis with G. holbrooki remained inconclusive (Rehage &
Sih, 2004).

1.2 A New Zealand context to native and introduced fish species

1.2.1 Invasive fish species in New Zealand

Island ecosystems, particularly those isolated from immigration, experience unique
evolutionary trajectories that can lead to ecological niches occupied by species very different
from more homogeneous continental systems (Case & Cody, 1987; Mittelbach & Schemske,
2015). New Zealand’s biogeographical history is reflected in the unique assemblages of species
present and is characterised by high endemicity across most taxa such as reptiles (Daugherty
etal., 1994), birds (Wilson, 1997), plants (Cooper & Millener, 1993), and fish (Allibone et al.,
2010). This has elevated the threat of anthropogenic pressures and non-indigenous species on
native ecosystems, with many species lacking competitive adaptations against invasive
organisms. Native freshwater fish have been significantly affected by habitat loss and
alteration, as well as predation and competition from invasive species since the introduction of
brown trout (Salmo trutta) in 1867 (MacCrimmon & Marshall, 1968). Notably, 28% of native
fish are classified as ‘threatened’ and 40% as ‘at risk’ (Allibone et al., 2010). This is of
particular concern as New Zealand already has a low species diversity in fish, with 51 native
species compared to 211 in Japan (Yuma et al., 1998), a similar-sized island. In a survey of 38
medium-large rivers, an average of only five native fish species were caught per site, with
species distributions largely affected by elevation and catchment land use (Jowett &
Richardson, 1996). The major role of elevation relates to the high incidence of diadromy among
New Zealand fish, which reflects the historical dispersal of fish to the area (McDowall, 2010).
Many of the country’s freshwater habitats are relatively young, as frequent disturbances from
volcanism and plate tectonics have created, modified, and destroyed lakes and rivers. Thus, the
diadromous nature of native fish has been an important factor in the recolonisation of fresh
waters (McDowall, 2010). This has created unique species assemblages, often low in diversity

and lacking key trophic groups found internationally, such as larger-bodied pelagic piscivores
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(Collier et al., 2017). The introduction of non-native fish, primarily throughout the 19" and
20™ centuries, quickly led to the establishment of high trophic-level predatory fish, and native
fish experienced rapid and ongoing declines as a result. There are at least 20 non-native fish
species established in New Zealand (Allibone et al., 2010), with the most widespread including
G. affinis, brown bullhead catfish (Ameiurus nebulosus), goldfish, perch (Perca fluviatilis),
rudd (Scardinius erythrophthalmus), koi carp (Cyprinus carpio) and tench (Tinca tinca) (Rowe
& Wilding, 2012). The degree and mechanism by which they impact ecosystems vary, and
classifications such as the Fish Risk Assessment Model are used to categorise threats of
predation, interference and exploitative competition, bioturbation and herbivory (Rowe &
Wilding, 2012). This metric combines the risk of establishment and risk of the impact of each
species, with the highest scores produced for perch, koi carp, G. affinis and brown bullhead
catfish (Rowe & Wilding, 2012). Catfish and perch also scored highest in lake-specific invasion
risk and impact assessments (Collier et al., 2017), as they effectively deplete native fish and
invertebrate populations (Ludgate & Closs, 2003; Collier et al., 2018) with few native
competitors or predators. Another species scoring highly for similar reasons is the brown trout
(Salmo trutta), which despite suppressing populations of galaxiids (McDowall, 1968;
Townsend, 1996) and altering their behaviour (Mclntosh et al., 2010), has been spread and
protected by law for their economic and cultural benefits (Jones & Closs, 2017). Carp, goldfish,
rudd, and tench are largely planktivorous, larvivorous, and herbivorous, with varying degrees
of risk determined by traits such as the highly destructive feeding behaviour and rapid growth
exhibited by carp (Tempero et al., 2006; Hicks & Ling, 2015). However, the true present and
future impact of invasive fish is often difficult to predict, as complex interactions of both native
and introduced species with each other as well as with processes such as climate change
(Macinnis-Ng et al., 2021) and changing land use (Ling, 2010; Joy et al., 2019) can contribute

to the ongoing biodiversity decline in New Zealand.

1.2.2 Gambusia affinis in New Zealand

The widespread global impacts of Gambusia have also been observed in New Zealand, where
G. affinis was introduced in 1930 (McDowall, 2000). While it is the only member of its genus
in New Zealand, G. affinis has become widespread in the upper and central North Island, with
populations established throughout the rest of the North Island and northern South Island
(Chadderton et al., 2001; Ling, 2004). Gambusia affinis are typically found in lowland streams,

rivers, and lakes, and are restricted by elevation, water velocity, and temperature. While they



prefer the warmer temperatures of the coastal North Island, G. affinis have the potential to
colonise waterways across most of the South Island (Rowe et al., 2007), as G. affinis have
successfully established breeding populations in colder climates such as Cape Cod,
Massachusetts, USA (Wood et al., 2020). Furthermore, their tolerance of brackish water
(Chervinski, 1983) may enable dispersal along coastal waters to new catchments. Gambusia
affinis tend to be more prevalent in catchments dominated by agricultural land use, as these
create environmental conditions favourable for their life history traits (Lee et al., 2017).
Streams flowing through pasture often have higher suspended solids, nutrients, and
temperatures, while having decreased clarity (Quinn & Stroud, 2002). This supports the
establishment of macrophytes and algae (Parkyn et al., 2003), which provide lower velocity
shelter and sustain food sources preferred by Gambusia. Therefore, the spread and
intensification of agriculture to cover over 40 % of New Zealand’s land area (Daigneault et al.,

2018) has coincided with, and likely facilitated, the proliferation of G. affinis.

Impacts of G. affinis in New Zealand have mirrored findings internationally, particularly in
impacts on zooplankton, and competition and aggression towards other small fish. A study of
G. affinis diet in North Island lakes showed a broad generalist feeding strategy, with differences
between size classes and seasonal variation in primary food sources (Mansfield & McArdle,
1998). Diet of all sizes of G. affinis was dominated by cladocerans, copepods, and chironomids
in lakes (Mansfield & McArdle, 1998), whereas in streams, large Gambusia preferred
Culicidae, amphipods, and terrestrial invertebrates (Lee et al., 2018). This dietary flexibility
shown by Gambusia supports their survival in different New Zealand ecosystems, particularly
those exhibiting degradation from catchment land use (Lee et al., 2018). The physiological and
behavioural adaptability of G. affinis makes them effective competitors against many native
fish, including the black mudfish (Neochanna diversus). The presence of G. affinis in wetland
sites coincided with reduced mudfish recruitment, with mesocosm and laboratory experiments
pointing towards the occurrence of both predation and competition (Ling & Willis, 2005).
Mudfish most at risk are fry (Barrier & Hicks, 1994) and juveniles in near-permanent water
habitats, whereas larger mudfish and fish living in ephemeral areas don't appear greatly
threatened by G. affinis (Ling & Willis, 2005). The overall threat of G. affinis is further lowered
by mudfish behavioural and life history traits such as occupying a different temporal niche
(Ling, 2001) and reproducing during periods of lowered G. affinis abundance (Barrier & Hicks,
1994). Other native New Zealand species have potentially greater niche overlap with

Gambusia, such as inanga (Galaxias maculatus) and bullies (Gobiomorphus spp.) (McDowall,
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2000). Inanga are a widespread native fish growing up to three times longer than the average
G. affinis and exhibit adaptable behaviour and life history traits (Chapman et al., 2006).
However, despite having a size and swimming speed advantage, inanga mortality increased
significantly when placed in aquaria with G. affinis, particularly at temperatures >15°C where
Gambusia are more active (Baker et al., 2004; Rowe et al., 2007). This was largely attributed
to agonistic behaviour such as chasing and fin-nipping (Rowe et al., 2007), which has been
documented in several Gambusia laboratory studies in New Zealand and internationally
(McPeek, 1992; Mills et al., 2004; Macdonald et al., 2012). These findings are yet to be
supported by field evidence of large-scale inanga population decline following Gambusia
invasion. The two species are capable of coexisting (Ling, 2004), particularly in habitats where
variability in water depth and flow provides conditions favourable to inanga (Rowe et al.,
2007).

1.2.3 Gobiomorphus cotidianus: biology, ecology, and threats

The common bully (Gobiomorphus cotidianus) is a small benthic fish endemic to New Zealand
(McDowall, 2000). It is one of nine native bully species in New Zealand, with two congeners
in Australia (Thacker et al., 2021a). Gobiomorphus is a genus of the family Eleotridae, which
includes coastal and inland species across most continents, several with diadromous life
histories (Stevens & Hicks, 2009). This is reflected in the biogeographical history and present
distribution of G. cotidianus, as it is suggested that the common ancestor of all New Zealand
bullies dispersed across the ocean from Australia in the early Miocene (Stevens & Hicks,
2009). This was followed by adaptive radiation, where the reproductive isolation of populations
contributed to speciation into strictly diadromous, facultatively diadromous, and non-
diadromous species (Stevens & Hicks, 2009). Gobiomorphus cotidianus exhibits facultative
diadromy, where fish undertake amphidromous migration to the ocean but may also form
nonmigratory populations when landlocked or when favourable stream and river habitats are
present (Closs et al., 2003; Hicks et al., 2017). Gobiomorphus cotidianus are the most widely
distributed native bully, prevalent throughout New Zealand’s lowland streams, rivers, and lakes
(Thacker et al., 2021b).

Gobiomorphus cotidianus are adaptable and resilient to a range of conditions, including depth,

temperature, turbidity, and dissolved oxygen gradients. Acclimated G. cotidianus survived to

upper lethal temperatures of 34°C, higher than many other native freshwater fish such as
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torrentfish (Cheimarrichthys fosteri), common smelt (Retropinna retropinna), koaro (Galaxias
brevipinnis), and kokopu (Galaxias fasciatus, Galaxias postvectis, Galaxias argenteus)
(Richardson et al., 1994). Similarly, G. cotidianus were more tolerant to acute hypoxia than
common smelt and rainbow trout (Oncorhynchus mykiss) (Landman et al., 2005).
Gobiomorphus cotidianus exhibit phenotypic plasticity along depth gradients, such as
decreased eye size and body width, and an increased body length in deep lakes (Ingram et al.,
2020). Their foraging is also not limited by darkness or high turbidity; therefore, they can be
found in high-productivity waterways (Rowe, 1999). Primary food sources vary with bully
size, habitat, and seasonality. Gobiomorphus cotidianus diet in eutrophic Lake Okaro was
dominated by chironomid larvae (Polypedilum pavidus and Chironomus zealandicus) for most
of spring, summer, and autumn, while cladocerans such as Ceriodaphnia dubia were the
primary prey in winter (Forsyth & James, 1988). Similar seasonal diet differences have been
found at Lake Taupo, where bully dietary niche narrowed when zooplankton abundance
increased, then widened to include other prey items as zooplankton experienced a seasonal
decline (Stewart et al., 2017). Likewise, Stephens (1978) demonstrated a seasonal influence on
the diet of G. cotidianus at Lake Waahi, where they consumed almost exclusively chironomid
larvae during spring and summer, whereas aquatic snails, oligochaetes and zooplankton
became important prey items during autumn and winter. Additionally, a shallow coastal lake’s
juvenile bully population predominantly fed on an amphipod, Paracalliope fluviatilis (Wilhelm
et al., 2007). Changes in G. cotidianus habitat, such as the invasion of macrophytes (e.g.,
Lagarosiphon major at Lake Dunstan), can shift their diet to the most abundant prey sources;
in this case, invertebrates inhabiting the vegetation (Bickel & Closs, 2008). Gobiomorphus
cotidianus are largely diurnal, which allows temporal dietary niche differentiation with native
fish feeding on similar food sources (Sagar & Glova, 1994), though juvenile fish, in particular,

can exhibit active nocturnal feeding behaviour (Rowe & Chisnall, 1996).

The gonads of G. cotidianus mature from April to July (austral autumn to winter), during which
time both sexes undergo physiological and behavioural changes (Bleackley et al., 2009). The
pigmentation and territoriality of males increases as they approach maturity, with female
fecundity peaking from August (austral winter) (Stephens, 1982). Throughout spring and
summer, males clear an area of the benthos to produce a nest, into which one or more females
attach eggs. Males then fertilise, guard, and fan the eggs until larvae hatch and disperse, either
to inhabit the pelagic zone in landlocked populations or to be washed to sea (McDowall &

Whitaker, 1975). During this life stage, freshwater bully larvae feed on zooplankton, with the
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potential to exert top-down control on cladocerans during the summer months (Jeppesen et al.,
1997). The diet of juveniles shifts as they grow to include prey species inhabiting macrophytes
and the benthos. Gobiomorphus cotidianus begin inhabiting the benthos in shallow water from
about 18 mm in length, transitioning to deeper water as the summer progresses and they reach
an adult size of 30-120 mm (Rowe, 1999; Wilhelm et al., 2007). Gobiomorphus cotidianus that
hatch earlier in the season achieve a greater growth rate, and growth is faster in warmer and
more eutrophic lakes (Taylor et al., 2000). Gobiomorphus cotidianus reach a sexually mature
adult size of 30-40 mm within a year, continuing to grow for another one to two years before
experiencing declining condition and increasing mortality (Stephens, 1982), though they have
been found to live up to five years (McDowall, 2000).

As G. cotidianus are a widespread fish species in New Zealand lowland freshwaters, they co-
occur with many native and introduced species. This includes predators, competitors, and
morphologically similar species, such as other bully species. For example, bluegill bullies
(Gobiomorphus hubbsi), upland bullies (Gobiomorphus breviceps) and G. cotidianus are all
present in the Rakaia River, though there appears to be niche separation between G. cotidianus
and the other two species. Sagar and Eldon (1983) found G. cotidianus to primarily feed on
chironomid larvae, whilst bluegill bullies and G. breviceps incorporated larger quantities of
Deleatidium (mayfly) larvae into their diets. Gobiomorphus cotidianus targeted chironomid
larvae disproportionately to their abundance in the substrate and had a wider food niche
breadth, thus avoiding competition for food. Sagar and Eldon (1983) also did not find evidence
for competition for habitat, as G. cotidianus were restricted to a slower velocity site closer to
the coast, which seems to be a reflection of their poorer swimming and climbing capabilities
(McDowall, 2000). Likewise, there appears to be some structuring of G. cotidianus and G.
breviceps populations along stream and river reaches, whereby the latter occupies higher
elevations. This was supported in an artificial channel experiment, where Glova (1999) did not
find evidence for negative interspecific competition effects of the two species coexisting.
Introduced competitors may include G. affinis and other small-bodied zooplanktivorous or
benthic fish, though G. cotidianus demonstrated high dietary flexibility and shifted away from
zooplankton prey when sympatric with non-native grass carp (Ctenopharyngodon idella)
(Mitchell, 1986). Gobiomorphus cotidianus are preyed on by trout, perch, and eels, with an
increased vulnerability to predators such as brown trout when males are guarding nests during
the breeding season (McCarter, 1986). Perch can suppress G. cotidianus populations, with

predation being the most significant interaction (Closs et al., 2001). Eels, including the New
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Zealand longfin (Anguilla dieffenbachii) and the short-finned eel (A. australis), are native
predators of bullies and were found to control G. cotidianus populations to a greater degree
than introduced rainbow trout (Rowe, 1999). Predator detection includes visual identification
of threats and use of vantage points (Jellyman et al., 2012), recognising injured conspecifics
via alarm substances released by broken skin, and the capability to learn the odour of predators
such as perch (Kristensen & Closs, 2004). This is followed by avoidance behaviour, including
rapid dashing to new cover and hiding among the substrate (Kristensen & Closs, 2004).

1.3 Methods for assessing the impacts of an invasive fish species

1.3.1 Assessing impacts of invasive species

The complexity of ecological relationships and ecosystem scale research makes it difficult to
determine the true impact of an introduced species, particularly when key aspects of the
biology, physiology and behaviour of species are unknown. Thomsen et al. (2011) categorise
invasion research into studies that look at the ecological impacts of a novel species on the
environment and studies researching factors facilitating invasion in a particular environment.
Field studies quantifying the former category are possible in later stages of an invasion, where
a species has overcome ecological filters preventing dispersal and survival of individuals, the
establishment of a self-recruiting population, and growth of this population to the degree that
impacts on native species can occur (Catford et al., 2009). Conversely, researching variables
that make establishment possible may target earlier stages of the invasion process, where
numerous hypotheses exist around key mechanisms involved. This includes relative
contributions of factors affecting the likelihood of successful dispersal and establishment, such
as propagule pressure, species richness in the receiving region, temporarily favourable
environmental and ecological conditions, and the ability of a species to survive in the absence
of other species from its native range. Hypotheses around the possibility of population growth
must also be investigated. These may be favourable life history traits and adaptability of the
invading species, the lack of an important population control variable such as a predator or
pathogen, facilitation or inhibition of prey, predators, and competitors, low niche saturation, as
well as external factors such as human activity (Catford et al., 2009). Any quantified impact
may also change significantly over time due to the depletion of a temporary resource, natural
selection on both invaders and natives or fluctuating environmental conditions (Thomsen et al.,

2011). This is relevant to almost any species invasion context, with attributes of the invading
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species, native species, resources and environmental conditions being factors that can be
investigated as unique to a specific invasion or as universally influencing the impacts of nearly
any invading species (Thomsen et al., 2011). Therefore, freshwater fish invasion research must
look at these drivers of invasion and the immediate and long-term outcomes whilst accounting

for scientific uncertainty.

As research resources are limited, the challenge is to identify the invasions with the highest
probability of ecological impacts and identify the primary mechanisms responsible in order for
management to be possible (Leprieur et al., 2009). However, there is a considerable absence of
clear data describing the consequences of many introduced species, due in part to the potential
of differing impacts in different ecosystems, combined with funding and focus bias towards
certain species and geographical areas. Introduced fish that cause major declines in native
populations make up only 8-14% of invasions at a global scale, yet some ecosystems are more
vulnerable than others, and some invaders can be close to universally harmful (Ricciardi &
Kipp, 2008). The importance of both field and laboratory-based experiments is highlighted in
their strengths and drawbacks in providing answers to the wide range of possible research
questions that can be formed to investigate the aforementioned factors and relationships
(Leprieur et al., 2009). Laboratory and field experiments are frequently combined to assess
interspecific relationships such as competition, predation, aggression, and herbivory.
Laboratory studies are particularly useful for assessing behaviour, as many variables can be
controlled, and observation is easy. Almela et al. (2021) studied competition between
introduced common carp and native crucian carp in England using aquaria to measure
comparative functional responses to food. This was then supported by a controlled natural pond
study and a wild pond survey with no experimental manipulation. The use of these three
degrees of experimental manipulation provides insight into behaviour that is difficult to assess
in the wild while avoiding results biased by laboratory conditions. The use of at least two of
these methods is a common experimental design in invasion ecology, such as a mesocosm
study combined with a Before-After-Control-Impact (BACI) field study to assess the degree to
which invasive Gambusia affect native amphibians in California, USA (Preston et al., 2017).
In that study, the mesocosm experiment provided insight into larger-scale ecosystem processes
found to be occurring in the field study and revealed potential invasive fish management
strategies, though the authors noted drawbacks, including a possibly insufficient experiment
length (Preston et al., 2017). Numerous studies use only laboratory or field experiments and

still provide strong results, as certain research questions are more appropriate for aquarium

15



studies with a shorter period or with multiple treatments and replicates (e.g., Britton et al.,
2011; Beggel et al., 2016). Likewise, research into community structure and trophic linkages
in the presence of invasive fish is realistically investigated with exclusively field-based
sampling (Lowe et al., 2008; Jackson et al., 2016). Mesocosms can be a good middle ground
where key parts of an ecosystem can be recreated to test certain hypotheses that require more
controlled variables than possible in nature, such as density-dependent impacts of an invasive
fish (Jackson et al., 2015). Within each of these study methods are further techniques that can
be used to research invasive fish, such as indirect sampling to conduct stable isotope analysis
or create dietary overlap indices and direct observation of behaviour and interactions. These
have their own limitations and advantages, with best practices being determined by the
environment being studied, research resources available, and the type of interaction being
investigated (Almeida & Grossman, 2012). Finally, meta-analyses and predictive modelling
can be used to integrate environmental and ecological data to assess the susceptibility of
ecosystems to invasion, traits of successful invaders, and general patterns in competitive and
trophic interactions (Connell, 1983; Kolar, 2004; Gherardi, 2007).

1.3.2 Zooplankton community composition to assess interspecific

competition

Interspecific competition is a common consequence of the establishment of invasive fish, as it
is likely that a native species is already occupying some of its niche. Non-indigenous fish
species can directly threaten native species for food and habitat through interference and
exploitative competition, as well as indirectly through apparent competition. For studies
investigating competition for food resources, the changes to the population dynamics,
community composition or behaviour of the shared prey species can provide insight into both
the top-down control exerted by the predators, and the degree of dietary niche overlap. This
can take place via research incorporating zooplankton, which comprise a major food source for
many smaller fish species, as well as for the juveniles of larger predators. Studies can use direct
and indirect methods to quantify whether fish compete for zooplankton. This includes
measuring the relative growth rates of the fish in sympatric treatments, but also gut content,
stable isotope analysis, and changes in zooplankton community composition. For example,
Angeler et al. (2002) investigated the impacts of three introduced fish on wetland environments
and used the changing abundances of key zooplankton groups to explain not just

zooplanktivory, but the response of the wetland ecosystem to changing water quality from these
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fish. The methods used are well-developed and fairly consistent across studies. Mesocosms are
useful for observing changes to zooplankton community composition across treatments while
including replicates, with sizes ranging from 0.08 m?® tanks using fish larvae (Breitburg et al.,
1997; Lacerot et al., 2013) to larger 3 m® tanks with three replicates (Matveev et al., 2002), and
to 14.6 m*® mesocosms set into ponds (Schrank et al., 2003). Larger mesocosms are possible,
though field studies are also viable for assessing dietary overlap and impacts of
zooplanktivorous fish (e.g. Sampson et al., 2009; Sass et al., 2014). Field studies can achieve
results using techniques such as fish foregut analysis to identify their main prey, combined with
zooplankton sampling pre- and post- invasive fish establishment to measure their top-down
impact. This was possible in the Illinois River, USA, where the bighead carp
(Hypophthalmichthys nobilis) and silver carp (Hypophthalmichthys molitrix) gradually invaded
and established breeding populations over the 1990s and 2000s (Irons et al., 2007). Researchers
had existing data on zooplankton community composition and thus could measure trends in the
abundance and proportion of rotifers, copepods, and cladocerans as the fish invaded (Sass et
al., 2014). However, this is not viable in most situations due to the difficulty of predicting when
and where invasive fish will establish and ethical issues surrounding the deliberate
experimental introduction of non-native species. Therefore, mesocosms become a valuable
method for controlling these variables. For example, USA native paddlefish (Polyodon
spathula) and introduced bighead carp were found to overlap in preferred zooplankton prey
sources, and a 34-day mesocosm study showed negative impacts of bighead carp presence on
paddlefish growth (Schrank et al., 2003). Likewise, a mesocosm study of two competing
zooplanktivorous fish larvae, gizzard shad (Dorosoma cepedianum) and bluegill (Lepomis
macrochirus), found a difference in the importance of zooplankton abundances to the growth
and survival of the fish. Gizzard shad were found to deplete zooplankton to a significant degree
but were also more developmentally limited by the reduced food sources than the bluegills
(Welker et al., 1994). These studies demonstrate the utility of zooplankton counts to
competition research as an effective, low-cost method provided that biases in sample

collection, equipment, and identification are appropriately minimised (Mack et al., 2012).

1.3.3 Stable Isotope Analysis to measure interspecific competition

Stable isotope analysis (SIA) is an important tool for many fields of science, including
archaeology, geochemistry, forensic science, geology and ecology (Chesson et al., 2014). The

technique was developed in the 1940s and 1950s, following the description of carbon,
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hydrogen, sulphur, and nitrogen isotope ratios and the invention of effective isotope ratio mass
spectrometry (Ehleringer & Rundel, 1988). ‘Stable isotope’ refers to non-radioactive forms of
an atom and are typically isotopes where the neutron number is the same or slightly higher than
the number of protons (Fry, 2006). The abundance and proportion of isotopes is determined by
physical processes such as radioactive decay and are also influenced by unique conditions on
Earth, such as life processes. In ecology, isotope pairs of interest are 2H/*H, 13C/*?C, °N/¥N,
180/150, and 3S/°2S, due to their presence in organic matter, as well as being nonradiogenic
(Newton, 2016). These isotopes are also useful because the elements are relatively light; thus,
the additional neutron(s) alter the relative mass of the isotope much more than a heavier
element. This is important for tracking the mixing and fractionation of isotopes through natural
processes and measuring changes to the ratio of each against international reference standards.
These standards are substances with an established isotopic ratio that can be used to calibrate
equipment globally, such as standard mean oxygen water (SMOW), PeeDee belemnite (PDB)
and atmospheric air for hydrogen and oxygen, carbon and oxygen, and nitrogen, respectively
(Ehleringer & Rundel, 1988). The carbon isotope ratio is useful for hydrocarbon geochemistry
(Fuex, 1977), climate research (Bauska et al., 2016) as well as biology, due to the significance
of the element for organic matter. The uptake and fractionation of carbon can be tracked
through the various plant photosynthetic pathways (Smith & Epstein, 1971) and through
differences in carbon ratios between marine and terrestrial systems (Raven et al., 2002). 5'3C
increases from plant to herbivore to predator at a measurable, fairly constant rate due to trophic
discrimination during assimilation and excretion of tissue, which makes carbon isotopes useful
for identifying and tracking trophic relationships (Ben-David & Flaherty, 2012). The stable
isotope pair of °N/“*N is similar to carbon in that it generally enters the biosphere from the
atmosphere, and the heavier isotope becomes enriched with increasing trophic level (Newton,
2016). However, there is little to no discrimination during nitrogen fixation, and the enrichment
rate from prey to predator is approximately three times that of carbon (Deniro & Epstein, 1981).
Therefore, carbon and nitrogen are frequently used together for the dietary analysis of an
ecological community. Conversely, hydrogen and oxygen isotope levels in organisms are
indicators of the water they consume (Ehleringer & Rundel, 1988), with uses including
hydrogeology and climate research (Clark & Fritz, 1997) and migration studies (Vander
Zanden et al., 2016). Lastly, sulphur isotopes 32S, S, and *S are often used in marine and
estuarine studies, as there is a major difference in enrichment between bacterial reduction of
sulphates and sulphur compounds taken up by plants from rainwater or the water column
(Connolly et al., 2004).
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Applications of stable isotopes to fish competition and invasion studies are numerous. It is a
time- and cost-saving technique when compared to stomach content based dietary analysis, as
SIA incorporates food sources from up to seven months in liver samples and over one year for
white muscle (Skinner et al., 2017). Therefore, a single sampling event for species of interest,
incorporating samples from key size classes for longer-lived species, is often sufficient for an
understanding of general diet and trophic position. In freshwater fish invasion studies, this can
be very useful for determining gradual changes to the food web as the invader becomes
established. For example, Vander Zanden et al. (1999) demonstrated a clear drop in the trophic
position of native lake trout (Salvelinus namaycush) following the invasion of smallmouth bass
(Micropterus dolomieu) and rock bass (Ambloplites rupestris). The enrichment of 3C and *N
in trout tissue was lower in invaded lakes, which indicates a change in trout diet to prey at
lower trophic levels in response to competition, such as consuming more pelagic zooplankton
than littoral fish (Vander Zanden et al., 1999). The gathering of baseline data for such a study
is important, as species from different freshwater ecosystems can vary in stable isotope
enrichment. SIA can provide insight into detail otherwise not possible when used together with
traditional field or laboratory studies such as the measurement of growth rates of sympatric and
allopatric populations. In France, Blanchet et al. (2007) found little to no negative impact of
introduced brook trout (Salvelinus fontinalis) on native brown trout growth rate and survival
using field recapture and laboratory observational studies. Despite this, SIA of the same species
in a similar stream ecosystem revealed that brown trout shifted their diet to be more similar to
that of brook trout when sympatric (Cucherousset et al., 2007), which poses further research
questions such as potential changes in trout impact on lower trophic levels. In New Zealand,
SIA has been undertaken on many native and introduced fish species, providing insight into
dietary change in single species (Ingram et al., 2020), food web data and patterns (McHugh et
al., 2010), and differences in energy sources between freshwater environments (Hicks, 1997).
Collier et al. (2018) demonstrated the trophic position and primary diet of native shortfin eels
and invasive brown bullhead catfish using SIA of muscle tissue, which showed a broader
trophic niche in the eels, therefore mitigating the impacts of competition. However, SIA does
present challenges and limitations that must be addressed in a study. Firstly, site-specific
baseline data is required to establish isotopic enrichment, particularly at lower trophic levels
that reflect energy input sources, as this can vary significantly with environmental factors
(Gladyshev, 2009). Additionally, the methodology involved in obtaining and processing

samples must be consistent between organisms in an ecosystem, as well as between studies, to
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ensure accurate comparisons can be made (Gladyshev, 2009). Quantitative comparisons
between food webs using stable isotope values alone are therefore challenging, as is discerning
complex trophic relationships such as omnivory and cases of high prey diversity (Phillips et
al., 2014; Glibert et al., 2019).

1.4 Thesis purpose and objectives

1.4.1 Thesis purpose

Research on the ecology and impacts of invasive fish such as G. holbrooki and G. affinis is
extensive (Vargas & de Sostoa, 1996; Mills et al., 2004; Vila-Gispert et al., 2005; Ayala et al.,
2007; Ruiz-Navarro et al., 2011). These include interference and exploitative competitive
interactions with similar-sized pelagic and benthic native fish as well as aggression in confined
spaces. The literature is primarily focused on several major geographical regions, such as the
Iberian Peninsula (Caiola & de Sostoa, 2005; Garcia-Berthou et al., 2005; Garcia-Berthou,
2007; Alcaraz et al., 2008), Australia (Pen et al., 1993; Bool et al., 2011; Macdonald et al.,
2012) and the USA (Lydeard & Belk, 1993; Mills et al., 2004; Rehage et al., 2020). However,
in New Zealand, agonistic and competitive interactions between G. affinis and native fish have
primarily been investigated in only black mudfish (Ling & Willis, 2005; McDonald, 2007),
dune lakes galaxias (Galaxias sp.) (Pingram, 2005) and inanga (Rowe et al., 2007). New
Zealand case studies have produced mixed results, with mesocosm and laboratory studies
generally finding aggressive and competitive behaviour from G. affinis, leading to decreased
condition and survival rates in native fish (McDonald, 2007; Nygard, 2007; Rowe et al., 2007).
Conversely, field studies have generally cast doubt on the interspecific competition and
aggression related impacts of G. affinis, as they are likely exploiting a unique niche and have
relatively poor swimming performance, allowing native fish to avoid direct competition and
escape aggression (Ling, 2004). Gambusia prefer slow-flowing streams, as well as pond and
lake habitats (Rivas, 1963), which in New Zealand are often occupied by various bully species,
particularly redfinned (Gobiomorphus huttoni), upland (Gobiomorphus breviceps) and
common (Gobiomorphus cotidianus) bullies (Jowett & Richardson, 1996; McDowall, 2010).
No studies at present have investigated competition, predation, or aggression between any of
these species and G. affinis, despite the significant overlap in their distributions (Thacker et al.,
2021b). Gobiomorphus cotidianus are among the most widespread and disturbance-tolerant

native freshwater fish (McDowall, 2000) and thus pose an interesting comparison to the
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globally distributed, resilient, and physiologically and behaviourally adaptable G. affinis.
While the conservation status of G. cotidianus is ‘Not Threatened’ (Dunn et al., 2018), the
presence of competition between the two species could produce trophic shifts, changes in the
abundance and distribution of G. cotidianus, and top-down pressure on their prey. Likewise,
the presence of competition could serve as a limiting factor to the abundance and spread of G.

affinis, protecting more vulnerable species.

1.4.2 Objectives and hypotheses

The objectives of this study were to identify any dietary overlap occurring between invasive
G. affinis and native G. cotidianus, and to provide insight into potential interspecific
competition. A mesocosm study was used to investigate the degree of overlap in zooplankton
predation by these two species. This was supplemented by a field study of four lakes
investigating stable isotope ratios in the tissues of sympatric G. cotidianus and G. affinis, in
addition to stable isotope analysis of their prey. The field study provides insight into the dietary
overlap of these fish in a natural context, whilst the mesocosm study shows the degree to which
each species alters zooplankton communities through preferential predation of key taxa. Based
on existing research on the preferred habitats, diet, and behaviour of both fish, I hypothesised
that there would be overlap in zooplankton predation in allopatric mesocosms, as well as
overlap in primary prey sources in the sympatric lake populations. Within the mesocosm
experiment, | also hypothesised that both fish would exhibit a preference for larger zooplankton
taxa, depleting these in relation to the control. In the stable isotope study, additional predictions
were that isotopic enrichment of the fish would be most similar in the winter, reflecting greater

dietary overlap.

1.4.3 Thesis outline

Chapter 1 provided a broad-scale literature review on the impacts of introduced freshwater fish
and introduced the species and geographical context to the thesis. Additionally, the
methodology used in later chapters has been introduced. Chapter 2 uses a mesocosm
experiment to assess the dietary overlap of G. affinis and G. cotidianus, by investigating
changes to zooplankton community composition. Chapter 3 is a stable carbon and nitrogen
isotope study of G. affinis and G. cotidianus during the austral winter in four lakes in the
Waikato Region. The focus is on dietary overlap between the two fish species, with isotopic

enrichment of each fish species and basal food web taxa compared with data collected from
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the same species in the austral summer by Collier et al. (2018). This supports an analysis of the
influence of season on the similarity of the diet of each fish species. Chapter 4 incorporates
each chapter's key findings and recommendations in a summary and conclusion. Chapters 2
and 3 are written as two standalone papers prepared for publication; therefore, there is minor
repetition between the chapters of this thesis, particularly for introductory and background

information.
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Chapter 2. Zooplankton prey selection by the native
common bully (Gobiomorphus cotidianus) and non-native
mosquitofish (Gambusia affinis): evidence for dietary

overlap in a mesocosm context

2.1 Introduction

Aquatic ecosystems are highly vulnerable to biological and environmental change, and non-
native species have contributed to biodiversity loss in most biogeographical regions of the
world (Ricciardi & Rasmussen, 1999; Gurevitch & Padilla, 2004; Gallardo et al., 2016).
Numerous interacting factors mean that outcomes of a particular invasion can prove highly
challenging to predict and quantify (Biiyiiktahtakin & Haight, 2018). Once a non-indigenous
species becomes established, management or eradication attempts are costly, if not practically
impossible (Simberloff et al., 2005). Freshwater fish are frequently introduced to areas outside
of their native range for their social and economic benefits (Gozlan, 2008). A small subset of
non-native freshwater fish species are considered invasive at a global scale, and these often
share characteristics such as high physiological tolerances and fecundity, omnivory, a small
adult body size, and value to human interests (Ruesink, 2005; Garcia-Berthou, 2007). These
are among several predictor traits for fish species that have successfully overcome the
ecological filters of each invasion stage in multiple environments (Garcia-Berthou, 2007).

Gambusia affinis, the western mosquitofish, is a small freshwater fish of the family Poeciliidae
that has become one of the ten most widely introduced aquatic species globally (Garcia-
Berthou et al., 2005). The impacts of G. affinis and its congener G. holbrooki have primarily
been observed as competitive and agonistic behaviours towards small-bodied native fish
species that exhibit some degree of niche overlap, or on the prey of Gambusia (Rupp, 1996;
Pyke, 2008). Gambusia are effective competitors in many ecosystems for their preferred food
sources and habitats. Consequences of interspecific competition have been established in both
laboratory and field studies, with evidence for aggressive chasing and fin-nipping behaviour
towards similar-sized fish when investigated sympatrically in confined spaces (Rincén et al.,
2002; Mills et al., 2004; Carmona-Catot et al., 2013). In field studies, native fish species
responded to the presence of G. affinis by exhibiting spatial and temporal avoidance strategies

(Galat & Robertson, 1992; Ayala et al., 2007), or communities becoming restricted to
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generalist, resilient species (Macdonald et al., 2012; Tonkin et al., 2014). These impacts have
the potential to occur in a large proportion of the world’s freshwater lakes, ponds, and slow-
moving lotic waterways, as Gambusia are highly tolerant of temperature, salinity, depth, and
dissolved oxygen fluctuations (Odum & Caldwell, 1955; Chervinski, 1983; Swanson et al.,
1996). Indeed, Gambusia are present in over 60 countries (Walton, 2007) and exhibit
population-level physiological adaptations to novel habitats. Prey of G. affinis include the eggs
and hatchlings of amphibians (Komak & Crossland, 2000; Smith & Smith, 2015), larvae of
native fish (Rincon et al., 2002) and terrestrial invertebrates (Mansfield & McArdle, 1998).
Gambusia affinis are also prolific consumers of zooplankton, significantly reducing or
eliminating cladocerans such as Daphnia pulex and Chydorus sphaericus in experimental pond
studies (Hurlbert et al., 1972; Hurlbert & Mulla, 1981). This can produce cascading effects of
increased rotifer abundance as crustacean predators and competitors are consumed by
Gambusia (Hurlbert & Mulla, 1981). However, G. affinis have also been observed to deplete
rotifer populations once larger zooplankton were removed, leading to phytoplankton
proliferation (Hurlbert et al., 1972).

Understanding the threats posed by G. affinis in New Zealand is important, in particular due to
the high level of endemicity in native fish species (Allibone et al., 2010). Likewise, the
widespread distribution of G. affinis throughout much of the North Island and their
establishment in restricted areas of the South Island (Chadderton et al., 2001; Ling, 2004)
confers a degree of urgency, as the species commonly becomes highly prolific where
established. Despite this, research on interspecific interactions with G. affinis is mainly limited
to three native New Zealand fish species; inanga (Galaxias maculatus) (Baker et al., 2004;
Rowe et al., 2007), dune lake galaxias (Galaxias gracilis) (Pingram, 2005) and black mudfish
(Neochanna diversus) (Barrier & Hicks, 1994; Ling & Willis, 2005). Very little research exists
on interactions between G. affinis and native bullies (Eleotridae: Gobiomorphus spp.), despite
both inhabiting the littoral zones of lakes. Species such as the upland bully (Gobiomorphus
breviceps), common bully (Gobiomorphus cotidianus), and Cran’s bully (Gobiomorphus
basalis) are widespread throughout the North and South Island and can reach high abundances
in freshwater streams, rivers and lakes (McDowall, 2000; GBIF.org, 2022). The abundance of
each of these species primarily varies with elevation and distance inland, though they have
been observed to co-occur (Jowett & Richardson, 2003). Several bully species are likely to
have dietary and habitat overlap with G. affinis. Larval G. cotidianus are often pelagic

(McDowall & Whitaker, 1975) and reach a similar size to adult G. affinis within their first year
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(Stephens, 1982). They can be important zooplanktivores in native ecosystems, and small
bullies have been documented to induce significant population shifts in Daphnia and calanoid
copepods in a shallow, brackish water lagoon (Jeppesen et al., 1997). Although adults are
primarily benthic and feed on chironomid larvae (Rowe, 1999), they also consume
zooplankton, insect larvae, and terrestrial invertebrates (McDowall, 2010). Gobiomorphus
cotidianus are resilient, surviving thermal stress better than many other native fish species
(Richardson et al., 1994), and can forage effectively even in turbid, eutrophic conditions
(Rowe, 1999). This is aided by phenotypic plasticity in several traits, such as eye size, body
width and length (Ingram et al., 2020). Therefore, for at least part of their life histories,
landlocked populations of G. cotidianus may compete with G. affinis for food and other

resources.

Interspecific competition for food sources such as zooplankton can be assessed through
mesocosm studies. This allows for a controlled environment where preferred diet can be
examined by studying changes in prey community composition. | aimed to determine whether
there is dietary overlap for zooplankton in G. cotidianus and G. affinis in a mesocosm context.
To achieve this, my study investigated changes in zooplankton community composition in the
presence of G. affinis and G. cotidianus. | predicted that the zooplankton community
composition of fish mesocosms would differ significantly from the controls by the end of the
experiment due to top-down control of preferentially consumed prey. I also predicted that both
species would target larger zooplankton, as demonstrated by other studies on Gambusia
(Margaritora et al., 2001; McDonald, 2007; Spoljar et al., 2019) and G. cotidianus (Stephens,
1978; Forsyth & James, 1988).
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2.2 Methods

2.2.1 Fish collection

A total of 60 adult Gambusia affinis and 60 adult Gobiomorphus cotidianus were collected on
17 September 2021 from Oranga Lake (37°47'12.4"S, 175°18'57.6"E) and Chapel Lake
(37°47'17.73"S, 175°18' 54.2"E), both located on the University of Waikato campus in
Hamilton, New Zealand. Fish were captured using a combination of minnow traps and hand
nets. Gambusia affinis and G. cotidianus were placed in separate 450 L capacity outdoor plastic
tubs (105 cm (L) x 72 cm (W) x 60 cm (D)), each filled with approximately 300 L of
dechlorinated water and aerated with an air stone (Figure 2.1). The G. cotidianus tub was
treated with 2.5 ppt sodium chloride to reduce transport-associated stress (Harmon, 2009). The
fish were then left for 10 days to acclimate to these conditions, with no feeding taking place.
A total of 28 G. affinis and 28 G. cotidianus were randomly selected for the experiment from

this group.

Figure 2.1. Aerated acclimation tubs containing G. cotidianus (left) and G.
affinis (right).

2.2.2 Zooplankton and phytoplankton collection

Zooplankton and phytoplankton were collected from seven urban lake and pond sites in

Hamilton on 20 September 2021 (austral spring) using a 40 um mesh net; Knighton Lake
(37°47'8.4"S, 175°18'52.9"E), Oranga Lake (37°47'12.4"S, 175°18'57.6"E), Chapel Lake
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(37°47'17.7"S, 175°18' 54.2"E), the Faculty of Maori and Indigenous Studies decorative pond
(37°47°20.6’S, 175°18°56.8”E), a small private goldfish pond (37°47'59.6"S, 175°19' 41.8"E),
Turtle Lake (37°48'17.5"S, 175°18'13.8"E), Lake Rotokaeo (37°46'24.0"S,175°15'4.4"E) and
four agricultural troughs in Morrinsville (37°40'24.5"S, 175°31'58.3"E; 37°40'23.4"S,
175°31'58.7"E; 37°40'22.5"S, 175°31'57.0"E; 37°40'22.1"S, 175°31'56.9"E ). Collection sites
included artificial and heavily modified habitats, stagnant water, and other small waterbodies,
to obtain a diverse range of zooplankton species with respect to ecology, size, and taxonomic
group, that were likely pre-adapted to experimental mesocosm conditions. A further 600 mL
of water containing non-indigenous North American Daphnia pulex was sourced from Global
Goldfish Fish Farm, Te Aroha (37°31'42.8"S, 175°42'42.7"E).

2.2.3 Experimental setup

The experimental setup used 21 cylindrical plastic drums with 125 L capacity (484 mm (D) x
875.5 mm (H)) as mesocosms (Figure 2.2). The exterior of the mesocosms was painted white
to reduce solar heating, and they were arranged in a 3 x 7 pattern approximately 800 mm apart
in an open field. On 19 September 2021, each mesocosm was filled with 100 L of tap water
and left for 48 hours to dechlorinate. On the same day, three temperature loggers were attached
to two mesocosms on opposite ends of the experimental setup, which collected continuous data
at 10-minute intervals from 19 September 2021 to 11 October 2021. These consisted of one
logger on both mesocosms capturing temperature data every 10 minutes at 5 cm below the
water surface and one logger on one mesocosm capturing temperature data every 10 minutes
from the air adjacent to the water surface. On 21 September 2021, each mesocosm was dosed
with a nutrient mix (0.54 g NHzCl, 0.60 g K2HPO4.3H20, 4.8 g NaHCOs3, 3.8 g CaSO4 and 3.0
g MgSO0.), which was adapted from a ‘synthetic pond water’ formulation by Hebert and Crease
(1980). These served the purpose of providing the phytoplankton with nutrient levels similar
to the eutrophic water bodies from where they were sourced. The collected zooplankton
concentrate and Daphnia pulex were distributed evenly among the 21 mesocosms on the same
day. Mesocosms were randomly assigned as G. affinis treatments, G. cotidianus treatments, or
left as fishless controls. On 27 September 2021, four G. affinis were added into each of seven
mesocosms, four G. cotidianus were added into each of seven mesocosms, and the remaining
seven mesocosms were left without fish. This marked the commencement of the monitoring

period, referred to as Day 0.
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Figure 2.2. Mesocosms used in the experiment.

Zooplankton were sampled immediately prior to fish addition using a 70 mm diameter PVC
integrated plankton cylinder with a total height of 1.12 m, which was vertically submerged into
the water covering the entire water column. This was then capped and lifted from the drum,
sampling 2.4 L of water. This water was filtered through a 40 pm sieve over each tank, with
filtered water returned to the mesocosm. Zooplankton retained on the filter were washed into a
sample container and preserved in ethanol (>50% final concentration). This sampling process
was repeated on 30 September 2021, 4 October 2021, and 11 October 2021, referred to as Days
3, 7, and 14. On each sampling day, two samples were collected from each mesocosm for
chlorophyll-a analysis, using a syringe to filter 50 mL of water at low vacuum through a 0.2
pm Whatman GF/C glass microfiber filter. Filters were stored frozen until analysed. All
equipment was washed thoroughly with tap water between mesocosms to avoid cross-
contamination during sampling. Temperature and pH were measured using a Thermo Scientific
pHTestr 30 meter from each mesocosm on each sampling day. Dissolved oxygen and specific
conductance were measured in each mesocosm on each sampling day using a YSI ProSolo
2030 Dissolved Oxygen and Conductivity Meter. All water samples were taken at
approximately 15 cm below the water surface. Measurements were taken at 10:00 am on Day
0 and 2:00 pm on Days 3, 7, and 14. On 12 October 2021, the fish in each mesocosm were

measured, weighed, and then euthanised.
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2.2.4 Laboratory analysis

Chlorophyll-a was extracted from the filter papers using a DLAB D-160 electric tissue grinder
to produce a slurry in 20 mL of buffered acetone (10% saturated MgCO3). Samples were
steeped at 4°C for 24 hours, then centrifuged at 700 g for 10 minutes. Following this, a Turner
Designs 10-AU fluorometer (Turner Designs, Sunnyvale, CA, USA) was used to measure
chlorophyll-a concentration in each mesocosm on each sampling day. Preserved zooplankton
were counted in 5 mL aliquots in a gridded Perspex sorting tray under a dissecting microscope
(Olympus SZ60) at approximately 30x magnification until a minimum of 300 individuals per
sample were counted or until the entire sample was completed. Taxa were identified to species
level where possible using an Olympus BH2 compound microscope at up to 400x
magnification, using standard taxonomic keys (Shiel, 1995; Chapman et al., 2011). Copepod
nauplii could not be identified to species level but were retained in counts for statistical

analysis.

2.2.5 Statistical analyses

Zooplankton counts were expressed to numbers per litre for all analyses. ANOVA tests were
undertaken to investigate differences between environmental variables among the two
treatments and control on each sampling date. ANOVA tests were also undertaken to
investigate differences in total copepod, cladoceran, and rotifer counts per L between each
treatment and control. Results were considered significant where p <0.0125 in accordance with
a Bonferroni correction due to multiple comparisons. Where ANOVA indicated significant
results, these were followed by Bonferroni post-hoc tests. All ANOVA and associated analyses
were conducted using STATISTICA (v.14.0.0.15 TIBCO Software Inc.; Palo Alto, CA, USA).
Non-metric multidimensional scaling (nMDS) and analysis of similarities (ANOSIM) were
undertaken using PRIMER v.7.0.17 to assess changes in zooplankton community composition
among treatments and controls on each sampling day. One analysis was run for each sampling
day, using zooplankton count data for all species found in three or more samples to reduce the
influence of low-abundance species sampled by chance. Species excluded were Cephalodella
catellina and Euchlanis meneta from Day 3, Asplanchna priodonta from Day 7, and Keratella
tecta and Polyarthra dolichoptera from the Day 14 analyses. Taxon data were log (x+1)
transformed to reduce undue influence of highly abundant species. A similarity matrix based

on the Bray-Curtis similarity coefficient was constructed on the transformed abundance data.
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Non-metric multidimensional scaling plots were constructed based on the similarity matrices
to produce two-dimensional plots of the data, where the distance between samples reflects
similarity in community composition between mesocosm samples. ANOSIM was conducted
on the Bray-Curtis similarity matrix (999 permutations executed) to investigate whether
differences in community composition among treatments and controls were significant on each
sampling day. Where significant ANOSIM results were found, these were followed by
similarity percentage (SIMPER) post-hoc analyses to determine the importance of taxa to the
dissimilarity between G. cotidianus and control, and G. affinis and control mesocosms. P-
values of <0.0125 were considered statistically significant in accordance with a Bonferroni

correction to account for the four comparisons.
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2.3 Results

2.3.1 Environmental data

Air temperatures fluctuated between a night-time minimum of 3.0°C and a daytime maximum
of 27.9°C for the duration of the experiment (Figure 2.3). Diel variation affected water
temperature less, with mesocosm water temperature generally remaining between 10°C and
25°C at the surface. The mean difference between the two mesocosms with permanent
temperature loggers was 0.06°C, and the average temperature throughout the experiment was
15°C (Figure 2.3).
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Figure 2.3. Temperature logger measurements taken every 10 minutes at 5 cm water depth (green line and blue

line) and the air near the surface (red line) of two mesocosms for the duration of the experiment.

Environmental variables were most similar between control and treatment tanks on Day 0 of
the study and differed most greatly on Day 7 and Day 14. No significant differences were found
in mean temperatures of treatment and control mesocosms on Day 0 (F=3.57; p=0.050), Day 3
(F=4.29; p=0.030), Day 7 (F=2.48; p=0.112) or Day 14 (F=2.44; p=0.115). On Day 0, no
significant difference was found between the means for chlorophyll-a (Figure 2.4; F=1.27;
p=0.302). Mean chlorophyll-a concentrations rose in all treatments on Day 3, further increased

by Day 7, and then dropped in all treatments on Day 14. The greatest increases from Day 0 to
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Day 3 were in the fish treatment tanks, with mean chlorophyll-a increasing to 41.8 pg/L in the
G. cotidianus mesocosms and increasing to 45.5 pg/L in the G. affinis mesocosms. No
significant difference was found among the treatments and control on Day 3 (F=2.19; p=0.142).
Chlorophyll-a concentrations were greatest on Day 7 in both fish mesocosms and the controls,
and while variation between individual mesocosms was the greatest on Day 7 (SE=73.93), the
differences in concentrations among the control and treatments did not differ significantly
(F=0.32; p=0.731). By Day 14, chlorophyll-a concentrations dropped across both treatments
and the control mesocosms, with the greatest average decrease in the control. No significant
difference was found between treatments on Day 14 (F=0.52; p=0.614). The standard
deviations within each treatment and control were lowest on Day 0 (SD=4.51) and highest on
Day 7 (SD=195.60). Specific conductance did not differ significantly between treatments on
Day 0 (F=0.50; p=0.613), Day 3 (F=0.19; p=0.831), Day 7 (F=0.45; p=0.643) and Day 14
(F=1.02; p=0.381) (Figure 2.4). On Day 14, there was a significant difference in pH among
mesocosms (Global F=6.42; p=0.008). A Bonferroni post-hoc test indicated a significant
difference in pH between the control and G. cotidianus treatment (p=0.007), though the means
only differed by 0.25. Average dissolved oxygen increased with each sampling day in both
treatments and control (Figure 2.4). Throughout the experiment, average dissolved oxygen
concentration increased to 16.4 mg/L in the control mesocosms, 16.6 mg/L in G. cotidianus
mesocosms, and 17.3 mg/L in G. affinis mesocosms. On Day 0, treatments and control varied
on average by 0.05 mg/L (F=0.10; p=0.903) or 0.76% (F=0.21; p=0.813), with variance among
the treatments and control increasing with each sampling day. However, no significant

difference was found among the means on any day.
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Figure 2.4. Mean environmental variables + SEM of control, G. cotidianus, and G. affinis mesocosms on

sampling days 0, 3, 7, and 14. The white bars are control, black bars are G. cotidianus, and grey bars are G. affinis.
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2.3.2 Zooplankton assemblages

The nMDS plot for Day 0 showed no separation in zooplankton composition between the G.
cotidianus or G. affinis mesocosms from the control, or from each other (Figure 2.5). ANOSIM
for Day 0 indicated no significant difference among groups (Global r=0.009; p=0.409). The
nMDS plots for Days 3 and 7 also showed no clear separation of either treatment from the
control, or from each other, and ANOSIM indicated no significant differences in zooplankton
community composition on either Day 3 (Global r=0.12; p=0.063) or Day 7 (Global r=0.05;
p=0.216). On Day 14, the nMDS plot showed overlap in G. cotidianus and G. affinis
mesocosms on the right side of the ordination and a clear separation in zooplankton
composition in each of the fish treatments from the control mesocosms (with control samples
distributed on the left side of the ordination). ANOSIM indicated a significant difference
among groups (Global r=0.44; p=0.001), and pairwise tests showed statistically significant
differences in zooplankton composition between the control and G. cotidianus mesocosms
(r=0.52; p=0.002) and control and G. affinis mesocosms (r=0.76; p=0.002). Pairwise tests
indicated no significant difference in zooplankton community composition between the two
fish treatments (r=-0.05; p=0.642).
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Figure 2.5. Multidimensional scaling (MDS) plots depicting similarities between zooplankton assemblages in G.

cotidianus, G. affinis, and control treatments on sampling Days 0, 3, 7, and 14.

SIMPER analysis between the control and the G. cotidianus mesocosms on Day 14 indicated
that the rotifers Cephalodella catellina, Euchlanis dilatata, Euchlanis meneta; Proales sp. and
Lecane closterocerca occurred in greater abundances in the G. cotidianus treatment tanks than
in the control tanks (Table 2.1). Taxa present in greater abundances in control mesocosms that
contributed most to dissimilarity were cladocerans such as Bosmina meridionalis, Daphnia
pulex, and the copepod Mesocylops australiensis (Table 2.1). Assessment of dissimilarity
between the control and G. affinis mesocosms revealed similar patterns. The rotifers
Cephalodella catellina, Euchlanis dilatata, and Euchlanis meneta were once again found in
greater abundances in the G. affinis treatment than in controls. In contrast, species with greater
abundances in the control mesocosms were cladocerans and copepods (Table 2.1). Taxa with
greater abundances in the controls than G. affinis mesocosms were the cladocerans Bosmina
meridionalis, Daphnia pulex and Chydorus sp., the copepods Mesocyclops australiensis and

Calamoecia lucasi, and copepod nauplii.
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Table 2.1 SIMPER analysis results of the main (>5% contribution to the total) zooplankton taxa on Day 14
between G. cotidianus and control, and G. affinis and control treatments. Taxa are ordered by contribution to
dissimilarity (%) and are identified as rotifers (rot), cladocerans (cla) and copepods (cop).

Taxon Average Average Average Contrib. Cum. %
abundance abundance  dissimilarity %
(control) (fish
treatment)

G. cotidianus and control

Cephalodella catellina (rot) 2.16 5.52 6.55 14.14 14.14
Bosmina meridionalis (cla) 4.93 2.50 451 9.74 23.87
Daphnia pulex (cla) 2.83 0.40 4.38 9.44 33.32
Mesocyclops australiensis (cop) 2.28 0.26 3.70 7.99 41.31
Euchlanis dilatata (rot) 1.66 3.40 3.67 7.92 57.19
Euchlanis meneta (rot) 0.33 2.26 3.69 7.99 49.27
Proales sp. (rot) 1.97 3.19 2.49 5.38 62.57
Chydorus sp. (cla) 1.82 1.82 2.44 5.27 67.84
Lecane closterocerca (rot) 2.05 2.43 2.32 5.02 72.86

G. affinis and control

Cephalodella catellina (rot) 2.16 6.00 7.57 17.72 17.72
Bosmina meridionalis (cla) 4.93 2.87 4.52 10.58 28.31
Euchlanis dilatata (rot) 1.66 3.11 3.58 8.39 36.70
Mesocyclops australiensis (cop) 2.28 0.46 3.47 8.13 44.83
Daphnia pulex (cla) 2.83 1.73 3.35 7.86 52.68
Chydorus sp. (cla) 1.82 0.93 2.64 6.19 58.88
Euchlanis meneta (rot) 0.33 1.36 2.40 5.61 64.49
Copepod nauplii (cop) 2.34 1.80 2.35 5.50 69.99
Calamoecia lucasi (cop) 1.60 0.95 231 5.41 75.40
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At a coarser scale, the numerical composition of rotifers, copepods and cladocerans in each
treatment and the control showed considerable variation by Day 14 (Figure 2.6). The first three
sampling days showed zooplankton counts below 150 individuals per L, with similar
proportions of rotifers, cladocerans and copepods in each treatment. On Day 14, cladoceran
densities across the G. affinis and G. cotidianus treatments were their lowest for the whole
experiment, whereas rotifers were the highest. On the same day, the opposite trend was
apparent in the control, where cladocerans were at their greatest abundance, and rotifers were
reduced (Figure 2.6). ANOVA tests showed significant differences between control and G.
affinis mesocosms for rotifer (p=0.005) and cladoceran (p=0.038) numbers. Likewise, ANOVA
tests between control and G. cotidianus mesocosms showed statistically significant differences
between the means for cladoceran numbers (p=0.004) and rotifer numbers (p=0.006). No

significant difference was found in copepod counts between the fish treatments and the control.
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Figure 2.6. Broad-scale zooplankton composition of control (C), G. cotidianus (CB) and G. affinis (G)

mesocosms throughout the experiment. Black bars represent the count data for cladocerans, white bars copepods,
and grey bars rotifers.
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2.4 Discussion

Similar changes in zooplankton community composition were observed in the G. cotidianus
and G. affinis mesocosms through time relative to the controls, indicating that the two species
had similar dietary preferences. The impact of fish predation became evident on Day 14 for
both fish species. No statistically significant differences were found between the fish treatments
and control mesocosms on any previous sampling day. The Day 14 results indicated an overall
numerical dominance of rotifers in the G. cotidianus and G. affinis mesocosms, and a reduction
in crustaceans relative to the control mesocosms. This suggests that both fish were primarily
targeting cladocerans and copepods, with the smaller rotifers released from competition or
predation by the reduction of larger zooplankton taxa in the fish treatments. SIMPER analysis
indicated that both G. cotidianus and G. affinis prefer larger crustacean taxa such as Bosmina
meridionalis, Daphnia pulex, Chydorus sp., and Mesocyclops australiensis. No significant
differences were observed between the mesocosms for any environmental variable on Day 0,
and temperatures remained consistent among mesocosms on all sampling days. This suggests
that there was no bias from the placement of mesocosms, allocation of treatments, or other
external inputs. The results align with both of my hypotheses and with the findings of other

studies investigating zooplanktivory in each of the studied species.

2.4.1 Diet of G. cotidianus

My findings align with general trends in the dietary preference of G. cotidianus and other
Gobiomorphus species and are in accordance with optimal foraging theory for planktivorous
fish (Townsend & Winfield, 1985). Fish tend to select larger zooplankton prey when prey
density is high, as these are usually the most visible and energetically profitable (Werner &
Hall, 1974). For example, upland bullies (Gobiomorphus breviceps) preferentially selected
larger over smaller oligochaete worms in an aquarium study both in the presence and absence
of conspecific competitors (James & Poulin, 1998). Likewise, Staples (1975) used stomach
content analysis of 1039 lacustrine G. breviceps to demonstrate a preference for oligochaetes,
cladocerans and copepods rather than rotifers, particularly in their first year of life. Both G.
breviceps and G. cotidianus display ontogenetic dietary shifts in their natural habitats as they
transition from pelagic to primarily benthic habitat use (Staples, 1975; Wilhelm et al., 2007).
Nevertheless, the prey targeted at each life stage can be highly dependent on the specific lake

or river environment, and G. cotidianus show a high dietary breadth (Wilhelm et al., 2007).
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Juvenile G. cotidianus typically select the most abundant and easy-to-capture pelagic prey,
which can be amphipods such as Paracalliope fluviatilis (Wilhelm et al., 2007), cladocerans
such as Bosmina meridionalis (Rowe & Chisnall, 1996), or copepods (Rowe et al., 2001). Adult
G. cotidianus tend to prefer benthic food sources, including chironomid larvae, such that
Polypedilum pavidus comprised up to 97.5% of bully gut weight in a eutrophic lake (Forsyth
& James, 1988). However, my study did not provide benthic prey sources, thus emulating
conditions where zooplanktivory occurs even in adult fish. This has a strong seasonal
component, as zooplankton abundance can increase significantly in response to food
availability (Chapman et al., 1985; Chapman & Green, 1999) and climatic conditions (Burns,
1992), altering the availability of key prey species of fish (Forsyth & James, 1991). For
example, zooplankton in oligotrophic Lake Taupd were estimated to contribute to the diet of
G. cotidianus between a minimum of 8 + 8% and a maximum of 52 + 19% over an 11-month
stable isotope study (Stewart et al., 2017). Similar variability was found in eutrophic Lake
Okaro, where benthic G. cotidianus fed on a pelagic cladoceran, Ceriodaphnia dubia, between
June and December (austral winter, spring, and early summer) (Forsyth & James, 1988). This
seasonal shift to pelagic prey was attributed to decreased abundances of benthic chironomid
larvae over the winter months and demonstrates opportunistic feeding behaviour (Forsyth &
James, 1988). As such, G. cotidianus selected the largest prey in the mesocosms, Crustacea,
and avoided less profitable rotifers. This finding aligns with the results of a lake enclosure
study by Jeppesen et al. (1997), where the addition of small common bullies significantly
reduced the abundances of Daphnia and the copepod Boeckella hamata, but not rotifer

abundance.

2.4.2 Diet of G. affinis

The results showing a preference for larger zooplankton by G. affinis follows many prey
selection studies of G. affinis and G. holbrooki globally. These fish actively seek out certain
types and sizes of prey, often aligning with the most profitable items as suggested by optimal
diet theory (Bence & Murdoch, 1986). Prey selection appears to be influenced by numerous
factors, including Gambusia size (Wurtsbaugh et al., 1980), satiation level (Bence & Murdoch,
1986), sex, and habitat type (Blanco et al., 2004). However, zooplankton appear consistently
among the primary prey of Gambusia, and within this category, research points towards
elevated predation on medium to large species of cladocerans and copepods. For example,

Spoljar et al. (2019) found that cladocerans and copepods were heavily depleted in small
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Mediterranean ponds containing G. holbrooki, whereas these species dominated zooplankton
biomass in ponds without G. holbrooki. Furthermore, rotifer abundance was reduced in ponds
without Gambusia (Spoljar et al., 2019), which was also observed in the current mesocosm
study. Similar patterns were found in a pond study in Italy, where zooplankton surveys in the
presence and absence of G. holbrooki showed a significant difference in community
composition (Margaritora et al., 2001). Large-bodied daphniids became more abundant and
taxonomically diverse in the absence of Gambusia, whereas zooplankton were restricted to
taxa smaller than 1 millimetre when exposed to fish predation. Likewise, the increase of large
cladocerans and copepods coincided with a decrease in the proportion of rotifers present, from
47% of the sampled zooplankters to only 20% in that study (Margaritora et al., 2001). Similarly,
rotifers comprised 22% of the numerical zooplankton abundance in control mesocosms and
92% of the community in the G. affinis treatments at the end of my study, showing a strong
impact of the fish within 14 days.

The primary reasons for these findings are likely explained through size-selective predation by
Gambusia, combined with the superior competitive ability of large over small zooplankton in
the absence of predation. Brooks and Dodson (1965) introduced the size-efficiency hypothesis
for zooplankton feeding, which predicts that small herbivorous species, including many
rotifers, cannot effectively compete for food with larger zooplankton due to reduced food
filtration efficiency. Instead, rotifers can be reliant on top-down control of competitors such as
larger-bodied cladocerans and copepods, often from planktivorous fish such as Gambusia
(Brooks & Dodson, 1965). Further research by Dodson (1974) suggested that this trend was
more likely due to predation by the larger zooplankton instead of exploitative competition.
Thus, top-down control of cladocerans and copepods by fish could be releasing rotifers from
predation pressure. Interference competition is another mechanism by which larger taxa may
have influenced rotifer abundance. Gilbert and Slemberger (1985) demonstrated that Daphnia
species can sweep rotifers such as Keratella cochlearis through their branchial chambers,
causing mechanical damage to the rotifer. In my mesocosm study, the primary species
consumed by Gambusia included both omnivores (e.g., the copepods Mesocyclops
australiensis and Calamoecia lucasi) and filter feeders (e.g., the cladocerans Daphnia pulex
and Bosmina meridionalis), so the relative significance of competition and predation remains
unclear. However, these were among the largest zooplankton in the mesocosms, which aligns
with existing research on prey size selection by Gambusia. Wurtsbaugh et al. (1980) found G.

affinis to attack the largest mosquito larvae available, even when these were too large for small
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G. affinis to capture efficiently. Increasing fish size was positively correlated with increased
preferred prey size, though the movement of the mosquito larvae was also considered an
important factor for triggering an attack response (Wurtsbaugh et al., 1980). The fourth instar
of Culex tarsalis larvae in the Wurtsbaugh et al. (1980) study are typically larger than the
zooplankton present in this mesocosm study, and were found to be preferred over D. pulex by
Linden and Cech (1990). Therefore, no zooplankton in my study could be considered too large
for G. affinis to target. However, there are exceptions to these findings. Large cladocerans such
as Daphnia lumholtzi may increase in the presence of Gambusia due to the development of
morphological defensive features (i.e., long head and tail spines) that are detrimental to their
competitive ability in Gambusia-free waterways (Hinchliffe et al., 2017), leading to a depletion
of medium-sized zooplankton species when fish are present. Haiahem et al. (2017) also found
an increase in smaller cladocerans and copepods in ponds with G. holbrooki, while large
ostracods, daphniids, and branchiopods were rapidly consumed. Other studies have found
Gambusia to consume large quantities of algae and detritus, some chironomids (Blanco et al.,
2004), significant quantities of Chaoborus (not present in New Zealand) and some Corixidae
(Hinchliffe et al., 2017), which were not present in the mesocosms.

2.4.3 Potential for competition between G. affinis and G. cotidianus

No significant difference was found between zooplankton assemblages in the G. affinis and G.
cotidianus treatments on Day 14, despite both having diverged from the controls. The taxa
identified by SIMPER analysis as contributing to the greatest amount of variation between the
G. cotidianus and control mesocosms, and the G. affinis and control mesocosms, showed
considerable similarity. For example, by the end of the experiment, both G. cotidianus and G.
affinis treatments had elevated average proportions and counts (per L) of rotifers and
significantly fewer cladocerans. Overall, copepod counts did not differ significantly between
the control in both fish treatments. However, SIMPER analysis detected reductions in two
copepod taxa and nauplii contributing to dissimilarity between the control and the G. affinis
mesocosms, and one copepod taxon contributing to the dissimilarity between the control and
the G. cotidianus treatment. Although no other studies have directly compared the diet of these
two fish, comparisons can be made with research into the dietary overlap of each species with
other morphologically or physiologically similar fish to assess the significance of this finding.
Interspecific competition studies involving the diet of G. cotidianus are much fewer than

research on G. affinis, though there is evidence for the coexistence of different bully species.
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For example, Sagar and Glova (1994) studied a sympatric population of G. cotidianus and
upland bullies (Gobiomorphus breviceps), revealing considerable similarities in their diet,
despite temporal niche overlap. Both species were most active during the day and primarily
targeted chironomid larvae during this period, resulting in a significantly correlated diet (Sagar
& Glova, 1994). The diet of G. cotidianus and G. breviceps is more similar than that of G.
cotidianus and G. affinis in most situations, as both Gobiomorphus species were found to
primarily feed on the benthos, with G. cotidianus also targeting fish eggs and fish remains
where available (Sagar & Eldon, 1983). Glova (1999) found that G. cotidianus and G.
breviceps co-occurring in artificial channels avoided interspecific competition by occupying
different longitudinal sections of the waterway and that intraspecific competition in the control
groups had a more negative impact on G. breviceps body weight than the presence of G.
cotidianus. These studies demonstrate that bully coexistence is widespread and that G.
cotidianus is unlikely to have a strong negative effect on physiologically similar sympatric
species. Conversely, the ability of Gambusia to competitively exclude other small fish is well
documented (Caiola & de Sostoa, 2005; Ling & Willis, 2005; Ruiz-Navarro et al., 2013a), in
addition to evidence for aggressive behaviour when sufficient space and refugia are not
available (Rincon et al., 2002; Mills et al., 2004; Macdonald et al., 2012; Carmona-Catot et al.,
2013). The impacts of Gambusia on other species are correlated with factors such as available
cover, habitat, and diet overlap. Gambusia holbrooki did not appear to outcompete a similar-
sized zooplanktivore (Heterandria formosa) that occurs within its native range but did alter its
population size and sex structure through predation on juveniles (Belk & Lydeard, 1994).
However, studies on Gambusia outside its native range have consistently showed traits such as
increased prey capture rates and voracity (Caiola & de Sostoa, 2005), habitat dominance (Ayala
et al., 2007), higher dietary flexibility (Kalogianni et al., 2014) and aggression (Laha &
Mattingly, 2007). Some of these traits appear to be reflected in the changes to zooplankton
communities in this study, from which possible interactions when G. affinis co-occur with
bullies can be hypothesised. Both G. affinis and G. cotidianus produced similar zooplankton
assemblages through predation after 14 days, yet G. affinis achieved this with much lower fish
biomass, average length, and average weight (Appendix 2.1). Gobiomorphus cotidianus were
3.7 times heavier and 1.6 times longer on average (Appendix 2.1), thus could be expected to
consume more prey to meet their metabolic needs. Though this was not directly investigated in
this research, the similar degree of depletion of cladocerans and copepods suggests that G.
affinis can induce changes to zooplankton community structure at lower population levels and

body sizes than G. cotidianus. This, in conjunction with their life history traits such as
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ovoviviparity, high fecundity, lower interbrood interval, and faster growth rates (Stephens,
1982; Vondracek et al., 1988), suggests that in sympatric populations, G. affinis could easily
exceed the abundance and biomass of G. cotidianus in the absence of targeted predation.
Gambusia populations can rapidly reach very high densities on a seasonal basis (Hughes, 1985)
and were found to suppress microcrustaceans at densities above 0.8 g m?2, and both
microcrustaceans and rotifers when at densities greater than 2.5 g m? (Ning et al., 2009). My
study used G. affinis densities of approximately 3.5 g m? but also had artificially elevated initial
zooplankton concentrations, while Ning et al. (2009) used naturally occurring zooplankton
concentrations and juvenile G. holbrooki.

2.4.4 Extrapolating to freshwater systems

Zooplankton predation patterns identified in this experiment could be used to make predictions
about the differential impacts of each fish species on zooplankton communities in natural
habitats. Zooplankton can be affected in various ways, as predation may disproportionately
target larger, easier to capture individuals, such as ovigerous females (Conde-Porcuna &
Declerck, 1998; Ning et al., 2009). Planktivorous fish species such as G. affinis and larval G.
cotidianus have the potential to structure zooplankton communities, which can often lead to
cascading effects in other parts of the food web. For example, a pond study in the USA showed
that G. affinis depleted zooplankton to the degree that major phytoplankton blooms developed,
leading to decreased water clarity, altered dissolved phosphorus dynamics, and contributed to
the loss of an annelid species (Hurlbert et al., 1972). This Gambusia-mediated release of
grazing pressure on phytoplankton was also observed by Ning et al. (2009) and was reflected
by elevated chlorophyll-a levels. My mesocosm study did not find a significant difference
among the fish treatments and controls for chlorophyll-a, which peaked on Day 7, dropping
near Day 0O levels on Day 14. Although the significant depletion of cladocerans and copepods
in the fish mesocosms was only found on Day 14, it is possible that the subsequent proliferation
of rotifers effectively offset the loss of grazing crustaceans. Total zooplankton counts were
highest on Day 14, where the 46% decrease of cladocerans and 36% decrease of copepods in
the G. affinis tanks was balanced by a 1150% increase in rotifer numbers. The differential
response of rotifers to G. affinis may be due to the study environment. Spoljar et al. (2019)
found macrophyte cover to positively affect zooplankton density and biomass in small ponds,
and macrophytes are also a preferred habitat of Gambusia (Casterlin & Reynolds, 1977). The

use of macrophytes may have altered the results in that experiment through the provision of
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shelter and shading. However, the absence of a significant increase in phytoplankton suggests
that any alteration to primary production or nutrient dynamics may only be relevant over longer
periods. Margaritora et al. (2001) found a similar result in an enclosure-based mesocosm study
of G. holbrooki, as despite significant decreases in cladoceran numbers due to predation, there
was no cascading effect on phytoplankton. This was attributed to the dominance of submerged
macrophytes in the ecosystem, thus providing resilience to the removal of filter feeding
zooplankton by Gambusia (Margaritora et al., 2001). Comparatively, a three-month study in
New Zealand stocking mesocosms with G. affinis and black mudfish (N. diversus) along with
peat and emergent macrophytes found an increase in phytoplankton, followed by a significant
increase in rotifers due to the elimination of larger zooplankton by fish predation (McDonald,
2007). Gobiomorphus cotidianus zooplanktivory identified in this study is unlikely to directly
translate to similar depletion of larger copepods and cladocerans in most New Zealand
waterways. The bullies in this study were adult fish, which prefer benthic prey such as
chironomid larvae for most of the year (Forsyth & James, 1988; Stewart et al., 2017). However,
they are flexible in feeding on food sources both on the benthos and in the water column,
depending on the availability and abundance of each prey item (Wilhelm et al., 2007; Bickel
& Closs, 2008). Top-down control of zooplankton by bullies would primarily be attributed to
juvenile fish, which are pelagic and prefer amphipods or cladocerans such as Bosmina
meridionalis (Rowe & Chisnall, 1996; Wilhelm et al., 2007). The degree to which fish deplete
zooplankton in New Zealand freshwaters has been debated, with older studies, in the absence
of non-native fishes, generally suggesting zooplankton are food limited (Jolly & Brown, 1975;
Chapman et al., 1985; Burns, 1992). These trends and the prevalence of species such as the
copepod Calamoecia lucasi were explained by the lack of adult zooplanktivorous fish and large
invertebrates in many New Zealand lakes (Chapman et al., 1985). This is due to the propensity
for diadromy in the majority of native freshwater fish species, which means the
zooplanktivorous life stages of many species consume marine food sources (McDowall, 2007).
This is contrasted by evidence of top-down control of zooplankton by fish internationally, and
many lakes in New Zealand now possess similar characteristics in fish density and
zooplankton: phytoplankton ratios (Jeppesen et al., 1997; Jeppesen et al., 2000). Although such
zooplanktivorous fish densities may only be reached seasonally through bully spawning, this
mesocosm study demonstrates that adult G. cotidianus can shift zooplankton community
composition in a comparable way to G. affinis, at least in ponds and shallow lake margins.
Environmental changes and the spread of G. affinis to more New Zealand freshwaters could

lead to changes in the feeding behaviour of both Gobiomorphus cotidianus and Gambusia
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affinis. Gambusia are documented to affect both pelagic and benthic prey species depending
on the habitat (Blanco et al., 2004; Hinchliffe et al., 2017), which could indicate competition
with both adult and juvenile G. cotidianus on a seasonal basis.

2.4.5 Future research and conclusions

While this study provides interesting findings on the degree to which G. cotidianus and G.
affinis prey selection overlap in a mesocosm setting, it also opens future avenues of research.
These include expanding on behavioural and dietary research of both fish in a laboratory or
mesocosm context to reveal the factors contributing to interspecific competition, and field
studies to understand better how these relationships translate to ecosystem-level outcomes.
Firstly, the experimental design could be easily altered to investigate several variables that may
influence dietary overlap between the two fish species. For example, switching or adding to
the response variable to include different prey sources such as a benthic-focused invertebrate
assemblage, would provide better insight into the impacts of G. affinis on adult G. cotidianus.
Adult G. cotidianus primarily feed on the benthos (Forsyth & James, 1988; Sagar & Glova,
1994), while Gambusia do so occasionally (Hurlbert et al., 1972; Schaefer et al., 1994).
Therefore, it may prove interesting to study whether G. affinis can produce as great a shift in
benthic invertebrates as they have been demonstrated to do in pelagic zooplankton.
Additionally, the sizes and abundances of fish can be varied. Juvenile G. cotidianus are
primarily pelagic, are generally closer in size to small Gambusia, and have been demonstrated
to exert top-down control on lake zooplankton (Rowe & Chisnall, 1996; Wilhelm et al., 2007).
Thus, a mesocosm study could investigate whether juvenile or larval G. cotidianus are likely
to exhibit significant dietary niche overlap with G. affinis and the outcomes of any interaction
between the two species. Likewise, more research could be undertaken with bullies and G.
affinis in sympatric enclosures, investigating whether there is evidence for avoidance
behaviour, spatial or temporal segregation, dietary niche shifts, or population level changes
over time. Both fish are highly adaptable, with G. cotidianus demonstrating phenotypic
plasticity (Ingram et al., 2020) and tolerance to habitat and food source change (Mitchell,
1986). Likewise, G. affinis are considered one of the most globally invasive freshwater fish for
their individual and population level adaptability to novel environmental conditions, rapid
reproduction, opportunist diet, and aggressive behaviour (Pen et al., 1993; Vargas & de Sostoa,
1996; Pyke, 2005). Therefore, it may be useful to assess the diet and interaction of the two

species in a range of habitat types, as their behaviour and their prey can differ considerably.
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Zooplankton survival and abundance can positively correlate with macrophyte cover in the
absence of predatory macroinvertebrates and zooplanktivorous fish (Eivers et al., 2018; Spoljar
et al., 2019), but macrophytes are often avoided by larger zooplankton species (Castro et al.,
2007; Sagrario et al., 2009; Sagrario et al., 2010). Gambusia are effective predators in
macrophyte beds and have been found to consume more zooplankton, particularly rotifers,
when these are present (Blanco et al., 2004). Therefore, the provision of shelter and habitats
through macrophytes could be an interesting research avenue, along with testing more

extensive, more natural mesocosms.

In summary, this mesocosm experiment has indicated that G. cotidianus and G. affinis have a
significant degree of dietary overlap in zooplankton. Both G. affinis and G. cotidianus
displayed a preference for larger cladocerans and copepods, with shared prey items including
Bosmina meridionalis, Daphnia pulex, Chydorus sp. and Mesocylops australiensis. At the fish
densities tested, both G. affinis and G. cotidianus have the ability to significantly alter
zooplankton assemblages through predation. There remain uncertainties about whether the
same findings would occur if the fish were provided one or multiple different prey sources,

with the addition of experimental habitat structure, or in sympatry.
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2.5 Appendix

Appendix 2.1 Lengths (mm) and weights (g) of G. affinis and G. cotidianus used in the mesocosm
experiment, and number of fish retrieved at the end of the experiment.

G. affinis G. cotidianus

Mesocosm N (fish Length Weight Mesocosm N  (fish Length Weight
number retrieved) (mm) (9) number retrieved  (mm) (9)
3 4 24 0.12 2 4 40 0.55
22 0.10 42 0.72

20 0.11 29 0.22

26 0.16 35 0.41

5 4 22 0.08 9 4 40 0.56
27 0.17 44 0.67

33 0.32 36 0.38

20 0.09 38 0.47

12 4 30 0.3 10 4 39 0.61
26 0.1 40 0.78

19 0.08 43 0.74

30 0.24 39 0.56

13 4 18 0.07 11 4 36 0.49
25 0.17 40 0.52

20 0.16 37 0.5

22 0.15 35 0.38

17 4 20 0.1 14 4 38 0.66
22 0.11 39 0.6

21 0.11 26 0.23

19 0.09 35 0.41

18 4 20 0.08 15 4 36 0.59
29 0.21 45 0.77

21 0.1 34 0.49

19 0.07 36 0.56

21 3 22 0.16 19 4 37 0.59
26 0.17 33 0.39

30 0.22 25 0.24

39 0.56

Mean 23.51 0.14 Mean 37.00 0.52
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Chapter 3. Seasonal variation in dietary overlap between
the mosquitofish (Gambusia affinis) and common bully
(Gobiomorphus cotidianus) using stable carbon and

nitrogen isotopes in four Waikato, New Zealand lakes.

3.1 Introduction

The threats posed by non-native freshwater fish to ecosystems is a growing ecological and
economic issue worldwide, heightened by land use intensification and the influence of climate
change (Gozlan et al., 2010; Cucherousset & Olden, 2011). Threats from non-native fish
species include direct interactions with native fish, such as predation or competition and also
ecosystem-wide impacts that reach across trophic levels and alter food webs, biochemical
cycles, and energy fluxes of freshwaters (Cucherousset & Olden, 2011). The western
mosquitofish (Gambusia affinis) and eastern mosquitofish (Gambusia holbrooki) are two
morphologically and ecologically similar small freshwater fish species belonging to the family
Poeciliidae, which have wide-ranging negative impacts outside their native ranges (Pyke,
2008). Invasive Gambusia are highly adaptable to novel environments due in part to their
physiological resilience to fluctuations and extremes in temperature (Swanson et al., 1996),
dissolved oxygen (Odum & Caldwell, 1955) and salinity (Chervinski, 1983). Additionally, they
are effective opportunistic omnivores, exploiting diverse food sources, including algae (Capps
et al., 2009), detritus, zooplankton (Blanco et al., 2004), macroinvertebrates (Harmon & Smith,
2020), and the larvae of fish and amphibians (Mills et al., 2004; Zeiber et al., 2008). These
traits and a high reproductive rate and typically aggressive temperament (Meffe, 1992;
Warburton & Madden, 2003) make Gambusia strong competitors for food and space against
similar-sized native fish. Deleterious competitive effects of Gambusia on small-bodied fish
have been documented in studies from the USA (Galat & Robertson, 1992), the Iberian
Peninsula in Europe (Ruiz-Navarro et al., 2013b), Australia (Howe et al., 1997), and New
Zealand (Rowe et al., 2007).

Stable Isotope Analysis (SIA) is a time- and cost-effective method for investigating the long-

term diet of fish and comparing the dietary overlap of co-occurring species. SIA is a time-
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integrative alternative to gut content analysis that uses the ratio of stable isotope pairs
associated with key life processes to conceptualise food webs and determine trophic levels
(Ehleringer & Rundel, 1988). The isotope pairs most pertinent to freshwater trophic ecology
are carbon (*2C/*3C) and nitrogen (**N/*N) (Grey, 2006). The ratio of the heavier isotope to
the lighter isotope is expressed in relation to a constant and is referred to as §*3C and 8N,
which varies among organisms due to isotopic discrimination occurring in enzymatic and
physical processes (Marshall et al., 2007). For example, the concentration of §*3C in the tissues
of primary producers varies due to differences in photosynthetic pathways (Fry & Sherr, 1989)
and the 3C:12C ratio gradually increases up the food chain due to the conservation of *C from
prey to predator tissue. The trophic increase can be highly site- and ecosystem- specific, with
average AG™>C increase per trophic level in freshwaters variously identified as +0.2%o (France
& Peters, 1997), +0.4%o (Post, 2002) and +0.47+1.23%0 (Nawrocki et al., 2020). Therefore,
one of the primary uses of §*3C for freshwater ecology is to determine the energy sources of
an organism or ecosystem rather than trophic position (Peterson & Fry, 1987). Benthic and
planktonic primary production in lakes differs in §*3C (France, 1995), so SIA can reveal the
contribution of each to the diet of consumers. The enrichment of °N in the tissues of consumers
tends to increase with each trophic level by 3.4%o in freshwater ecosystems, which makes it a
better indicator of trophic position (Nawrocki et al., 2020). When combined, §**C and §*°N
can be used to predict the diet of fish provided appropriate conditions are met, such as the
collection of sufficient baseline data for the study location (Kjeldgaard et al., 2021). Baseline
data is important due to the isotopic variation that can be present between the primary producers
among freshwater sites, which is influenced by abiotic conditions as well as biological
differences between species (Vander Zanden & Rasmussen, 1999). Likewise, sufficient sample
size must be obtained to minimise individual variation, with five to ten replicates recommended
per trophic group (Kjeldgaard et al., 2021). Numerous formulae and models are used for
estimating trophic position, so studies must consider the most appropriate methodology for the

research aim, and pair SIA with other techniques where possible (Kjeldgaard et al., 2021).

SIA research on the diet of Gambusia is extensive and includes invasion ecology case studies
on a global scale, which provide insight into the dietary flexibility of these fish. Gambusia have
been documented to incorporate highly variable proportions of primary producers in their diet,
ranging from <10% of gut contents in New Zealand and Australia (Mansfield & McArdle,
1998; Remon et al., 2016) to 25%-37% in Europe (Blanco et al., 2004; Specziar, 2004), to 80%
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in Hawaii (Capps et al., 2009). Additionally, terrestrial food sources can make up significant
proportions of Gambusia diet, which can be isotopically distinct from dietary items derived
from aquatic sources (Tsang & Dudgeon, 2021). This makes §C analysis useful for
differentiating between species that may occupy similar trophic positions but do not overlap in
diet. For example, a mesocosm study in the USA by Rehage et al. (2020) found no significant
difference in A6™°N between invasive G. affinis and lower invasive potential conspecific
Gambusia geiseri, yet variance in §3C indicated that their diet was sourced from different
primary producers. SIA has been used to investigate the dietary overlap of Gambusia with
native fish in the USA (Rehage et al., 2020), Japan (Sakano & lguchi, 2009), Hong Kong
(Tsang & Dudgeon, 2021) and Italy (Andolina et al., 2022). Still, there is a notable absence of
similar studies centred around the native fish of New Zealand. New Zealand’s freshwater
ichthyofauna is characterised by high levels of endemicity and diadromy, which have
contributed to an increased risk from introduced species and habitat loss (Allibone et al., 2010;
McDowall, 2010). Therefore, the spread and proliferation of invaders such as G. affinis may
pose a threat to a range of native fish, with evidence of deleterious effects of this species on
black mudfish (Neochanna diversus) (Ling & Willis, 2005; McDonald, 2007) and inanga
(Galaxias maculatus) (Rowe et al., 2007). Contrarily, Ling (2004) questioned the threat G.
affinis poses to New Zealand’s native fish due to the absence of a similar small, top-feeding
carnivorous species that would overlap in niche. This is supported by evidence for the
coexistence of Gambusia with small native Australian and New Zealand fish (Ling, 2004;
Macdonald et al., 2012). The common bully (Gobiomorphus cotidianus) is the most widespread
of the nine bully species in New Zealand and is an abundant facultatively diadromous fish
inhabiting the benthos of lowland waterways (Stevens & Hicks, 2009; Thacker et al., 2021a).
They are also resilient fish with a flexible diet and behaviour, frequently co-occurring with
similar-sized native fish (Sagar & Glova, 1994) as well as with G. affinis (Hayes & Rutledge,
1991; Swales & West, 1991; Wu et al., 2013b; Collier et al., 2019). Dietary overlap, and
therefore potential interspecific competition between co-occurring G. affinis and G. cotidianus
is likely, as both species share seasonally significant prey items. Forsyth and James (1988)
demonstrated that pelagic zooplankton provide an important winter food source to some G.
cotidianus populations, and Stewart et al. (2017) found dietary contributions of zooplankton
and benthic macroinvertebrates to vary seasonally with zooplankton abundance. Studies of
Gambusia have also revealed seasonal variability in the importance of food sources such as

conspecifics and amphibians (Remon et al., 2016) and phytoplankton, terrestrial insects, and
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zooplankton (Singh & Gupta, 2010). Baseline isotopic signatures of lakes fluctuate seasonally,
with the greatest temporal changes seen in the 613C and 615N of particulate organic matter
occurring in eutrophic lakes at higher latitudes (Gu, 2009; Gu et al., 2011). Baseline isotopic
fluctuations influence the isotopic enrichment of higher trophic levels, such as fish. Therefore,
understanding seasonal isotopic changes in G. affinis, G. cotidianus, and basal food web taxa
from their habitats is important for investigating the presence of trophic overlap and
interspecific competition, as the preferred food sources of each fish may align more closely

during certain periods of the year.

The primary aim of my study was to investigate whether there was dietary overlap between G.
affinis and G. cotidianus by comparing the similarity in isotopic enrichment of fish muscle
tissue in summer and winter. Secondly, | aimed to assess the effects of season on the carbon
and nitrogen isotopic enrichment of sympatric G. affinis and G. cotidianus, in addition to
identifying any seasonal isotopic variation in basal food web taxa that are likely to be
components of their diet. | selected two riverine lakes and two peat lakes in the Waikato Region
of New Zealand as study sites, at which Collier et al. (2018) conducted research into dietary
overlap between invasive brown bullhead catfish (Ameiurus nebulosus) and native shortfin eels
(Anguilla australis) using SIA of white muscle and fin tissue samples. The Collier et al. (2018)
study also collected stable isotope data on species at lower trophic levels, including both G.
affinis and G. cotidianus and basal food web taxa, with samples collected during the austral
spring and summer. My study aimed to collect stable isotope data of G. affinis, G. cotidianus,
and basal food web taxa during the austral winter and compare the two datasets for seasonal
differences. Winter sampling was selected due to the reduced rates of isotopic turnover in fish
muscle tissue at this time (Busst & Britton, 2018), which, combined with estimated lag times
in isotopic turnover (Colborne et al., 2017), means that samples are likely to integrate fish diet
from the austral autumn to winter seasons. | hypothesised that there would be some isotopic
overlap between G. affinis and G. cotidianus and that mean stable isotope values of both fish
would be most similar in the winter due to an increased contribution of pelagic zooplankton to
the diet of G. cotidianus as benthic food sources become less abundant. | also predicted that
summer data would vary significantly in isotopic enrichment from the winter data due to

seasonal differences in primary production and the food sources of the fish.
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3.2 Methods
3.2.1 Study sites

The four lakes sampled by both Collier et al. (2018) and my study were Lake Rotomanuka,
Lake Rotopiko (a.k.a. Serpentine North), Lake Okowhao and Lake Ohinewali, located in the
Waikato Region of New Zealand’s North Island (Figure 3.1). Of these, the former two are peat
lakes, with an age of approximately 20,000 years, while the latter two were formed by riverine
processes and are about 2000 years old (Dean-Speirs et al., 2014; Lowe, 2014). While the lakes
are all under 0.2 km? in surface area and situated no more than 30 km south and north of

Hamilton, Waikato, they differ in several physical parameters, water quality, and the fish
species present.
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Figure 3.1. Map showing the locations of Lakes Rotomanuka, Rotopiko,
Ohinewai and Okowhao, which were sites used in the collection of stable isotope

samples by my study and by Collier et al. (2018). Figure adapted from Collier et
al. (2018).
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3.2.2 Lake Rotomanuka

Lake Rotomanuka is the largest and deepest site (Table 3.1) and has ‘Poor’ water quality
(Collier et al., 2018), largely due to catchment land use consisting of 90% dairy and dry stock,
and 10% urban (Lehmann et al., 2017). The high external nutrient load is compounded by
connectivity to a southern lake remnant, which is hypertrophic and hydrologically connected
to the Lake Rotopiko complex (Lehmann et al., 2017). Introduced fish species found at Lake
Rotomanuka include brown bullhead catfish (Ameiurus nebulosus), goldfish (Carassius
auratus), rudd (Scardinius erythrophthalmus) and G. affinis, whereas native fish species are
dominated by shortfin and longfin eels (Anguilla australis, A. dieffenbachi), G. cotidianus, and
common smelt (Retropinna retropinna) (Lehmann et al., 2017; Collier et al., 2018).
Chironomid larvae are abundant throughout most of the year, though oligochaetes were found
at lower densities than Lake Rotopiko (Collier et al., 2019). The most abundant zooplankton
include calanoid copepods such as Calamoecia lucasi and Boeckella delicata, with cladocerans

and cyclopoid copepods also present (Edgar & Green, 1994).

3.2.3 Lake Rotopiko

Lake Rotopiko is the smallest study site (Table 3.1) and has a largely pastoral catchment. Key
nutrient inputs include groundwater and surface runoff, while an outflow runs into Lake
Serpentine South (Wu et al., 2013a). Native fish biomass per hectare is 23 times greater than
non-native fish in the lake, with native biomass dominated by shortfin eels and introduced fish
biomass primarily consisting of brown bullhead catfish (Wu et al., 2013a). Other fish species
found at Lake Rotopiko over the last 20 years include G. cotidianus, G. affinis, common smelt,
goldfish and rudd (GBIF.org, 2022). The lake has abundant invertebrates, including
chironomid larvae and oligochaetes, with Collier et al. (2019) finding the highest total
invertebrate density out of the four lakes investigated in this study. Surrounding vegetation
includes wetlands composed of sedges and rushes, as well as woody vegetation (Thompson &
Champion, 1993), while natural macrophyte beds in the lake are mostly intact (Edwards et al.,
2010), contributing to one of the lowest levels of Total Suspended Solids (TSS) of the four
sites (Table 3.1).
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3.2.4 Lake Okowhao

Lake Okowhao is a small riverine lake in a catchment dominated by agricultural land use. The
lake is fully fenced and surrounded by a band of native and non-native riparian vegetation,
though inputs include direct flow from farm drains in the south in addition to surface runoff
(Dean-Speirs et al., 2014). Lake outflows include culverts running towards the Waikato River;
however, flap gates are present to prevent water from returning to the lake. This also prevents
native fish species other than eels and G. cotidianus from entering from the river, leading to a
high proportion of non-migratory non-native fish such as koi carp, goldfish, catfish and G.
affinis (Dean-Speirs et al., 2014). Non-native species, along with excess nutrient inputs and the
loss of submerged macrophyte beds (Edwards et al., 2005), have contributed to a degradation
in water quality since measurements commenced in 1981 (Dean-Speirs et al., 2014).

3.2.5 Lake Ohinewali

Lake Ohinewai is a hypertrophic lake currently dominated by algae, which followed a near-
complete loss of aquatic macrophytes throughout the 1980s (Edwards et al., 2005). Pest fish
such as koi carp were found to disturb the substrate, partially contributing to the high nutrient
loads present in the lake (Allan, 2016). The high Trophic Level Index (TLI) is often reflected
in summer cyanobacteria blooms (Daniel & Morgan, 2011), and TSS are high compared to the
peat lakes (Table 3.1). Fish biomass and abundance are dominated by non-native species such
as G. affinis, goldfish, koi carp, catfish, and goldfish-koi hybrids, while native fish are
dominated by shortfin eels and G. cotidianus (Hicks et al., 2015). Other species include snails,
chironomid larvae and oligochaetes, though the latter two are less abundant than at Lake
Rotomanuka and Lake Rotopiko (Collier et al., 2019).
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Table 3.1 Physical, hydrological and water quality characteristics at the four study lakes, using data adapted from
Edgar and Green (1994), Dean-Speirs et al. (2014), Collier et al. (2019) and Allan (2017).

Lake Lake type Surface Maximum Mixing Trophic state Total suspended
area depth (m) regime (TL1) solids (mg L)
(km?)
Rotomanuka Peat 0.17 8.7 Monomictic  Eutrophic (4.7) 8.75
Rotopiko Peat 0.05 4.0 Polymictic Eutrophic (4.9) 9.47
Okowhao Riverine 0.12 2.2 Polymictic Supertrophic 24.10
(6.2)
Ohinewai Riverine 0.16 4.5 Polymictic Hypertrophic 23.65
(6.3)

3.2.6 Sample collection

Lakes were sampled over the austral winter of 2022 for fish, chironomid larvae, aquatic snails,
and zooplankton. Lake Rotomanuka was visited on 4 July 2022 and 5 July 2022, and ten G.
cotidianus and ten G. affinis were caught using a combination of sweeping shallow water with
a hand net, and Gee-minnow and collapsible minnow traps. Fifty aquatic snails (Potamopyrgus
antipodarum) were caught by searching the underside of submerged vegetation, wood, and
debris. Zooplankton were collected using a 100 um mesh plankton net by performing 15 hauls
of approximately 5 m from a dinghy, replicated three times. A Ponar grab sampler was used to
sample sediment from several points on the lake for chironomid larvae, but only five small
larvae were obtained from twelve hauls, so these were discarded. Lake Rotopiko was visited
on 4 July 2022, 5 July 2022, 18 July 2022, and 19 July 2022. Using the same equipment and
methods mentioned above, 10 G. cotidianus and 10 G. affinis were collected, in addition to 15
snails, 30 chironomid larvae, and 3 samples of zooplankton collected through 15 hauls each.
Lake Okowhao was visited on 21 July 2022 and 22 July 2022, and 10 G. cotidianus, 10 G.
affinis, 15 snails, and 3 samples of zooplankton via 15 hauls each were collected, while only
one chironomid larva was obtained from 6 Ponar samples, so this was discarded. Lake
Ohinewai was visited on 29 August 2022 and 30 August 2022, and 10 G. cotidianus, 10 G.
affinis, 10 chironomid larvae, 3 samples of zooplankton via 15 hauls each, and 12 snails were

collected.
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3.2.7 Sample processing

Fish, snail, zooplankton, and chironomid larvae samples were chilled in sample containers over
ice immediately upon capture and were kept chilled until they were processed on the same day.
Gobiomorphus cotidianus were measured, then filleted and skinned to obtain a white muscle
tissue sample, which was placed in individual sample tubes. Gambusia affinis were also
measured, but were too small to fillet, so were prepared by removing the head, internal organs,
and fins, with the remainder then placed in individual sample tubes. Snails were extracted from
their shells and pooled in groups of three per sample tube. Zooplankton samples were briefly
observed under a microscope, then filtered through a 250 um mesh to collect a concentrated
sample of crustacean zooplankton, which were distributed into 3-5 sample tubes. Chironomid
larvae were rinsed using Milli-Q water and then placed in groups of five per sample tube. All
sample tubes were placed into an oven set to 60°C for 24 hours to dry. Once dry, samples were
ground using a mortar and pestle, and then 1.500 mg (= 0.200 mg) of powder was measured
into one tin capsule per sample. The tin capsules were then sealed by folding and sent to the
University of California, Berkeley Centre for Stable Isotope Biogeochemistry for analysis.
Samples were combusted in a IsoPrime100 mass spectrometer (Isoprime Ltd) calibrated against
the standard reference materials of the Pee Dee Belemnite for C, and atmospheric N2 for N.

Stable isotope ratios were expressed as delta (0) of parts per thousand (%o).

3.2.8 Statistical analysis

Independent sample t-tests with equal/unequal variance estimates were conducted to determine
whether there were significant seasonal differences in §*3C or §°N between each sample taxon
at each lake. These were repeated to compare 83C and 8N between G. affinis and G.
cotidianus in the same season. Two-way factorial ANOVA were performed to investigate the
impact of season and lake on 83C and §*°N values of G. affinis and G. cotidianus. Dependent
variables were §*C or 8N, and categorical factors were lake and season. Results were
considered significant where p<0.05. Where ANOVA indicated significant results, these were
followed by Tukey’s post-hoc tests. Following initial analysis, the summer dataset was
censored to assess the influence of the wider fish size distribution of the summer data on the
statistical analyses and inter-season comparisons. All G. affinis and G. cotidianus §*C and
51°N data sourced from summer samples that fell outside of the length range of the same species

at the same lake in the winter data was removed, and all statistical analyses were then repeated
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with this modified dataset. Statistical analyses were conducted in STATISTICA (v.14.0.0.15
TIBCO Software Inc.; Palo Alto, CA, USA).

3.3 Results

Fish collected during the winter had significantly greater mean lengths than fish collected by
Collier et al. (2018) during spring and summer at Lakes Rotopiko, Okowhao, and Ohinewai
(Table 3.2). Censoring of the summer dataset to remove data that fell outside the winter fish
length distributions increased the mean lengths and decreased standard deviations of both
species at all lakes. Within the censored summer data, the mean lengths of G. cotidianus at
Lake Rotopiko remained significantly shorter compared to the winter data. The greatest
changes to the censored summer data were at Lake Ohinewai, where the stable isotope values
of 43 G. cotidianus and 23 G. affinis were removed and at Lake Okowhao where 36 G.
cotidianus and 24 G. affinis were removed. The majority of the fish removed from the summer

dataset were smaller than the minimum lengths recorded in the winter data.
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Table 3.2 Minimum, maximum and mean fish lengths in mm (SD) at each lake, in summer (a) and winter (b). ‘N (a) censored’ is the number of fish in the summer data that

fall within the length range of the winter data, and ‘Mean length (a) censored’ is the average length and SD of these fish. Significant differences (p< 0.05) between ‘(a)’ and

‘(b)’, and (a) censored’ and ‘(b)’ are shown with *.

Lake Sample taxa N (a) N N (b) Min Min Max Max Mean Mean Mean
(@) length length length length length (a) length (a) length (b)
censored (a) (b) (a) (b) censored
Rotomanuka G. cotidianus 64 42 10 14 30 73 60 35.9(13.32) 41.4(7.52) 42.9 (10.60)
G. affinis 42 40 10 20 20 38 34 20.5 (4.53) 27.6 (2.83) 28.5 (4.20)
Rotopiko G. cotidianus 44 38 10 22 35 71 71 41.5(8.96) * 43.3(8.17)* 52.5(10.88)
G. affinis 44 12 10 9 28 39 35 25.2 (5.71) * 30.4 (2.07) 31.9 (2.47)
Okowhao G. cotidianus 46 10 10 16 45 58 56 38.1(9.89) * 48.1(3.24) 50.3 (3.56)
G. affinis 36 12 10 15 24 36 31 23.6 (5.28) * 27.0(2.63) 26.9 (2.88)
Ohinewai G. cotidianus 65 22 10 14 40 50 46 32.4 (10.54) 42.6(1.82) 43.3 (2.21)
G. affinis 47 24 10 6 25 38 36 24.3(7.97)* 29.6 (3.24) 30.3 (3.27)




The censored mean §3C and §'°N values for G. cotidianus and G. affinis showed little within-
season overlap, and G. affinis was more enriched in both isotopes at every site except **C at
Lake Okowhao in the winter (Figure 3.2). The §3C values were more similar between fish
species in the winter, and only differed significantly at Lake Ohinewai (p=0.02) and Lake
Okowhao (p<0.01). In the summer §'3C data, significant differences were found between the
means of both species at Lakes Rotomanuka, Rotopiko and Ohinewai (p<0.01) but not Lake
Okowhao (p=0.28). The within-lake and within-season §!3C variation between G. cotidianus
and G. affinis was greatest at Lake Rotopiko in the winter (2.77%.) and lowest at Lake
Okowhao in the summer (0.41%o). The §*°N values were significantly different (p<0.01) at
every lake in the winter and at Lakes Rotomanuka, Rotopiko, and Okowhao in the summer. No
significant difference was found between fish in the Lake Ohinewai summer data (p=0.54).
The within-lake and within-season §*°N variation between G. cotidianus and G. affinis was
greatest at Lake Rotomanuka in the winter (3.41%o) and lowest at Lake Ohinewai in the summer
(0.13%o).
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Figure 3.2 Mean (+SEM) 8'°N and &*3C values of G. affinis (white bars) and G. cotidianus (grey bars) at
each lake in each season. The summer data is censored to only include fish that fall within the length
distribution of the winter fish data. Significant differences between the mean stable isotope values of G.
affinis and G. cotidianus are indicated with (*) for p<0.05 and (**) for p<0.01.

The mean isotopic enrichment of each fish species at each lake did not differ significantly
between the original and the censored data (Figure 3.3). The greatest changes to §3C in G.
affinis were at Lake Ohinewai (+0.34%o), and greatest changes to '°N were at Lake Okowhao
(+0.30%o). For G. cotidianus, the greatest shift in 8*3C in the censored data was at Lake

Rotomanuka (-0.79%o) and the greatest change in 8*°N was at Lake Ohinewai (-0.04%o).
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Figure 3.3 Dual isotope plots showing mean values for G. cotidianus (triangles) and G. affinis (circles) in the

summer data (red) and winter data (blue). The error bars represent 95% confidence intervals. The summer data in

the censored column is adjusted to only include fish that fall within the length distribution of the winter fish data.
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Inter-lake comparison of mean isotopic enrichment of G. affinis and G. cotidianus indicated
that fish from Lake Ohinewai had the greatest enrichment in 83C and §'°N in both seasons,
while the mean stable isotope values for fish from other lakes showed more variability (Figure
3.4). The greatest within-species seasonal difference in §*C was in Lake Rotopiko G.
cotidianus (2.8%o), and the greatest difference in 8°N was found in Lake Rotomanuka G.
cotidianus (3.4%o). Stable isotope values of G. cotidianus and G. affinis varied most greatly at

Lake Rotopiko in winter and were most similar at Lake Ohinewai in summer.
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Figure 3.4 Dual isotope plot of mean G. cotidianus (open symbols) and G. affinis (closed symbols) §'C and
85N values (%o) at Lakes Rotomanuka (red), Rotopiko (green), Okowhao (blue) and Ohinewai (purple) during
summer (triangles) and winter (circles). The summer fish data is not censored to match the length distributions
of the winter fish data.

Across both fish species and stable isotopes, seasonal variation was lowest at Lake Ohinewai
(Figure 3.5). The two-way factorial ANOVA indicated a statistically significant interaction
between the effect of lake and season on §2C (p=0.03) and §°N (p<0.01) values of G.
cotidianus but no significant difference between seasons for 8*3C (p=0.96; F=0.00). The §!3C
values of G. cotidianus were not significantly different between seasons at Lake Ohinewai
(p=0.83), Lake Okowhao (p=0.97) and Lake Rotomanuka (p=0.99) but were significantly
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different at Lake Rotopiko (p=0.03) (Figure 3.5A). The seasonal 3*°N values of G. cotidianus
were most similar at Lake Ohinewai (p=0.31) and differed significantly at all other lakes
(Figure 3.5B). Both lake (p<0.01; F=111.50) and season (p<0.01; F=101.3) contributed to
significant differences between 6*°N data points. The ANOVA of G. affinis results indicated a
significant interaction existed between the effect of lake and season on the §3C (p<0.01;
F=6.91) and 8N (p=0.02; F=5.03) values. There were significant contributions of both lake
(p< 0.01; F=42.97) and season (p=0.01; F=11.42) to the variance of §'3C values of G. affinis
(Figure 3.5C). A significant seasonal difference in 8*3C was found at Lake Okowhao (p=0.05)
and Lake Rotomanuka (p<0.01) but not at Lake Ohinewai (p=0.98) and Lake Rotopiko
(p=0.99). The effect of lake (p<0.01) and season (p=0.01) was significant in the variance of
5N in G. affinis samples (Figure 3.5D). Seasonal differences in *°N were significant at Lake

Okowhao (p<0.01) and Lake Rotopiko (p=0.04) but were not present between other lakes.

The censored summer data did not result in major changes to the ANOVA results for G.
cotidianus but influenced the ANOVA results for G. affinis. The interaction between lake and
season, and the effect of lake individually remained significant in variation of the G. cotidianus
513C and §°N data (p<0.01). Significant seasonal variation in §*C remained restricted to Lake
Rotopiko (p<0.01), and seasonal variation in §°N remained significant at all lakes but Lake
Ohinewai (p=0.32). The censoring of data for G. affinis reduced the significance of the
interaction of lake and season on §'3C (p=0.09), though interaction effects remained significant
for lake and season for 8*3C, and all tests for §*3C. Significant seasonal variation in §*C values
of G. affinis was now found at Lake Okowhao (p=0.05) as well as Lake Rotomanuka (p<0.01).
Changes to §*°N results included an absence of significant seasonal variation at Lake Rotopiko
(p=0.08), while Lake Okowhao remained significantly different between summer and winter
(p<0.01).
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Figure 3.5 Isotope plots comparing seasonal 6*3C and 8'°N data of both fish at each lake. ‘A’ and ‘B’ are G.
affinis, and ‘C’ and ‘D’ are G. cotidianus. Square markers with a red line indicate summer, and the round markers

with a blue line indicate winter. Error bars represent 95% confidence intervals.

Significant differences were found between the seasonal mean 8*3C or §*°N values of fish as
well as the basal food web taxa at each study lake (Table 3.3). These differences followed a
general trend of isotopic enrichment in 8*3C and §'°N within the summer samples. Seasonal
samples of G. cotidianus were significantly different at only Lake Rotopiko, where the summer
data was enriched in §*C (p<0.001; F=1.10) and 8N (p<0.001; F=0.43) (Table 3.3). For G.
affinis, Lake Okowhao was the only site where significant enrichment was found in seasonal
means of §°C (p<0.001; F=2.71) and 8N (p<0.001; F=0.15), both of which occurred in the
summer. Out of the eight lake-grouped fish samples, both standard deviation and variance was
higher in the summer 3*3C data for six samples. For 5'°N, the summer data also had higher
standard deviations for six samples, and greater variance for six samples (Table 3.3). The
censored data followed a similar trend: six of the eight summer lake-grouped fish samples had

higher standard deviations, and six had greater variance.
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Summer stable isotope values of Mollusca were significantly higher in §°C at Lake
Rotomanuka (p=0.05; F=64.33), and in both 83C (p<0.01; F=0.46) and 8*°N (p<0.01; F=0.48)
at Lake Ohinewai (Table 3.3). Zooplankton summer samples were significantly enriched in
513C at Lake Okowhao (p<0.01; F=1.14) and Lake Ohinewai (p<0.01; F=0.75) and in 8*°N at
Lake Okowhao (p<0.01; F=0.66), and Lake Ohinewai (p=0.01; F=4.66). In the winter data,
zooplankton samples at Lake Rotopiko were significantly enriched in §°N (p<0.01; F=8.00).
Mean stable isotope values for Chironomidae were only significantly different at Lake

Rotopiko for §*°N (p=0.008; F=0.08), where the summer data was more enriched.
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Table 3.3 Mean (SD) 85N and §**C values of the summer data collected by Collier et al. (2018) (a) compared to the mean (SD) §'*N and §'3C values of the winter data (b).

Columns marked ‘(a) censored’ are summer data that has been adjusted to match the fish length distributions of the winter dataset. Data is not corrected for tissue type or lipids.

Significant differences between ‘(a)’ and ‘(b)’, and ‘(a) censored’ and ‘(b)’ (p <0.05) are shown with *.

Lake Sampletaxa N N (a) N (b) Meand*C Mean §*3C Mean §*3C Mean §°N Mean §*°N Mean §*°N
(@)  censored (%0) () (%0) () (%0) (b) (%) (2) (%) (2) (%) (b)
censored censored

Rotomanuka  G. cotidianus 64 42 10 -31.4 (1.80) -30.6 (1.63) -31.0 (0.93) 9.5(1.27)* 9.4 (1.20) * 8.3 (0.51)
G. affinis 42 40 10 -28.0 (2.64) * -28.0 (2.65) * -30.1 (1.10) 11.6 (1.11) 11.6 (1.12) 11.7 (0.53)
Mollusca 9 -29.0 (2.85) * -31.8 (0.36) 7.1(1.17) 7.9(2.14)
Zooplankton 7 -29.6 (0.94) -33.0 (0.36) 5.9 (1.53) 5.62 (0.10)

Rotopiko G. cotidianus 44 38 10 -30.0 (1.15) * -29.9 (1.16) * -31.5 (1.10) 10.4 (0.54) * 10.4 (0.58) * 7.4 (0.83)
G. affinis 44 12 10 -28.3 (0.85) -28.0 (0.64) -28.7 (1.46) 10.9 (0.93) * 11.1(0.39) * 10.1 (0.50)
Chironomidae 9 2 -31.2 (2.62) -33.6 (0.08) 6.6 (1.32) * 5.3(0.02)
Mollusca -29.5 (3.12) -31.5 (0.68) 6.2 (1.57) 6.1 (0.63)
Zooplankton -30.8 (3.50) -37.7 (0.30) 49(123)* 10.2 (0.43)

Okowhao G. cotidianus 46 10 10 -30.91 (0.85) -30.4 (0.86) -30.4 (0.98) 9.59 (0.47) * 9.6(0.72) * 8.2 (0.51)
G. affinis 36 12 10 -29.9 (0.87) * -30.0 (0.84) * -31.5 (0.53) 11.1(0.70) * 10.8 (0.82) * 9.6 (0.27)
Mollusca 6 -30.2 (2.37) -31.8 (1.24) 5.8 (0.59) 4.9(0.72)
Zooplankton 7 4 -32.3(0.98) * -34.9 (0.92) 5.6 (0.48) * 3.89 (0.59)

Ohinewai G. cotidianus 65 22 10 -28.6 (1.31) -28.3 (1.14) -27.9 (1.30) 12.5(1.04) * 12.5(0.69) * 11.8 (0.54)
G. affinis 47 24 10 -27.1 (1.44) -26.8 (0.93) -26.7 (0.81) 12.3(0.92) 12.6 (0.74) 12.3(0.91)
Chironomidae 3 2 -30.2 (1.29) -30.3 (2.50) 7.60 (0.07) 9.0 (0.24)
Mollusca 3 -28.0 (0.47) * -30.5 (0.61) 10.2 (0.36) * 8.8 (0.52)
Zooplankton 3 -29.9 (1.36) * -35.9 (1.57) 8.4 (2.02) * 5.1(0.94)




Dual isotope plots of mean values for fish and basal food web taxa showed seasonal
variation in both §3C and 8N (Figure 3.6). Chironomidae, Mollusca, and zooplankton
were more enriched in 8*3C in the summer samples, and data points are more closely
clustered than in winter. Gambusia affinis were more enriched in both stable isotopes than
G. cotidianus in all lakes in both seasons, aside from the Lake Ohinewai summer data,
where G. cotidianus was slightly more enriched in §°N (Figure 3.6). The error bars for
the fish data are consistently low across lakes and seasons, while data for Chironomidae,
Mollusca, and zooplankton shows greater variability. While these basal food web taxa
were generally clustered together in most plots, zooplankton data for Lake Rotopiko in
the winter shows a distinctly high 8°N value of 10.1%., representing the highest mean

5'°N out of all taxa in the lake (Figure 3.6).
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Figure 3.6 Dual isotope plots for mean &*C and 3'°N values (%0) of G. affinis (filled circles), G.
cotidianus (open circles), Mollusca (open triangles), zooplankton (asterisks) and Chironomidae (open
diamonds) in summer and winter at Lakes Rotomanuka, Rotopiko, Ohinewai and Okowhao. The

summer fish data is not censored to match length distributions of the winter fish data.
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3.4 Discussion

The results showed consistently greater isotopic enrichment in G. affinis compared to G.
cotidianus across most lakes and both seasons, and these differences were significant at
three lakes in the summer and all four lakes in the winter. This indicates that dietary
overlap between the two fish species is likely minimal, particularly during winter.
Additionally, elevated mean 83C and §*°N values were found during summer throughout
the sampled invertebrate taxa. Comparison of mean stable isotope values also revealed
significant differences in 8*3C and 8'°N between the four lakes for both fish and
invertebrates (Table 3.3, Figure 3.6). Seasonal variation was greater at some sites and
within some taxa, suggesting that there are differences present among lakes in isotopic
fractionation, trophic interactions, and nutrient and energy sources. Variation in §°N is
indicative of trophic position due to an increase of approximately +3.4%o occurring from
prey to consumer in aquatic food webs (Vander Zanden & Rasmussen, 2001). However,
seasonal change in 8*°N can have several causal factors, such as starvation (Bowes et al.,
2014), a shift in diet, and changes to the 8N of existing food sources due to
environmental factors (Lau et al., 2009) or external inputs (Wen et al., 2010). Likewise,
there were differences in seasonal mean §*3C among sites and species, which can also be
a product of several interacting factors and processes. Although &%C trophic
discrimination is relatively minor (Peterson & Fry, 1987), AS*3C can vary with trophic
group, isotopic routing (Vander Zanden & Rasmussen, 2001), temporal nutrient

dynamics, and changes to primary production (Taipale et al., 2008).

3.4.1 Seasonal dietary variation of G. affinis and G. cotidianus

3.4.1.1 Isotopic overlap between G. cotidianus and G. affinis

Comparison of stable isotope values within the same ecosystem can provide insight into
the similarity of the diet and trophic position of two or more species. However, accurate
comparisons require a large quantity of baseline data to discern the relative contribution
of §*3C and &'°N sources (Post, 2002). Assessment of summer and winter §*C and §°N
values of G. cotidianus and G. affinis suggests that dietary overlap at most of the four
lakes is minor or absent. The significant differences in the 3*°N values of G. cotidianus
and G. affinis indicate that adult G. affinis feed on more §*°N enriched prey sources at all

lakes in both seasons, except for Lake Ohinewai. The AN between G. cotidianus and
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G. affinis was >3%o at Lake Rotomanuka in the winter, which suggests that the fish may
be feeding at adjacent trophic levels at this site, though it is highly unlikely that predation
is occurring. However, AS*®N was lower at other lakes, which means that it is likely there
are some shared prey sources. Contrary to expectations of increased zooplanktivory in
both species in the winter, the summer §*°N data showed less interspecific variation and
thus greater potential dietary overlap. Crustacean zooplankton are one of the most likely
prey items consumed by both G. affinis and G. cotidianus but tend to only become
significant food sources of G. cotidianus when zooplankton increase in abundance
relative to the preferentially targeted chironomid larvae (Sagar & Eldon, 1983; Forsyth &
James, 1988). Likewise, G. cotidianus display dietary flexibility when the availability of
zooplankton is reduced (Mitchell, 1986), which also makes it unlikely that there is strong
competition for this food resource. Stephens (1978) found that the winter diet of G.
cotidianus in eutrophic Lake Waahi did not contain significant contributions of
zooplankton and rather consisted of terrestrial earthworms, gastropods, and mysid shrimp
(Tenagomysis chiltoni). This range of potential winter dietary sources unique to G.
cotidianus may have contributed to the absence of winter isotopic overlap between fish
species at the study sites. The potential summer dietary overlap between fish at Lakes
Rotopiko, Okowhao and Ohinewai may be in chironomid larvae. Although not a benthic
fish, Gambusia have been found to consume the eggs, larvae, and adults of Chironomidae
(Cabral et al., 1998). Chironomid larvae have been found to comprise up to 21% of the
spring diet of small-intermediate sized G. affinis in some New Zealand lakes, though this
value can be much lower at other lakes (Mansfield & McArdle, 1998). Predation on
Chironomidae generally peaks during oviposition and emergence of adults (Bay &
Anderson, 1966; Merkley et al., 2015). Therefore, even if the two fish species are not
directly competing for chironomid larval prey, the similarity in the summer 3*°N values
could be explained by the predation of G. affinis on other life stages of Chironomidae. Of
the Mollusca samples, snails such as P. antipodarum are an important prey source of
many G. cotidianus populations (Rowe et al., 2001; Holomuzki & Biggs, 2006),
particularly during winter (Stephens, 1978). Snail predation by G. affinis is documented
(Sulieman et al., 2016) though less common, and primarily hatchling snails and eggs are
consumed (Acra et al., 1986; McCarthy & Fisher, 2000). Mollusca were, on average,
between 0.4%o to 4.2%o depleted in 8*°N compared to G. cotidianus and 2.1%o t0 5.3%o
depleted in §'°N compared to G. affinis. Therefore, it remains a possible that aquatic snails

are also a food resource competed for in some or all study lakes.
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3.4.1.2 Gambusia affinis

The mean summer §*3C of G. affinis was significantly higher at Lakes Rotomanuka and
Okowhao than in the winter, while no significant difference was present elsewhere. This
suggests that the basal food sources differ seasonally at these sites, or the §*3C of the same
basal food sources vary seasonally. Gambusia are globally widespread and follow a
generalist opportunistic feeding strategy (Pen & Potter, 1991; Pyke, 2005), thus their
preferred prey and isotopic signature varies greatly by location. For example, Gambusia
diet has been found to range from largely herbivorous (Specziar, 2004; Capps et al.,
2009), to completely carnivorous, feeding on invertebrates, conspecifics, and amphibians
(Remon et al. (2016). There is evidence for §3C depletion in Gambusia during autumn
and winter (Fadda et al., 2016; Remon et al., 2016) and seasonal changes to the
contribution of different basal organic carbon sources to their biomass (Hladyz et al.,
2012). However, the isotopic turnover rate in fish muscle can be variable, with increased
turnover associated with periods of growth (Vander Zanden et al., 1998) and tissue
replacement (Weidel et al., 2011). The decreases in 53C seen in some of the winter data
reflect past shifts in basal food resources due to the lag in turnover, which may be
enhanced by reduced growth rates and changes to population size and sex structure that
occur between seasons (Sloterdijk et al., 2015). Seasonal changes to §*°N can be an
indicator of changes to Gambusia diet and trophic position, which has been documented
to vary with location (Pyke, 2008), fish size (Crivelli & Boy, 1987; Lee et al., 2018), and
season (Gkenas et al., 2012; Remon et al., 2016). Mean &°N was significantly lower in
winter at Lakes Rotopiko and Okowhao, which is contrary to predicted seasonal patterns.
Gambusia population size and sex ratios vary seasonally, which produces patterns of
larger mean body sizes and predominantly female fish over winter (Gkenas et al., 2012;
Sloterdijk et al., 2015). This is due to reproduction being limited to warmer spring and
summer conditions, and smaller-sized males having lower overwinter survival rates than
larger males and females (Zulian et al., 1995; Vargas & de Sostoa, 1996). In my study,
the mean lengths of Gambusia were significantly greater in winter at both Lake Rotopiko
and Lake Okowhao (Table 3.2). Larger Gambusia are more likely to consume larger prey
due to juveniles being gape limited while adult fish exhibit a preference for larger food
items (Metzke & Pederson, 2006; Gkenas et al., 2012). These larger food sources are
likely to be more enriched in §!°N due to sitting higher in the food web, such as surface
insects, large cladocerans, or conspecifics. In a gut content study of eight New Zealand

lakes, Mansfield and McArdle (1998) found that G. affinis >25mm primarily consumed
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cladocerans, terrestrial fauna and copepods, while smaller fish consumed greater
proportions of rotifers and chironomid larvae. The size-adjusted seasonal comparisons
supported the trend of §*°N enrichment of larger G. affinis, as the Lake Rotopiko summer
5'°N increased further upon the censoring of values outside the winter distribution. This
is due to the exclusion of smaller-sized Gambusia, which are most abundant in the
summer, and generally feed at lower trophic levels (Lee et al., 2018). Small G. affinis
may have contributed to the diet of the larger fish in summer, which could explain the
elevated 8°N of the data. Cannibalism has been documented to increase in autumn
(Remon et al., 2016) and with the depletion of other food sources (Dionne, 1985), though
has been rare or absent in several studies (Blanco et al., 2004; Specziar, 2004; Singh &
Gupta, 2010). In New Zealand, Mansfield and McArdle (1998) found that cannibalism
contributed to less than 3% of the diet of large G. affinis and peaked in summer. It is
possible that summer cannibalism was occurring at Lake Okowhao and Lake Rotopiko,
but the winter depletion of *°N could also be attributed to seasonal changes to the §*°N
of preferred prey sources, such as zooplankton and chironomid larvae. Mean §°N was
significantly lower for winter zooplankton samples at Lake Okowhao and for
Chironomidae at Lake Rotopiko. However, the significantly 8°N enriched zooplankton

at Lake Rotopiko in the winter are not reflected in the G. affinis data.

3.4.1.3 Gobiomorphus cotidianus

The seasonal patterns for G. cotidianus were significant 5:3C enrichment in the summer
at Lake Rotopiko, and significant summer 3*°N enrichment at every lake. The §*3C data
does not show a clear seasonal trend, which suggests that the carbon sources contributing
to G. cotidianus diet do not fluctuate significantly. Adult G. cotidianus primarily feed on
the benthos of the littoral zone, with the most significant prey sources typically being
chironomid larvae (Forsyth & James, 1988; James et al., 2000) and snails (Ingram et al.,
2020). These reflect §'3C sourced from sedimented detritus and particulate organic matter
(Jones & Grey, 2004) but also from biogenic methane under low oxygen conditions
(Jones et al., 2008). Mean AS'C between chironomid larvae and G. cotidianus at Lake
Rotopiko was +2.1%o in winter and +1.2%o in summer, and A3*°N was +2.1%o in winter
and +3.8%o in summer. The summer data is more closely aligned with expected trophic
enrichment values if chironomid larvae were a primary prey source, while fish may be
feeding on other sources, such as zooplankton, in the winter. A seasonally significant
contribution of zooplankton to G. cotidianus diet may be reflected by the §'°N data. In
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each lake, G. cotidianus was most depleted in §'°N during the winter, which aligns with
the lowest availability of chironomid larvae (Graham & Burns, 1983). Furthermore,
zooplankton have been found to become more significant prey sources in eutrophic lakes
(Rowe, 1999) and in winter (Forsyth & James, 1988; Stewart et al., 2017). These results
may be influenced by G. cotidianus size differences between seasons, as the mean winter
lengths were significantly greater than summer at all sites except Lake Rotomanuka. The
censoring of data to reflect the same G. cotidianus length distributions in both seasons
did not alter the trend of isotopic enrichment in the summer. The exception to this was
Lake Ohinewai, which had a high degree of seasonal isotopic overlap in both fish species.
While cannibalism has been observed in captivity (Kerr, 2017), this has only been found
in very large (>80 mm) individuals in the natural habitats of G. cotidianus (Stephens,

1978) and therefore is unlikely to have influenced stable isotope results.

3.4.2 Seasonal isotopic variation in basal food web taxa

The isotopic signatures of basal food web taxa of lakes integrate terrestrial and
atmospheric inputs as well as biological and hydrological processes within lakes. Pingram
et al. (2020) investigated the effects of multiple stressors on various trophic and
community metrics at six lakes, which included my study sites, and found a strong
contribution of littoral and benthic aquatic resources to carbon in fish. Therefore,
understanding the isotopic enrichment and trends of freshwater basal food web taxa is
important for assessing trophic relationships of G. affinis and G. cotidianus. Despite
geographic, hydrological, and ecological similarities between the lakes, there were
distinct inter-lake and inter-season differences in the Chironomidae, Mollusca, and
zooplankton mean &%C and &N values (Table 3.3, Figure 3.6). Zooplankton were
generally the least enriched in §'°N throughout most lakes in both seasons, indicating they
are near the bottom of each food web. Similar zooplankton taxa are present at each lake,
with a combination of smaller-bodied filter feeders and larger cladocerans and copepods
(Duggan, 2008). At Lake Rotomanuka, no significant difference was found between
summer and winter zooplankton data for either mean §'3C or 8°N, indicating that this
lake does not have major seasonal variation in food sources of zooplankton. However,
significant seasonal differences in 3*°N at all other lakes and significant differences in
513C at two other lakes suggests that the food sources and trophic position of zooplankton
may vary between summer and winter at these sites. Lacustrine zooplankton can exhibit

seasonal isotopic signature shifts due to increases in aquatic primary production in
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summer months (Grey et al., 2001; Taipale et al., 2008; Rautio et al., 2011). Terrestrial
inputs can form an important component of zooplankton diet year-round, ranging from
20-37% for cladocerans in two small mesotrophic/oligotrophic lakes in the USA (Cole et
al., 2011), with similar values found for cladocerans and copepods in 18 oligotrophic-
mesotrophic lakes in Canada (Berggren et al., 2014). Allochthonous inputs tend to
contribute more significantly to organisms in low nutrient lakes (Grey et al., 2000), which
could reduce seasonal variation in zooplankton carbon sources compared to eutrophic
lakes. Although the four study lakes were all eutrophic, Lake Rotomanuka had the lowest
TLI, and the absence of a significant seasonal difference may be due to a strong terrestrial
contribution to zooplankton food sources. Likewise, Lake Rotopiko had the second
lowest TLI, and did not vary significantly in seasonal zooplankton §*3C. Temporal change
in zooplankton 3*°N has been attributed to seasonal variation in nitrogen uptake, fixation,
and sources used by primary producers (Lehmann et al., 2004), as well as selective
feeding and changes to the relative abundance of food sources of zooplankton (Matthews
& Mazumder, 2007; Lee et al., 2013). The findings of zooplankton §**N enrichment
during summer by Matthews and Mazumder (2007) and Syvéranta et al. (2008) were
supported by the results of my study, as three of the four lakes had higher mean summer
51N values. This generally reflects phytoplankton within their diet, which is typically
more enriched in 3*°N than terrestrial vegetation (Cole et al., 2011). The exception to this
is Lake Rotopiko, where winter mean 8°N value of zooplankton was 5.31%o higher than
the summer mean. As the Lake Rotopiko winter zooplankton data consisted of three
samples consisting of 15 hauls each, and variance between each sample was low, it is
unlikely that this elevated 5'°N is due to sampling error. This change is also unlikely to
be a result of a major shift in 3*°N within all of the basal resources of the lake, as the 3*°N
of G. cotidianus, G. affinis, Mollusca and Chironomidae do not indicate any unusual
increase compared to the summer data. Chironomidae were only collected at two lakes
during winter sampling due to difficulty in capture. Collier et al. (2019) found 22 times
greater chironomid biomass at Lakes Rotomanuka and Rotopiko than at the more nutrient
enriched riverine lakes over summer. This was attributed to factors such as increased
turbidity and decreased oxygen potentially limiting algal food sources of the riverine lake
populations, or increased impact of benthic feeding fish. However, sufficient
Chironomidae could only be captured in Lake Rotopiko and Lake Ohinewai during
winter, which limits the seasonal trend analysis, but is also an indication of reduced
abundance and activity of chironomid larvae in winter months. New Zealand chironomid
larvae are associated with summer conditions, particularly with increased temperature
74



(Woodward & Shulmeister, 2006; Rees et al., 2021). A stable isotope study of eutrophic
lakes documented a strong seasonal shift in &'3C of chironomid larvae, which was
attributed to the influence of biogenic methane on their diet during summer thermal
stratification (Grey et al., 2004). Of the four lakes in my study, Lake Rotomanuka
stratifies once in summer (Dean-Speirs et al., 2014), Lake Ohinewai does so occasionally
(Tempero & Hicks, 2017), while Lakes Okowhao and Rotopiko are likely to be
polymictic. As the 5'3C values of chironomid larvae do not vary significantly between
summer and winter samples at Lakes Rotopiko and Ohinewai, it is likely that the summer
samples were not taken at a time of thermal stratification. Mollusc samples varied
significantly between seasons for §'3C at only Lakes Rotomanuka and Ohinewai, which
suggests that winter food sources differ at these sites. The species collected in the winter
samples were restricted to Potamopyrgus antipodarum mud snails, which graze on algae,
diatoms, detritus and decaying plant material (James et al., 2000). The population density
of these snails peaks during summer (Geist et al., 2022), which was reflected in the
difficulty of capturing sufficient individuals during the winter particularly at Lakes
Rotopiko, Okowhao and Ohinewai. Changes to water parameters and reduced primary
production and algal food resources may have contributed to the pattern of lower §*3C in
snail samples at each lake in the winter. The 5!3C of seston and periphyton was lowest
during winter in nutrient enriched mesocosms, with this pattern associated with

fluctuations in pH, temperature and nutrient availability (Trochine et al., 2017).

3.4.3 Evaluation of study and future research

This study demonstrates seasonal differences between stable isotopes of basal food web
taxa and two fish across four Waikato lakes. However, it does not identify the causal
mechanisms behind these differences, thus presenting a diverse range of potential future
research. Additionally, evaluation of the methodology used in this study reveals several
considerations for interpreting the findings. Firstly, the sample sizes between the summer
and winter datasets were highly variable, and isotopic analysis methods may affect the
accuracy of some seasonal comparisons. The summer samples were assessed at facilities
of the University of Waikato, and winter samples were assessed at the University of
California Berkeley, due to the shutdown of the University of Waikato Stable Isotope
Unit in 2021. The two facilities used different mass spectrometers; however, samples
tested at both locations have revealed minimal variation in §*C and 8°N (personal

communication, B. J. Hicks, University of Waikato Stable Isotope Unit, September 15,
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2022). Ten G. cotidianus and G. affinis were collected at each lake for the winter samples,
which is likely sufficient for population mean estimates of §3C and §*°N in freshwater
organisms (Gustafson et al., 2007; Mazumder et al., 2008). However, the summer data
used sample sizes of up to 64 individuals, which was also associated with greater standard
deviations on average. Differences in the datasets may influence comparisons because the
winter data had less variation in both fish lengths and isotope values, which can be an
important factor in the diet and trophic position of G. affinis in particular (Mansfield &
McArdle, 1998). Gambusia affinis can vary in isotopic signature with size and sex
(Crivelli & Boy, 1987), and had significantly greater mean lengths at three of the four
winter lake samples. Size-correction of the summer dataset corrected this issue and altered
the results, while also disproportionately decreasing the summer sample sizes at some
lakes. Seasonal differences between the sizes of fish are also aligned with expected
seasonal population dynamics, where smaller fish and males become less abundant
(Crivelli & Boy, 1987; Zulian et al., 1995; Pyke, 2008). Fish capture was not size selective
as it was challenging to trap sufficient individuals at some lakes, but also because random
sampling can provide a more accurate population-level estimate on the trophic
relationships of G. cotidianus and G. affinis. Chironomid larvae were also difficult to
capture in sufficient numbers, meaning that there was no winter data at two lakes. The
lowered densities of larval Chironomidae are typical of winter conditions in New Zealand
freshwaters (Forsyth & James, 1988; Winterbourn, 1990; Burns, 1992), and it is unclear
whether they remained a significant prey of G. cotidianus. There was minor variation in
sample gathering and processing methods of the summer and winter studies. The summer
fish samples were frozen following euthanasia, after which white muscle tissue was
analysed (Collier et al., 2018), while in the winter samples the fish were processed on the
day of capture, and bones were left in G. affinis but not in G. cotidianus. This is a potential
source of variance in the isotope data, as Feuchtmayr and Grey (2003) demonstrated §'3C
decreases of 0.9%o and 8'°N enrichment following freezing, which was attributed to
mechanical breakdown of cells. Additionally, Feuchtmayr and Grey (2003) found that
including the gut content of zooplankton in stable isotope analysis could produce
variances of up to 0.7%o in Daphnia and 3.6%o in copepods. Although this was avoided
in the fish samples, the accuracy of Mollusca samples could also be enhanced by
incorporating gut evacuation, which can be achieved by keeping the zooplankton and
aquatic snails in empty freshwater enclosures for 24 hours prior to processing (Lopez van
Oosterom et al., 2016; Wang et al., 2021). The zooplankton data can be further improved

by more thorough separation of zooplankton from algae and detritus in the sample. This
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could include manual separation into smaller subgroups, such as cladocerans and
copepods (Matthews & Mazumder, 2003) to reveal seasonal trends and fish dietary
preferences, though such work is very time consuming. Lipid correction is another
technique that was absent from the methods but can prove useful in reducing uncertainty
in stable isotope results. Lipids within samples can influence 8!3C results depending on
whether the lipid is accumulated from the diet or is synthesized within the organism
(Grey, 2006), thus this is accounted for via extraction or mathematical corrections (Logan
et al., 2008). This was done in the summer data but not winter, so seasonal comparisons
in this study used the original, non-corrected data for consistency.

In addition to modifying the methods as outlined above, future experiments could broaden
the scope of the study. Firstly, the expansion of trophic groups collected would allow for
the creation of mixing models of the winter food sources of both fish at each lake. This
would enable statistical categorisation of the estimated proportions of each diet source of
G. cotidianus and G. affinis, and of the uncertainties and variability associated with the
model (Phillips et al., 2014). Next, the potential trophic overlap between G. cotidianus
and G. affinis could be investigated with greater precision, such as collecting different
size and sex classes in each season. Larval G. cotidianus can exert top-down control on
zooplankton (Jeppesen et al., 1997), and do not transition to benthivory until above
~18mm in length (Rowe & Chisnall, 1996). Similar sized juvenile G. affinis could then
compared to assess the presence of any competition. Likewise, this study suggests that
both fish may have been consuming Chironomidae over the summer, but it is unclear
whether both fish were targeting larvae, or whether G. affinis were consuming other life
stages. A combination of stable isotope mixing models and other techniques such as gut
content analysis (Davis et al., 2012) and fatty acid marker analysis (Napolitano, 1999)
can more accurately determine the food sources of all species of interest. The
interpretation of these results is assisted by strong baseline data on the physicochemical
and biological processes occurring at each lake. Collier et al. (2019) assessed pelagic and
benthic trophic resources at each lake, such as various size classes of seston, benthic
particulate organic matter, and invertebrates at the four study sites but did not collect
samples in the winter, which provides an opportunity to add to seasonal comparisons
presented here. This could also include tracing terrestrial inputs into the lakes, which may
change seasonally or over larger time scales. Lastly, the study sites are all shallow
eutrophic peat and riverine lakes, and therefore are not indicative of the full range of

ecosystems in which G. affinis and G. cotidianus co-occur. A more complete
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understanding of trophic interactions between these two fish species and the ecological
impact of G. affinis in New Zealand can be achieved through further research in different

locations and under different conditions.
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Chapter 4. Research summary and conclusions

The overarching goal of this thesis was to investigate the dietary overlap between non-
native G. affinis and native G. cotidianus, using the following research aims:
1. To determine whether G. cotidianus and G. affinis consume similar zooplankton
taxa using a mesocosm study.
2. To assess the impact of season on the dietary similarity of co-occurring G.
cotidianus and G. affinis, using stable carbon and nitrogen isotope analysis of

fish and invertebrate taxa at four Waikato lakes

In Chapter 2, | addressed the first aim by analysing changes to zooplankton community
composition among 100 L mesocosms containing either G. affinis, G. cotidianus, or no
fish. The most significant finding of this experiment was that zooplankton community
composition did not differ significantly between the G. affinis and G. cotidianus
treatments but differed significantly between the fish treatments and fishless controls. The
results suggest that the two fish species were feeding on similar taxa. This was strongly
supported by the SIMPER analysis, which showed that the five zooplankton species
contributing most to dissimilarity between the fish treatments and controls were the same
in both the G. cotidianus and G. affinis treatments. Additionally, broad-scale zooplankton
composition followed a similar trend in the fish treatments, where a significant reduction
in the abundance of cladocerans and copepods was found by Day 14 of the experiment.
This aligns with my hypothesis that zooplankton composition would overlap between the
fish mesocosms, and the findings are concurrent with expectations when comparing my
experiment to existing research on zooplanktivorous fish. Gobiomorphus cotidianus have
been documented to feed on zooplankton when other food sources become scarce
(Forsyth & James, 1988; Stewart et al., 2017), while zooplankton are commonly
consumed by Gambusia year-round (Margaritora et al., 2001; Spoljar et al., 2019). The
experiment also highlighted the preference shown by both fish for the larger cladocerans
and copepod prey sources over smaller rotifers, which is a documented phenomenon
within adult fish of the genera Gambusia (Wurtsbaugh et al., 1980; Cabral et al., 1998;
Spoljar et al., 2019) and Gobiomorphus (Staples, 1975; Jeppesen et al., 1997). The
findings of this chapter suggest a strong likelihood of dietary overlap between the fish
when they co-occur in freshwater habitats, though the presence of interspecific

competition cannot be determined from the results. The primary limitations of this
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experiment are that the conditions under which fish dietary preferences were assessed
were highly specific, and both fish can have a wide dietary breadth. Zooplankton prey
has been documented to only make up a small proportion of G. cotidianus diet for much
of the year (Forsyth & James, 1988; Wilhelm et al., 2007), while Gambusia diet can also
include large proportions of primary producers (Capps et al., 2009), amphibians (Preston
et al., 2018) and surface macroinvertebrates (Pen et al., 1993).

In Chapter 3, the second research aim was addressed through the collection of winter
stable isotope data on G. affinis, G. cotidianus, aquatic snails, chironomid larvae, and
zooplankton in Lakes Rotomanuka, Rotopiko, Okowhao, and Ohinewai. The comparison
of these stable isotope values to summer data collected by Collier et al. (2018) revealed
that G. affinis was significantly more enriched in §*C and 8N compared to G.
cotidianus across most lakes in both seasons. The isotopic differences were more
pronounced in the winter data, which suggests that the diet of the two fish was most
similar during summer. The differences in 315N were not great enough to place G. affinis
and G. cotidianus on adjacent trophic levels, therefore it is likely they shared some food
sources at the four lakes. The findings also highlighted distinct inter-lake differences,
such as a high similarity in isotopic enrichment between the fish at Lake Ohinewai. This
suggests that dietary overlap, and therefore interspecific competition, are more significant
in some locations. My hypothesis that lake taxa would vary seasonally in 5*C and §*°N
was supported by the results. However, the significant differences in isotopic enrichment
in the two fish species during winter are contrary to my expectations that the diet of G.
affinis and G. cotidianus would be most similar in this season. The lack of a clear
ecological explanation for this finding highlights some of the limitations of this study.
Relative contributions of each food source to fish tissue could not be determined. As such,
it is not clear which dietary sources of G. affinis and G. cotidianus fluctuated in
significance seasonally or the degree of dietary overlap that was present in the summer

and winter data.

The results of the two experiments as well as their limitations reveal a wide range of
questions for future research to expand on these findings. The mesocosm study
methodology can be replicated to assess the dietary preferences of both fish using other
food sources, and the scope of the experiment can widen to include multiple prey sources
or more natural mesocosms. The stable isotope study serves as a broad-scale overview of

seasonal isotopic variation in the two fish and basal food web taxa at peat and riverine
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lakes, and future research can enhance sample processing and integrate gut content
analysis and mixing models to provide more clear explanations for the trends observed.
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